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Two-component deep eutectic solvents (DES) based on choline dihydrogencitrate and glycerol or urea were tested 
as starch plasticizers. Thermal analysis techniques were applied to characterize the properties of starch/DES sys-
tems. The X-ray diffractometry measurements revealed a signifi cant decrease in crystallinity indicating that used 
DES exhibited the ability to penetrate the ordered regions of potato starch, which is a necessary feature of a true 
plasticizer. However, the differential scanning calorimetry and dynamic thermal analysis results surprisingly showed 
an increase of Tg of starch materials indicating chemical crosslinking at elevated temperature. The eutectic solvents 
based on choline dihydrogencitrate could act as a plasticizer and a simultaneously crosslinking agent. 
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INTRODUCTION

 Bearing in mind the environmental concerns looking 
for more environmentally friendly materials is necessary. 
Starch is one of the most abundant natural polymers. 
The native starch occurs in the form of semi-crystalline 
granules and their size and shapes depend on its bo-
tanical origin. Starch is widely used for food purposes. 
Its usage for industrial purposes requires converting it 
into a thermoplastic form, by introducing plasticizer 
at elevated temperature. Thermoplastic starch can be 
processed similarly to synthetic polymers. However, its 
added value is biodegradability of products and the bio-
renewable nature of raw material.

The plasticizer addition limits the brittleness of starch 
material. The most commonly used starch plasticizers 
are water multihydroxylic alcohols, e.g. glycerol. In 
recent years, a new type of plasticizing system – deep 
eutectic liquids (DES) has gained interest. They are 
a “green” alternative to ionic liquids and other harmful 
solvents1. The DES system can consist of two or more 
substances: hydrogen bond donor (HBD) and hydrogen 
bond acceptor (HBA). The characteristic feature is that 
its melting point is lower than the melting point of its 
components. For example, the most popular DES system 
based on choline chloride and urea is liquid at room 
temperature, although the melting points of the indivi-
dual components are 302 oC and ~135 oC, respectively. 
It was stated that the low melting point of DESs can be 
related to the ability of the hydrogen bond acceptors to 
build a favorable network of hydrogen bond interactions 
with the other components of the system in such a way 
as to maximize the hydrogen bonds between all the 
different moieties2. The cation molecular symmetry has 
an additional effect. There are many reports on using 
DES systems for polysaccharides, however, they mostly 
refer to using DES for extraction of given polysaccharide 
from the biomass3–4 or using DES as a reaction medium 
for biopolymer modifi cation5, 6. Applying DES for starch 
plasticization is a promising approach, however, research 
on DES-starch interaction is still necessary.

An effective external plasticizer is a low molecular 
weight substance that interacts with a polymer, typically 

at elevated temperature (without a chemical reaction), 
exhibiting polymer dissolving or swelling ability. Theoreti-
cally, it would be therefore suffi cient to select a plasti-
cizer exhibiting a solubility coeffi cient value similar to 
the polymer’s one. However, in the case of hydrophilic 
semicrystalline polymers (i.e. starch) ordered fractions 
are soluble only in the low-molecular substances able to 
form hydrogen bonds with polymer, and the hydrogen 
bond energy can be determined only for the simplest 
low-molecular-weight systems. Hence, it is necessary to 
use techniques that indirectly provide insight into the 
nature and intensity of plasticizer-polymer interactions. 

