Carbohydrate Polymers 86 (2011) 424-428

journal homepage: www.elsevier.com/locate/carbpol

Contents lists available at ScienceDirect

Carbohydrate Polymers

Review

Ionic liquids: Media for starch dissolution, plasticization and modification

Katarzyna Wilpiszewska, Tadeusz Spychaj*

Polymer Institute, West Pomeranian University of Technology, ul. Pulaskiego 10, 70-322 Szczecin, Poland

ARTICLE INFO ABSTRACT

Article history:

Received 16 March 2011

Received in revised form 6 May 2011
Accepted 1 June 2011

Available online 12 June 2011

Keywords:

Tonic liquids

Starch dissolution

Starch thermoplasticization
Chemically modified starch

A growing interest in applying ionic liquids as polysaccharide solvent has been observed. The influence of
ionic liquid on native starch structure has been described. The first synthetic review of various chemical
modifications of starch as well as starch plasticization using ionic liquids has been reported.

© 2011 Elsevier Ltd. All rights reserved.

Contents

Starch plasticization by ionic liquids
Chemical modification of starch in an ionic liquid environment

Uk wN =

010 o e L Tt 1o o I
Ionic liquids as starch SOIVeNts .........covveiiiiviiiiieeiiin e

[0 3 ol 1T (o)
ReferenCes ..ot

1. Introduction

Starch is one of the most abundant natural polymers. There has
been increasing interest in manufacturing value-added products
based on starch (Ma, Yu, & Kennedy, 2005; Taguet, Huneault, &
Favis, 2009). Growing interest in modifying starch into thermoplas-
tic form has been observed. Thermoplastic starch (TPS) is obtained
by destructurization of semicrystalline granular structure of native
starch. To process starch plasticizers mainly low molecular weight
polar compounds such as glycerol, urea, formamide are normally
required (Wilpiszewska & Spychaj, 2006). TPS as a biodegradable
material could be used for packaging and agricultural purposes
(Chaudhary, Torley, Halley, McCaffery, & Chaudhary, 2009). How-
ever, some shortcomings of conventional TPS materials such as
sensitivity to water or tendency for retrogradation which causes
brittleness might limit their application.
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Ionic liquids (ILs) are organic salts with melting point below
100°C. They consist only of an organic cation and smaller organic
or inorganic anion. Because of unique properties, such as non-
flammability, non-volatility, ionic conductivity, catalytic activity,
thermal, chemical as well as electrochemical stability and recy-
clability - ILs have attracted much interest in the last years (El
Seoud, Koschella, Fidale, Dorn, & Heinze, 2007; Olivier-Bourbigou,
Magna, & Morvan, 2010). Depending on the ions they may exhibit
hydrophilic or hydrophobic properties.

ILs have been claimed as “green solvents” because of their negli-
gible vapour pressure, non-flammability and recyclability. Recently
the influence of ionic liquids on the environment was a matter of
interest (Modelli, Sali, Galletti, & Samori, 2008; Olivier-Bourbigou
et al,, 2010; Pretti, Chiappe, Baldetti, Brunini, Monni, & Intorre,
2009). The cation and anion structure determines the IL toxicologi-
cal properties, e.g. forimidazolium-based ILs toxicity increases with
the number of nitrogen atoms in the cation ring (Couling, Bernot,
Docherty, Dixon, & Maginn, 2006). It is established that side chains
on the imidazolium cations have strong influence on IL toxicity; the
longer and more branched side chain, the more toxic IL. The effects
of anions are generally more complicated (Olivier-Bourbigou et al.,
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2010). Ahigh throughput screen based on the agar diffusion method
was recently applied to test the toxicity of IL towards microorgan-
isms and to distinguish the toxic and biocompatible ILs (Rebros,
Gunaratne, Ferguson, Seddon, & Stephens, 2009).

No research concerning the influence of IL traces in starch mate-
rial has been reported yet.

ILs are good solvents and can dissolve various substances includ-
ing biomass (e.g. cellulose, lignin and directly wood as well as other
renewable polymers such as starch and chitin). During the last few
years vigorous research effort in processing biomass utilizing ILs is
observed. Most papers, including some review contributions con-
cerning biomass treatment with ILs are focused mainly on cellulose
(Laus et al., 2005), cellulose and lignin (Tan & MacFarlane, 2009)
or on direct wood dissolution (Fort, Remsing, Swatloski, Moyna, &
Rogers, 2007).

