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Abstract

Starch is one of the most abundant polysaccharides found in nature and is widely utilized in
various fields of industry. Due to the complex structure of native starch it is insoluble in most
organic solvents and needs modification prior utilization. In this study, ionic liquids (ILs), modern
green chemistry alternatives for common solvents were used as reaction media in starch
modification.

At first various starch species were depolymerized in 1-allyl-3-methylimidazolium chloride
([AMIM]Cl) with p-TsOH as a catalyst. Microwave activation or conventional bath heating were
used as heating methods while HPLC-ELSD was used as an analytical method. All studied starch
species depolymerized similarly into water-soluble starch oligomers while microwave activation
shortened the depolymerization time considerably compared to oil bath heating.

Barley starch was chosen for further experiments, in which various ILs were studied as
potential media for starch dissolution and depolymerization. Results suggested that both the anion
and the cation part of the IL had an effect on the dissolution and depolymerization of barley starch.
After the depolymerization reactions, the depolymerized barley starch was further modified by
cationization. [AMIM]Cl was used as the reaction media, microwave activation as the heating
method while HPLC-ELSD, 1H NMR and elemental analysis were used as analytical methods.
The modified products had DS values from 0.2 to 0.5 depending on the reaction conditions. The
products were studied as potential binding agents for heavy metal ions which showed that
moderately substituted modified starch (DS 0.4) could be used to bind Cu(II), Fe(III) and Zn(II)
ions from an aqueous solution.

Finally, potato peel waste was studied as an alternative starch source to produce cationized
starch for wastewater purification. Peel waste was pre-treated by alkaline depolymerization after
which it was cationized in a water solution to produce cationized products with DS from 0 to 0.35.
The cationized peel waste products were studied preliminary as binding agents for Cu(II) ions
from a water solution using ICP-OES as an analytical method. The results suggested that when the
molar ratio between cationized waste starch and copper was 3:1, cationized waste starch was an
effective binding agent for copper ions.

Keywords: cationization, depolymerisation, ionic liquids, metal ion binding, microwave
activation, starch, waste starch





Lappalainen, Katja, Natiivin ja jätetärkkelyksen modifiointi depolymeroimalla ja
kationisoimalla. Modifioidun tärkkelyksen käyttö metalli-ionien sitomisessa
vesiliuoksesta
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 657, 2015
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Tärkkelys on yksi yleisimmistä luonnossa esiintyvistä polysakkarideista. Sitä hyödynnetään
useilla eri teollisuuden aloilla. Monimutkaisen rakenteensa vuoksi tärkkelys on liukenematon
useimpiin orgaanisiin liuottimiin ja veteen, minkä vuoksi sitä täytyy modifioida ennen käyttöä.
Tässä väitöstutkimuksessa tärkkelyksen modifioinnissa käytettiin ionisia nesteitä reaktioväliai-
neena.

Tutkimuksen alussa eri tärkkelyslajeja depolymeroitiin 1-allyyli-3-metyyli-imidatsoliumklo-
ridissa ([AMIM]Cl) katalyyttinä p-TsOH. Mikroaaltoaktivointia ja haudekuumennusta käytet-
tiin vaihtoehtoisina lämmitysmenetelminä. Reaktion edistymistä ja tuotteiden muodostumista
tutkittiin HPLC-ELSD -menetelmällä. Eri tärkkelyslajit depolymeroituivat samankaltaisesti
vesiliukoisiksi, lyhytketjuisiksi tärkkelysoligomeereiksi. Mikroaaltoaktivointi lyhensi reaktioai-
kaa haudekuumennukseen verrattuna.

Tutkimuksen seuraavassa vaiheessa tutkittiin ohratärkkelyksen liukoisuutta ja depolymeroi-
tumista eri ionisissa nesteissä. Tulosten perusteella ionisen nesteen sekä anioni- että kationiosa
vaikuttivat tärkkelyksen liukenemiseen. Depolymeroidun ohratärkkelyksen modifiointitutkimuk-
sia jatkettiin [AMIM]Cl:ssa kationisoinnilla. Lämmitysmenetelmänä käytettiin mikroaaltoakti-
vointia. Tuotteet tutkittiin käyttäen alkuaineanalyysiä sekä HPLC-ELSD- että 1H NMR-teknii-
koita. Kationisoitujen tuotteiden substituutioaste (DS) vaihteli reaktio-olosuhteista riippuen
välillä 0.2–0.5. Saatuja tuotteita tutkittiin raskasmetalli-ionien sitomisessa vesiliuoksesta.
Havaittiin, että kohtalaisesti substituoitu (DS 0.4) modifioitu tärkkelys sitoi Cu(II)-, Fe(III)- ja
Zn(II)-ioneja vesiliuoksesta.