Generally, the function of a plasticizer is to reduce 
interactions between macromolecules increasing the 
mobility of polymer chains. Experimentally, the degree 
of mobility of polymer chains can be assessed by deter-
mining the glass transition temperature using the DSC 
or DMA methods. Generally, shifting the Tg towards 
lower values is related to plasticizing effi ciency. Due to 
the size dispersion of starch granules and the overlapping 
of signals from other transformations (gelation, crystal-
lite melting), as well as the lower thermal conductivity 
of starch when compared to synthetic polymer – deter-
mination of the Tg value of starch is more complicated 
compared to synthetic polymers. Thus, using additionally 
the modulated DSC (MDSC), where reversible thermal 
transitions could be distinguished from the irreversible 
phase transitions, is recommended (because of the 
MDSC principle as well as starch gelatinization char-
acteristics the thermal transition values are lower than 
those measured by conventional DSC7). MDSC should 
be used as a complementary method. Moreover, as the 
enthalpy and heat capacity changes could be associated 
with the thermal melting of crystallites, some evaluation 
of starch crystal structure could be probed by DSC. 
Other thermal analysis technique, i.e. DMA, besides 
Tg determination, allows additionally to evaluate the 
compatibility between the polymer and plasticizer. On 
the other hand, rheological studies allow to evaluate the 
penetration capacity of the plasticizer into the starch 
granules. The effi cient plasticizer allows the gelatinization 
of native starch which indirectly indicates its solubility 
and corresponds to plasticization mechanism. In the 
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taken from 4000 to 400 cm−1. The resulting spectra were 
converted using the software OMNIC. 

Rheology
The mixtures of starch with 10, 30 or 50% wt. DES 

before testing were stored in closed vials for 24 h at room 
temperature before testing. The rheological behavior was 
determined in air atmosphere, using rheometer Disco-
very-1 (TA Instruments) equipped with a parallel plate 
system. The temperature range was 50–220 oC, heating 
rate 10 oC/min, frequency 1 Hz. The complex viscosity 
as a function of temperature was obtained.

X-ray diffractometry (XRD)
The crystallinity of starch/DES mixtures (before and 

after heating at 110 oC for 1 h) was analyzed by X-ray 
diffraction (X’pert Pro, PANalytical, operated at the 
CuK(alfa) wavelength 1,54 Å). 

Differential scanning calorimetry (DSC)
Phase transitions of DES and starch/DES mixtures 

were investigated with the DSC technique (DSC Q100 
TA Instruments) after 24 h storage. The aluminum 
hermetic pans (ca. 10 mg of the sample) with nitrogen 
as a cooling agent with a heating rate of 5 oC/min were 
applied. A standard run at the temperature range from 
20 to 190 oC was performed.

Thermogravimetric analysis (TGA)
The thermal stability of starch/DES systems was inve-

stigated using TGA (Q500, TA Instruments). Tests were 
performed on platinum pans under 25 mL/min air form, 
in the temperature range of 40–700 oC at a heating rate 
of 10 °C/min.

Dynamic thermal mechanical analysis (DMTA)
Dynamic mechanical analysis (DMA Q800 TA Instru-

ments) was used to measure tan δ of transition tempera-
tures Tα and Tβ of starch/DES fi lms. The measurements 
were carried out in a dual cantilever mode at a frequency 
of 1 Hz, heating rate of 3 oC/min, and a temperature 
range from –80 to 140 °C.

Mechanical properties
Mechanical properties were measured using a tensile 

tester (Instron 4026, Instron Corporation) equipped with 
a 1 kN load cell. The specimens (10 mm x 100 mm strips) 
were conditioned at RH = 50% for 24 h before tests. 
The initial grip separation and cross-head speed were 50 
mm and 1 mm/min, respectively. The mechanical tensile 
data were averaged over ten specimens.

Wettability 
The contact angle of starch fi lms was measured using 

Dataphysics OCA 15EC optical contact angle analyzer. 
One drop of redistilled water (8 ml) was placed on the 
fi lm surface and the contact angle was measured using 
DSA4 software. The initial contact angles in three rep-
lications were measured.

case of semi-crystalline polymers, such as starch, the 
effective plasticizer penetrates not only the amorphous 
fraction, but also between the ordered polymer chains, 
increasing the content of the amorphous fraction. Thus, 
the determination of the degree of crystallinity of the 
plasticized starch can also be used to evaluate the plas-
ticization effi ciency.

The goal of this paper was to investigate the effect of 
DES based on citric acid derivative, i.e. choline dihy-
drogencitrate (CCT) and glycerol (G) or urea (U) on 
starch plasticization. The physicochemical properties, i.e.: 
chemical structure (FTIR), viscosity (rheology), crystallin-
ity (XRD), thermal (DSC, TG and DMTA methods) as 
well as mechanical properties of starch-based materials 
were characterized.