For instance it has been noted, that 1-allyl-3-
methylimidazolium chloride [AMIM]CI is a better cellulose
solvent than 1-butyl-3-methylimidazolium chloride [BMIM]CI
(Zhang, Wu, Zhang, & He, 2005). The fact is attributed to smaller
size and higher polarity of [AMIM]* cation as well as ion pair dis-
sociation mechanism above a critical temperature (42 °C in pure
[AMIM]CI) (Zhang et al., 2005). Simmons’ team (Singh, Simmons,
& Voegel, 2009) has evaluated that 1-ethyl-3-methylimidazolium
acetate [EMIM]Ac is currently the most effective IL solvent for
a rapid swelling of the secondary plant cell walls (cellulose and
lignin) as based on 10 min switchgrass exposure tests at relatively
mild temperature (120°C).

Less research has been reported on other biorenewable poly-
mers with ILs, e.g. chitin or starch (Qin, Lu, Sun, & Rogers, 2010;
Zakrzewska, Bogel-Lukasik, & Bogel-Lukasik, 2010). Ionic liquids
containing dicyanamide anion are good solvents of low molecu-
lar weight saccharides (>100 mg/ml) (Rosatella, Branco, & Afonso,
2009). The dissolving mechanism is based on hydrogen bonding
formation between imidazolium salt anion and protons of carbohy-
drates hydroxyl group in stoichiometric ratio. The cation function
is only partially understood and depends probably on its size and
hydrophobicity (Remsing, Swatlowski, Rogers, & Moyna, 2006).

This review summarizes the state of art in the field of starch/IL
systems concerning questions of ILs dissolving and/or plasticiza-
tion abilities as well as chemical reaction environment for starch
modification.

2. Ionic liquids as starch solvents

Several studies employing 1-butyl-3-methylimidazolium chlo-
ride (Lehmann & Volkert, 2009; Liu, Janssen, van Rantwijk, &
Sheldon, 2005) or 1-allyl-3-methylimidazolium chloride (Wang,
Zhang, Liu, & He, 2009a; Xu, Kennedy, & Liu, 2008a) for dissolving
or plasticizing of starch have been reported.

Some ionic liquids (containing Cl~ anions) are able to destroy
the semicrystalline structure of native starch granules (Xie, Shao,
& Liu, 2010) and disrupt hydrogen bonding between hydroxyl
groups of polysaccharide (Stevenson, Biswas, Jane, & Inglett, 2007).
The starch solubility depends on ionic liquid structure as well as
temperature. For instance, at 80°C in [BMIM]CI 15 wt% homoge-
neous solution might be prepared (Biswas, Shogren, Stevenson,
Willett, & Bhowmik, 2006), when in [AMIM]CI up to 20 wt% (Xu
et al, 2008a) and at 100°C even 50wt% still clear and trans-
parent but viscous solution could be prepared (Xu, Wang, &
Liu, 2008b); in 1-butyl-3-methylimidazolium dicyanamide starch
dissolves only at 90°C (10wt%) but in 1-methylimidazolium
tetrafluoroborate is insoluble (Biswas et al., 2006). Amylose was
found to be soluble up to 20 wt% in 1-allyl-3-methylimidazolium
formate at 60°C (Fukaya, Sugimoto, & Ohno, 2006) and by
heating it in 1-methoxymethyl-3-methylimidazolium bromide or

1-methoxyethyl-3-methylimidazolium bromide 30 mg/L solution
could be easily prepared (Kimizuka & Nakashima, 2001).

Stevenson et al. (2007) have studied the influence of dispersing
starch of different origin (corn, rice, wheat and potato) in [BMIM]CI
on amylopectin molecular weight M,,. A significant cereal amy-
lopectin M,, value decrease has been observed; for potato starch M,,
value slightly increased (this phenomenon was not noted for potato
starch dispersed in hot water). The potato amylopectin M,, value
increase might be attributed to the presence of phosphate deriva-
tives in potato starch and ionic interactions between negatively
charged phosphomonoesters and positively charged imidazolium
ring of the ionic liquid. Moreover, the concentration of Cl~ could
influence the cereal amylopectin degradation - in acidic environ-
ment hydrolysis of glycosidic bonds may occur. Phosphate groups
of monoesters from potato starch may to some extent repel chloride
ions, which may additionally explain different chromatographic
results when compared to cereal starches (Stevenson et al., 2007).
Additionally, the potato native starch granules are relatively bigger
which may impede ionic liquid penetration inside.