Tutkimuksen loppuosassa tutkittiin perunan kuorijätettä vaihtoehtoisena tärkkelyslähteenä
kationisoidun tärkkelyksen valmistamisessa. Kuorijäte esikäsiteltiin kuumentamalla se emäksi-
sessä etanoliliuoksessa, minkä jälkeen sille suoritettiin kationisointi vesiliuoksessa. Kationisten
tuotteiden substituutioasteet vaihtelivat välillä 0–0.35. Tuotteiden soveltuvuutta Cu(II)-ionien
sitomiseen vesiliuoksesta tutkittiin ICP-OES -menetelmän avulla. Alustavien tulosten mukaan
kationisoitu jätetärkkelys sitoi kupari-ioneja vedestä, kun tärkkelyksen ja kuparin moolisuhde oli
3:1.

Asiasanat: depolymerointi, ioninen neste, jätetärkkelys, kationisointi, metalli-ionien
sitominen, mikroaaltoaktivointi, tärkkelys
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AGU Anhydroglucose unit 

CDS Cationized depolymerized starch 

CS Cationized starch 

CW Cationized depolymerized waste starch 

Dca Dicyanamide 

DMF Dimethylformamide 

DMSO Dimethylsulfoxide 

DS Degree of substitution 

DP Degree of polymerization 

HPLC-ELSD High-performance liquid chromatography coupled to an evaporative 

light scattering detector 

DW Depolymerized waste starch 

ICP-OES Inductively coupled plasma optical emission spectrometry 

IL Ionic liquid 

MW Molecular weight (g/mol or Da) 

NMR Nuclear magnetic resonance 

PPW Potato peel waste 

p-TsOH p-toluenesulphonic acid 

tr Retention time 

WS Water-solubility 

[AMIM] 1-Allyl-3-methylimidazolium 

[BMIM] 1-Butyl-3-methylimidazolium 

[EMIM] 1-Ethyl-3-methylimidazolium 

[HIM] Imidazolium 

[HexMIM] 1-Hexyl-3-methylimidazolium 

[MIM] Methylimidazolium 
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1 Introduction 

It is well known that Western society is heavily dependent on oil and oil-based 

products whilst at the same time the world’s oil reserves are depleting rapidly 

(Klass 1998). Thus there is a need for alternative raw materials and one solution 

is renewable biomass which is naturally produced around the world ca. 180x109 

tons annually. Currently only 4% of biomass is being fully utilized while the rest 

is left to decay. (Lichtenthaler 2012). However, interest in using biomass as a 

source of chemicals and energy instead of fossil resources is increasing (Straathof 

2014).  

Whilst cheap and abundant around the world 75% of biomass consists of 

carbohydrates. The bulk of the carbohydrate biomass consists of polysaccharides 

such as cellulose, starch and chitin, which are currently utilized mainly in the 

paper, textile and coating industries. Polysaccharides are also converted into their 

corresponding monosaccharides, which are then used as raw materials for organic 

commodity chemicals. (Lichtenthaler 2012). This dissertation study focuses on 

starch and its chemical modification into products, which could be used to replace 

oil-based chemicals. 

1.1 The aim of research 

The schematic representation of the dissertation study is presented in Figure 1. 

The study was started in fall 2009 as part of the KETJU (Sustainable Production 

and Products) and ENRICH (Enrichment and starter cultures for production and 

sensitive diagnostics) projects funded by the Academy of Finland and Tekes (The 

Finnish Funding Agency for Technology and Innovation), respectively. At the 

beginning of the study, the aim was to produce water-soluble, low molecular 

weight starch oligomers free from small-sized sugars like D-glucose or maltose. 

Starch oligomers are a fascinating target since they can be further modified for 

various purposes from water purification to pharmaceutical products (Meiczinger 

et al. 2005, Andreev 2004). In the ENRICH project, oligomers were prepared for 

the Bioprocess Engineering laboratory at the University of Oulu for cell 

cultivation experiments. The oligomers were studied as a glucose source in 

microbial cultivations (Panula-Perälä et al. 2008, Krause et al. 2010), where the 

growth of the cells was controlled by the enzymatic release of glucose from starch 

or starch derived soluble products. The products were hoped to be free from 

small-sized sugars since they can lead to an uncontrolled growth of the cells.  
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After the ENRICH and KETJU projects ended, it was thought that short-

chained, soluble starch derivatives could also be used for other purposes, 

especially after some additional modification. By that time the mining boom had 

started in Finland. It was thought that the highly water-soluble depolymerized 

starch could be utilized, after some functionalization, as a binding agent for heavy 

metal ions or nutrients from aqueous solutions. Cationization was chosen as the 

modification method, since it is a commonly used method for starch modification. 