EXPERIMENTAL

Materials
 Potato starch (moisture content ~18% wt.) was purcha-

sed from Zetpezet, Piła (Poland). Glycerol (G, technical 
pure) and urea (U, pure) were purchased from Chempur 
(Poland).  Choline dihydrogencitrate salt (CCT) (≥98%) 
was a product of Sigma-Aldrich. In Fig. 1 the chemical 
structure of DES components was shown.

Figure 1. The chemical structure of DES components 

Preparation of deep eutectic solvents 
Deep eutectic solvents CCT-G and CCT-U were pre-

pared by stirring the components at 100 oC until the 
homogenous pellucid liquid was obtained (ca. 1 h). 

Preparation of starch/DES premixtures
Native potato starch and the proper amount of pla-

sticizer (G, CCT_G, U and CCT_U) were ground in 
a mortar to obtain a paste. The systems contained 10–50 
wt % of plasticizer depending on the tested parameter. 
The pastes were stored in a sealed container for 24 h 
before testing.

Preparation of starch fi lms
Premixtures were added into distilled water and stir-

red for 30 minutes at 90 oC. The obtained starch-based 
mixture was poured into Petri dishes (140 mm diameter) 
and dried in a climate chamber at 40 oC and RH 50% 
for 48 h. Starch fi lms were stored in a climate chamber 
(25 oC, RH50%) for at least 24 h before testing. 

Methods

Fourier transform infrared spectroscopy (FTIR)
The FTIR analyses of the fi lms were performed in 

Nexus FTIR Spectrometer Thermo Nicolet with Golden 
Gate ATR attachment. For each sample, 32 scans were 



  Pol. J. Chem. Tech., Vol. 24, No. 2, 2022 55

RESULTS AND DISCUSSION

Fourier transform infrared spectroscopy (FTIR)
In Fig. 2 A and B the FTIR spectra of native starch, 

DES: CCT_G or CCT_U and starch/DES 30% wt. systems 
(heated for 1 h at 110 oC), respectively were presented. 

starch 991.2 cm–1, S/CCT_G 997.9 cm–1, and S/CCT_U 
993.2) indicating forming of new hydrogen bonds be-
tween starch chains and DES11. Additionally, the slight 
intensity increase of this signal (from 0.691 for starch 
up to 0.706 for S/CCT_U and 0.753 for S/CCT_G, re-
spectively) indicated the amorphous state of starch12. It 
could suggest that both DES could penetrate between 
the starch semicrystalline arrays.

Rheology
The viscosity measurements to some extent may in-

directly provide insight into the nature and intensity of 
plasticizer-polymer interactions as well as the solvent 
power of the plasticizer for the polymer (for a plasticizer 
with a high degree of solvent power for the polymer, 
the polymer chains are stretched out, thereby offering 
strong resistance to fl ow resulting in a high dilute solution 
viscosity)13. The rheological behavior of starch systems, 
containing 10, 30 or 50% wt. DES, in a function of tem-
perature, was evaluated – the curves were presented in 
Fig. 3A and B. Both systems exhibited a viscosity decrease 
(in most cases to ca. 1 Pa · s) at lower temperatures 
(up to 90 oC), which was probably the effect of melting 
DES. This phenomenon was observed also for starch 
systems with ionic liquid (1-allyl-3-methylimidazolium 
chloride) or eutectic choline chloride/succinic acid14. 
For the starch system with 10% wt. DES practically fl at 
rheoviscometric curve was obtained indicating that no 
starch plasticization occurred. It might mean that the 
10% wt. content of CCT-based DES was not enough for 

Figure 2. FTIR spectra of native starch, neat DES A) CCT_G 
and B) CCT_U and starch with 30% wt. DES 

Figure 3. The rheometric curves of A) starch/CCT_G and B) 
starch/CCT_U systems containing 10, 30 or 50% wt. 

In the case of native starch the absorption band betwe-
en 3600–3000 cm–1

 and at 2900 cm–1 could be attributed 
to hydroxyl groups and to CH2 stretching vibrations, 
respectively8. 