Myllymdki and Aksela (2005) claim that using ionic liquid
[BMIM]Cl might allow barley starch to be selectively depoly-
merised. By adjusting depolymerization process parameters
(temperature, stirring time) complete amylose depolymerization
could be achieved, amylopectin remaining intact (stirring for
30min at 85°C and 2h at 100°C) or complete depolymerization
of both polymers (stirring for 30 min at 85°C and 2h at 150°C).
According to the inventors the presence of a small amount of water
(<1 wt%) is significant.

Karkkdinen, Lappalainen, Joensuu, and Lajunen (2011) heat-
dispersed starch of different origin (wheat, barley, potato, rice,
corn and waxy corn) in [BMIM]Cl under controlled microwave con-
ditions and in oil bath. The effect of temperature, heating time
and method on amylose as well as amylopectin molecular weight
was studied. Transparent solutions were formed at 100 °C or 80°C
when starch dispersion in [BMIM]Cl was heated, respectively:
conventionally and under microwave conditions. The dissolution
time depended on the starch origin - when corn, rice, wheat
and barley starch was fully gelatinized, waxy corn and potato
starch granules were still present. Degradation of amylopectin
in [BMIM]Cl was observed immediately after dispersing starch
in the ionic liquid, subsequently amylose degraded as well. The
molecular weight (determined using gel permeation chromatog-
raphy equipped with an evaporative light scattering detector) of
starch polymers decreased with increasing time and temperature.
Microwave heating accelerated starch dissolution as well as degra-
dation process when compared to conventional heating method.
However, no selective depolymerization of amylose as described
in the patent by Myllymdki and Aksela (2005) was detected. The
starch molecular weight reduction might be an effect of the pH
value determined by the ionic liquids character: in acidic condi-
tions hydrolysis, in alkaline conditions oxidation and breaking of
glycosidic bonds might occur (Stevenson et al., 2007).

A question of the most effective IL as starch solvent still seems
to be open as follows from data presented in a recent bulletin
issued by Iolitec GmbH company (Heilbronn, Germany) (Smiglak,
2010). Forty eight ILs composed of various cations and anions have
been selected and their dissolution power tested toward three
biopolymers: cellulose, lignin and starch (type of starch was not
given). Criteria of ILs selection for the experiments were as fol-
lows: (i) kind of cation core (pyrrolidinium, imidazolium, aromatic,
aliphatic, cyclic), (ii) length of alkyl chains, (iii) functional groups
on alkyl chains, and (iv) anion kind (acetate, bromide, chloride,
dimethylphosphate, dicyanamide, formate, methylsulfate, tetraflu-
oroborate, triflate). The biopolymer dissolution test was carried out
as follows: 4-5g ILs in a glass vial, initially heating ILs for 60 min
at 80°C, then biomass added and the system vigorously stirred for
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1 min and placed back into the heating block for 60 min. The fol-
lowing results have been obtained based on visual analysis of the
vial contents: (a) for cellulose (10 wt%) - nine ILs dissolved cellu-
lose completely (including [EMIM]Ac, and [BMIM]CI, (b) almost all
of the ILs tested dissolved lignin (5 wt%), whereas one IL did not dis-
solve lignin at all, (c) only one IL (non defined) was found to dissolve
starch (5 wt%) completely. From the above data it is clear that the
real solubility of cellulose in ILs (and lignin as well) is substantially
better than that of starch.

3. Starch plasticization by ionic liquids

Sankri et al. (2010) performed starch plasticization with ionic
liquids in a twin screw extruder and in a microcompounder.
It is currently the only paper relating to continuous method of
starch modification using ionic liquids. More noticeable molec-
ular weight decrease of starch extruded with [BMIM]CI than
polysaccharide plasticized with glycerol was assigned rather to
thermal-mechanical treatment than interaction with ionic liquid.
The polydispersity index My, /M, of the extruded starch material
was above 3, the presence of high molecular weight fraction was
noted. No short chain molecules (DP<12) was detected thus the
depolymerization mentioned by Myllymdki and Aksela (2005) has
not occurred. Surprisingly, starch plasticized with [BMIM]CI had
lower hydrophilicity when compared to glycerol plasticized starch
(water content 13 and 20 wt¥%, respectively). Moreover, the value
of Young’s modulus decreased by one order of magnitude (from
8.3 to 0.5MPa), and elongation at break increased from 100 to
400%. Determined glass transition temperature Tg for [BMIM]CI
plasticized starch was lower than calculated, respectively: —13°C
and —6°C (for glycerol plasticized polysaccharide Ty values were
respectively: —21°C and —36°C) which suggests better plasticiza-
tion efficiency with ionic liquid than with glycerol. Moreover, it
indicates significant reduction of hydrogen bonds between starch
chains in case of [BMIM]CI plasticization, which was confirmed by
FTIR spectroscopy. It is assumed that each ion pair: ClI=/[BMIM]*
strongly interacts with C-O-H starch group (anion interacts with
the hydrogen atom, cation with the oxygen atom). As aresult hydro-
gen and oxygen cannot form hydrogen bonds with water molecules
or with other OH groups on the polysaccharide (Sankri et al., 2010).
If so, starch plasticized with [BMIM]CI would interact with water
molecules less intensely than starch plasticized with glycerol. This
assumption has been confirmed by the hydrophilicity decrease of
the starch/[BMIM]CI system.