Protonated carboxylic groups (CCT) give a C=O 
band at about 1700 cm–1 9, and carboxylate (-COO-) 
gives a strong absorption band at about 1600 cm–1, 1440 
and 1325 cm–1 10. For S/CCT_G the absorption band at 
1715 cm–1 and 1600 cm–1 were noticed. Moreover, the 
overlapping of C-O starch band was observed (Fig. 1). 

In the FTIR spectrum of S/CCT_U (Fig. 2 B) the 
characteristic urea absorption bands at 1600 cm–1 at-
tributed to carbonyl could be noticed. The NH group 
gives the signal at ca. 3200–3500 cm–1, however this band 
overlapped with the OH band occurring in the same 
wavenumber values.

The special pattern, typical for native starch, in the 
region of 970 cm–1 and 1200 cm–1 was preserved in S/
DES samples. Moreover, the band at ca. 1000 cm–1 
was slightly shifted toward a higher wavenumber (for 
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sion complexes. Generally, V type is a result of forming 
a single helix complex between amylose and alcohols or 
fatty acids. This type of structure was reported also for 
glycerol-plasticized starch20. However, as these signals 
were noted also for the system without glycerol, it could 
suggest that also citric acid component of DES exhibited 
the ability to complex forming.

Differential scanning calorimetry (DSC)
DSC is the basic technique for evaluating thermal prop-

erties of polymers. Plasticization of polymer is assessed 
to increase mobility of macromolecules, and results in 
Tg shift toward lower values in DSC thermogram7. For 
starch the measurement of Tg could be diffi cult by DSC 
as the change in heat capacity is typically weaker than 
for the majority of polymers20. However, the effectiveness 
of the plasticizer could be evaluated by temperature and 
enthalpy of gelatinization, Tgel and ∆Hgel, respectively22. 
In Fig. 5 A and B the DSC thermograms of native potato 
starch, and starch-based systems were presented. Addi-
tionally, in Table 1 the thermal transitions temperature 
and enthalpy values were collected. The Tgel decrease 
was noted: from 117 oC for unmodifi ed starch to ca. 
104 oC or 108 oC for starch plasticized with glycerol or 
urea, respectively. A similar phenomenom was reported 
for thermoplastic corn starch20. Additionally, for the S/U 

Figure 4. XRD diffractograms of native starch, starch/DES: A) 
starch/CCT_G 30, and B) starch/ CCT_U 30 mixtures, 
as well as starch/ DES systems after thermal treatment 
containing 30 and 50 wt.% DES, respectively

effi cient plasticization. Similar observations were noted 
for e.g. starch/urea systems, when the urea content did 
not exceed 10% wt. the hydrogen bonds between urea 
and polysaccharide caused the obstruction of the mobility 
of the starch segments leading to antiplasticization15.

Interestingly, for the highest DES content the viscosity 
increase was sharp and intensive (from ca. 0.1 Pa·s up to 
3970 and 2070 Pa · s for CCT_G and CCT_U, respecti-
vely). For the starch systems containing 30% wt. DES, 
after the initial drop, the viscosity increased gradually 
(up to ca. 3350 and 17700 Pa·s for the systems conta-
ining CCT_G and CCT_U, respectively). Zdanowicz et 
al16 tested starch plasticization using molar ratio CCT to 
glycerol in a range from 1:2 up to 1:12, and noticed only 
a slight viscosity increase. However, DES content in the 
prepared starch mixtures was only 25% wt. The viscosity 
increase was probably the result of starch swelling and 
gelatinizing, additionally at the higher temperature the 
crosslinking reaction between polysaccharide and CCT 
could occur17.

X-ray diffractometry (XRD)
The effective plasticizer penetrates not only the amor-

phous fraction, but also between the ordered polymer 
chains, increasing the content of the amorphous fraction. 
The XRD method allows to determine the long-range 
crystalline order18, and to indicate the plasticizer type 
(primary –penetrating only the amorphous region of 
polymer or secondary one – true plasticizer able to 
penetrate the ordered polymer structure). The XRD 
diffraction curves of starch/DES mixtures were presented 
in Fig. 4 A and B.