In the case of starch plasticized by [AMIM]Cl Wang et al. (2009a)
have observed a higher intensity of hydrogen bonding than for
starch plasticized by [BMIM]CL. It has been explained by other anion
and cation interaction mechanism: ion CI~ may interact locally with
hydrogen atom of starch OH, and cation [AMIM]* interacts weaker
with oxygen atom of OH group. In such a situation two OH groups
are still capable of forming hydrogen bonds with other hydroxyl
groups of starch or water molecules. As a result starch plasticized
with [AMIM]CI exhibits more hydrophilic character than glycerol
plasticized starch. This difference is not seen for starch plasticized
with [BMIM]CI (Sankri et al., 2010).

Wang et al. (2009a) used [AMIM]CI as a corn starch plasticizer
to prepare solid biopolymer electrolytes. They obtained films by
casting from aqueous solutions of electrical conductivity in a range
from 103 to 1016 S/cm for starch plasticized with respectively
10 and 30 wt% ionic liquid. Higher electrical conductivity value was
obtained by adding sodium montmorillonite (9 wt%) to starch plas-
ticized with [AMIM]CI (10-93 S/cm at 23 wt% water content (Wang,
Zhang, & Wang, 2009b).

Wang, Zhang, Liu, and Han (2010) showed that by mixing starch
with [AMIM]CI in a presence of lithium chloride highly plasti-

cized, homogeneous and conductive films could be prepared. An
increased LiCl content enhanced the water absorption of starch
material as well as the ionic conductivity. Moreover, it was also
shown that high Cl~ ions concentration accelerated the thermal
decomposition of starch.

Wu, Wang, Li, Li, and Wang (2009) prepared composite films
from natural polymers by dissolving starch, cellulose and lignin
in [AMIM]CI (total biopolymer concentration was ~6 wt%). Sub-
sequently biopolymer solution was cast on glass plates and
coagulated in the distilled water to obtain regenerated biopoly-
mer gel. During dissolving of starch-hydrogen bonds are formed
between hydroxyl groups of biopolymers. In such a system starch,
cellulose and lignin display good affinity to each other. By chang-
ing the biopolymer content films exhibiting different mechanical
properties were prepared. Starch presence contributes to the film
flexibility. The composite films were amorphous, transparent and
had better gas permeability (oxygen and carbon dioxide) than
regenerated cellulose films. This fact allows these biopolymer films
to be considered as a fresh food packaging material.

Kadokawa, Murakami, Takegawa, and Kaneko (2009) prepared
cellulose/starch composite gel and fibrous material from ionic
liquid solution. The gel was obtained by keeping homogeneous
mixture of cellulose (10 wt%) and starch (5wt%) in [BMIM]CI for
several days at room temperature and then extracted with ace-
tone. The fibrous material (ca. 100-200 pwm in diameter) composed
of cellulose and starch by regeneration from the homogeneous mix-
ture (10 wt% each) in [BMIM]CI was also demonstrated.

4. Chemical modification of starch in an ionic liquid
environment

Many papers considering modification of starch using ILs, e.g.
preparation of esterified starches reported methods performed
periodically. Using IL as the reaction medium has advantages over
other starch solvents, such as dimethylsulfoxide, which exhibit
high toxicity and low stability during the modification process as
well as difficulties with solvent recovery (Xie & Shao, 2009).

Selected parameters for the chemical modifications of starch in
ILs were collected in Table 1. Obtained values of degree of substi-
tution (DS) of ester derivatives prepared from acidic anhydrides
usually exceeded 2. In case of phosphate derivatives maximal DS
value was 0.55; for comparison DS of “traditionally” prepared
starch phosphates was in a range of 0.01-0.2 (Xie & Shao, 2009).
It has been observed that independently from starch origin suscep-
tibility of hydroxyl groups to esterification in ionic liquid decreased
in order of carbon atoms of glycosidic unit: C6 >C2 > C3 (Lehmann
& Volkert, 2009). However, Shogren and Biswas (2010) observed
that in case of reaction between starch (maltodextrin) and vinyl
acetate the substitution position depends on a type of ionic liquid
medium used. In [BMIM] dicyanamide (DCA) acetylation at C2 was
preferred, while in [BMIM] acetate was more uniform.

Lehmann, Volkert, Hassan-Nejad, Greco, and Fink (2010) per-
formed starch esterification in imidazolium salt prepared in situ.
The imidazole derivatives were used as precursors for imidazolium
salts that catalyze starch esterification reaction. The total DS value
of obtained starch mixed esters was close or equal 3.

Biswas, Shogren, and Willett (2009) used ionic liquid
[BMIM]DCA as a solvent and catalyst for direct esterification
of starch (maltodextrin) with stearic acid or vinyl stearate. The
reaction occurred even at mild temperature (40 °C). At higher tem-
perature (75 °C) starch stearates of high degree of substitution (DS
2.4) might be obtained (Shogren, Biswas, & Willett, 2010). Xie and
Wang (2011) very recently have performed starch esterification
with fatty acid methyl esters in [BMIM]CI using base catalyst; the
highest DS values were close to 0.4.
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Table 1
Selected parameters of starch modification reactions in ionic liquids.

Tonic liquids (IL) Reagent DS Starch concentration in IL (Wt%) Ref.

Starch esters

[BMIM]CI Acetic anhydride 0.3-2.6 10 Biswas et al. (2006)
Acetic anhydride 0.9-29

[BMIM]CI Propionic anhydride 2.1-3.0 ~9 Lehmann and Volkert (2009)
Hexanoic anydride 1.92
Phthalic anhydride 2.12

[BMIM]CI Acetic anhydride 0.37-2.35 ~5 Xie et al. (2010)
Succinic anhydide 0.03-0.93

[BMIM]DCA Vinyl acetate 0.84-1.10 ~6 Shogren and Biswas (2010)

[BMIM]OACc 0.75-1.8

[BMIM]CI Sodium dihydrogenphosphate 0.03-0.36 ~5 Xie and Shao (2009)
Disodium hydrogenphosphate 0.06-0.55
Exemplary mixture:

[MIM]C1 Acetic anhydride DSac 2.28 - Lehmann et al. (2010)

[EtIM]C1 Propionic anhydride DSprop 0.63

[AcIM]C1 Lauroyl chloride DSpay 0.10

[BMIM]CI Methyl laurate 0.06-0.38 10 Xie and Wang (2011)
Methyl stearate 0.03-0.29

[BMIM]DCA Stearic acid 0.03-0.72 ~6 Biswas et al. (2009)
Vinyl stearate <0.01-0.64

Cationic starch

[BMIM]CI Glycidyltrimethylammonium chloride 0.05-0.99 10 Wang and Xie (2010)

Starch graft copolymer

[AMIM]CI g-Caprolactone Grafting efficiency >24% 15 Xu et al. (2008a)

[AMIM]CI L-Lactide Grafting efficiency >30% 15 Xu et al. (2008b)

Xu et al. (2008a, 2008b) used ionic liquid [AMIM]CI as a
reaction media for the ring opening graft copolymerization of &-
caprolactone and L-lactide onto starch. The grafting efficiency was
24.4% and 30%, respectively.

The attempts of reusing [BMIM]Cl as another esterification reac-
tion medium have been performed (Xie et al., 2010; Wang & Xie,
2010). The DS value after fifth cycle was on average ~20% smaller
when compared to DS of product prepared with fresh ionic liquid.

5. Conclusion

Because of the unique properties ionic liquids might be applied
as solvents or plasticizers for native granular starch. Various
chemical reactions, such as starch esterification, acid-catalysed
hydrolysis, enzymatic transformations or graft copolymerisa-
tion could be preformed in ionic liquids. Biodegradable ionic
liquid-starch materials might be used e.g. for biocomposites,
additives in paper industry or food packaging production. Starch
systems containing ionic liquid might find application as electri-
cally conductive materials. Despite papers concerning interactions
between starch and ionic liquids that have appeared up today addi-
tional research effort including the influence of anion kind and
organic cation core type (e.g. substituents on imidazolium ring)
or functional groups on alkyl substituents of ionic liquids should
be performed. It seems also that comparative study on dissolution
properties of different origin starches in selected ionic liquids at
established experimental conditions is necessary to choose those
with the highest effectiveness and acceptable prices as candidates
for industrial application.
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