Native potato starch exhibits a crystal structure typical 
for tuber starch, i.e. type B, with characteristic signals 
at 6, ~15, 17, 22 and 24o 19. Typically the degree of 
crystallization for potato starch is ca. 45%19. The XRD 
diffractograms of starch systems containing 30 wt.% and 
50 wt.% DES after thermal treatment (after heating at 
110 oC for 1 h) were presented in Fig. 4 A and B. Ad-
ditionally, the starch mixtures with 30% wt. DES without 
thermal treatment were measured (stored in closed vials 
for 24 h at room temperature before testing).

For each thermally treated starch-based system the 
refl ections intensity decreased with DES amount, thus 
the amorphous phase content increased. It means that 
the molecules of DES components had the ability to 
penetrate the order regions of starch. Such ability, i.e. 
swelling power, exhibit only secondary plasticizers13. 
However, some crystallinity remained, indicating in-
complete granule melting. The samples for XRD were 
heated without the shear and friction forces induced by 
stirring, hot pressing or extruding20. Thus both, shear 
force and thermal treatment are required for starch 
granule disruption. The confi rmation of that statement 
could be the fact that thermopressed (140 oC, 10 min, 
12 tons) starch samples with CCT-G (molar ratio 1:6 up 
to 1:12)16 were practically amorphous. 

Interestingly, in XRD diffractograms of starch systems 
only mixed with CCT-G or CCT-U (no heating) the 
signals characteristic for VH type crystal structure at 
ca. 19o and 26o could be noticed21. This suggests that 
during starch plasticization the transformation of its 
crystalline structure occurred leading to helix-like inclu-
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system the signal overlay could be noticed. It is known 
that when the urea content in starch-based mixture is ca. 
30% wt. or higher the phase separation occurs indicating 
the excess of plasticizer15. The starch/CCTG_30 system 
exhibited slightly lower Tgel value decrease (ca. 114 oC) 
when compared to S/G_30. Additionally, the second 
transition was noticed at ca. 55 oC, assigned to glycerol 
present in the system (observed also in the thermogram 
of neat glycerol). 

The starch-based systems containing CCTU behaved 
differently, i.e. the Tgel increased up to ca. 140 oC – 
Fig. 5B. Shifting of this signal was also reported for 
starch/CCTG systems where the DES components mo-
lar was ratio from 1:4 up to 1:12 (35 parts of DES per 
100 parts of dry starch)16, and it was assigned to the 
crosslinking reaction. Choline dihydrogencitrate was the 
component of both DES systems. It contains two car-
boxylic groups able to react with starch hydroxyls (three 
in each recurrent unit). Thus, at elevated temperature 
esterifi cation could occur. Interestingly, for the starch/
CCTU_30 system the signal assigned to the DES pres-
ence was noticed, i.e. ca. 165 oC, which could suggest 
that the phase rich in DES was formed. The Tgel values 
correlate with the gelatinization enthalpies (calculated 

from the areas under each endotherm or from the area 
under the deconvoluted peaks).

Thermogravimetric analysis (TG)
The thermogravimetric analysis allows to evaluate ther-

mal stability of polymer materials. The TG thermograms 
of native potato starch and starch mixtures containing 
30% wt. DES were presented in Fig. 6. For native starch 
at the temperature up to 100 oC water evaporation was 
noticed (the starch/DES mixtures were dried, thus this 
step did not occur). Native starch exhibited two-step 
weight loss. The highest one in a range of 150 up to 
350 oC (with the maximum in DTG at 304 oC) was as-
sociated with dehydroxylation. The lower weight decrease 
in a range of 350–550 oC was assigned to thermal deg-
radation23. Although the courses of weight loss curves 
for starch/DES systems were not as steep as this noted 
for starch, the natural polysaccharide exhibited higher 
thermal stability than its mixtures with DES. Moreover, 
it could be noticed that DES with glycerol component 
was more thermally stable than CCT-U (maximum in 
DTG thermograms: 231 oC and 205 oC, respectively). 
Similar observations were reported for starch with eutectic 
systems based on choline chloride containing glycerol 
or urea24. The complicated course of the starch/CCT_U 
DTG curve indicated a multi-stage transition process. 
Simeonov and Afonso25 reported that urea could form 
carbonates with polyalcohols, even at moderate tempera-
tures. Moreover, the reactions between carboxylic groups 
and urea25 as well as starch hydroxyls were possible24. 

Table 1. The thermal properties (temperature Tgel and enthalpy 
Hgel) of starch systems

Figure 6. TG thermograms of native starch, and starch/DES 
mixtures 

Mechanical properties
The tensile strength, Young’s modulus and elongation 

at break of starch plasticized were presented in Fig. 7. 
The systems plasticized with neat glycerol and urea 
exhibited the lowest values of Young’s modulus, as well 
as elongation at break, when compared to the DES-pla-
sticized systems. The highest tensile strength ca. 3 MPa 
was noted for S/CCT_G30, slightly lower for S/CCT_U30. 
Moreover, their elongation at break was above glycerol 
and urea plasticized systems, and thus were less brittle. 
These improvements of mechanical properties were pro-
bably the result of crosslinking reaction between CCT 
and polysaccharide, and in consequence more dense 
structure of the starch system. It indirectly indicated that 
the presence of choline derivative was essential for the 
mechanical properties of starch fi lms. Similar behavior, 
i.e. higher tensile strength with increase of crosslinking 
agent (citric acid) amount was reported also for other 
polysaccharide systems26.

Figure 5. DSC thermograms of native starch, and starch-based 
systems: A) starch/G_30 and starch/CCT_G 30, and 
B) starch/U_30 and starch/ CCT_U 30



58 Pol. J. Chem. Tech., Vol. 24, No. 2, 2022

Dynamic mechanical thermal analysis (DMTA)
The evaluation of the loss factor (tan δ) as a function 

of temperature for S/DES fi lms was shown in Fig. 8. The 
loss factor is sensitive to molecular motion and its peak 
relates to the glass transition temperature13. All the curves 
revealed two transitions indicating phase separation. For 
starch plasticized with glycerol it is known that the lower 
transition (Tg ca. –50 oC) is associated with glycerol rich 
phase, and the Tα value was ca. 90 oC and indicating 
starch plasticization. For the starch/CCT_G system the 
glycerol-rich phase could still be observed, but the Tα 
was shifted toward higher values. i.e. ca. 130 oC. The 
increase of the Tg value directly indicates the crosslink-
ing reaction between choline derivative and starch. The 
results correlate with DSC data. Similarly, for starch/
CCT_U fi lm the Tα was shifted up to ca. 125 oC. Citric 
acid, which is a component of CCT is a known starch 
crosslinking agent, thus esterifi cation via carboxymethyl 
bonds of CCT and starch hydroxyls could be expected27. 

Table 2. Contact angles of starch fi lms 

Figure 8. The DMTA curves of starch/DES systems 

Figure 7. The tensile strength, Young’s modulus and elongation 
at break of starch fi lms  

parameters were noted for the systems with glycerol 
and urea, respectively. Interestingly, higher increase 
of wettability was noted for the starch fi lm plasticized 
with DES containing glycerol. The presence of choline 
dihydrogencitrate resulted higher contact angle. This 
probably was the result of esterifi cation between CCT 
and OH groups of starch, which correlates with DSC 
measurement results. 

CONCLUSIONS

Deep eutectic solvents based on CCT and glycerol or 
urea were tested as starch plasticizers. Thermal analysis 
techniques were applied to characterize the properties of 
starch/DES systems. The XRD measurements revealed, 
that used DES exhibited the ability to penetrate the cry-
stalline regions of potato starch – acting as a secondary 
plasticizer. However, thermal treatment was necessary. 
Unexpectedly, the DSC and DMTA results showed an 
increase of Tg of starch materials indicating chemical 
crosslinking at elevated temperature. Thus, CCT-based 
eutectic solvents could act as a plasticizer and a simul-
taneously crosslinking agent. 
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