Furthermore, cationized starch has already been studied as a potential binding 

agent for harmful substances and it has found to bind them effectively. 

 

Fig. 1. Schematic representation of the raw materials and phases of the dissertation 

study. 

Modification experiments of native starch were performed in ionic liquid (IL) 

media since ionic liquids are considered as green alternatives for conventional 

organic solvents. Some ILs have been found to dissolve carbohydrates like starch, 

which are highly insoluble in most solvents. The ability to dissolve starch in the 

reaction media enables the use of homogeneous reaction conditions and the 

uniformity of the reaction products. Furthermore, the ability to recycle the 

reaction media afterwards decreases the need for waste disposal or the treatment 

of effluents.  

Efficient use of materials is an important issue for the sustainable use of 

biomaterials. Part of the efficiency is the sustainable use of waste. According to 

the waste hierarchy, waste should be re-used or recycled, if the production of it 

cannot be avoided. (Batayneh et al. 2007). The waste hierarchy has been taken 

into account in current legislation, which has become gradually more restrictive. 

The EU directive 1999/31/EC on the landfill of waste requires that in 2016, the 

maximum fraction of bio-compostable municipal waste, which is allowed to be 

disposed in landfills, is 25%.  



21 

Production of native starch or starch products, however, generates starch-rich 

waste. It was decided to study if the waste material could be used as a starch 

source instead of native starch for the production of cationized starch. There are 

several small-scale potato peel factories in the Oulu area, which produce large 

amounts of potato peel waste daily. Peel waste contains a considerable amount of 

starch and therefore, it was selected as an alternative starch source for the last part 

of the dissertation study.  

At the end of the dissertation study the modified starch and potato peel waste 

products were studied as potential binding agents for heavy metal ions from an 

aqueous solution to replace commonly used oil-based chemicals. The results of 

those preliminary experiments are reported as part of this thesis. 

This compilation thesis is organized as follows: Chapter 2 introduces starch, 

the polysaccharide used as a raw material in the modification experiments. The 

main modification methods, i.e. ionic liquids and microwave technology are 

described in general in Chapters 3 and 4, respectively. Chapter 5 contains the 

main results and the discussion from Papers I–V and Chapter 6 is a summary of 

the contents of this thesis as well as some discussion about the potential for future 

work. Finally, in Chapter 7 a detailed description of the experiments is given.  
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2 Starch 

Starch is one of the most abundant biopolymers in nature and is considered as a 

storage carbohydrate that is produced and stored in all photosynthesizing plants 

through their roots, leaves, seeds and tubers (Shannon et al. 2009, Srichuwong et 

al. 2007, Perez & Bertoft 2010). Starch species can be divided into cereal 

starches, which include wheat, barley, rice and maize starches, and tuber starches, 

which include potato starch. Starch consists mainly of two polysaccharides, 

amylose and amylopectin, which are both polymers of α-D-glucopyranose (Fig. 

2). The ratio of amylose and amylopectin varies depending on starch species, 

growth conditions and harvesting time. The amount of amylose is usually 20–

30% and the amount of amylopectin 70–80%. There are also starch species in 

nature that consists solely of amylopectin, which are known as waxy starches. 

The most well-known waxy starch is waxy maize. (Belitz et al. 2004, Perez & 

Bertoft 2010). Besides amylose and amylopectin starch also contains small 

amounts of proteins, lipids, phospholipids and phosphate monoesters 

(Srichuwong et al. 2007, Perez & Bertoft 2010).  

 

Fig. 2. Structure of α-D-glucopyranose. 

2.1 Amylose 

Amylose is a practically linear polymer, in which glucose units are attached to 

each other through α-1,4-glycosidic linkages (Fig. 3.) (Tester et al. 2004). The 

size of the amylose molecule varies between starch species while the molecular 

weight and degree of polymerization (DP) of amylose can be between 105–106 Da 

and (on average) 1000–10000 anhydroglucose units (AGU), respectively. 

(Copeland et al. 2009, Jane & Chen 1992). Tuber starches usually contain 

amylose molecules with higher DP than cereal starches. Amylose molecules exist 

as a spiral or helical structure in which one helical pitch corresponds to 6 glucose 

units (Belitz et al. 2004, Tester et al. 2004). The helical structure is stabilized by 

hydrogen bonds that are formed between O-2 and O-3 atoms of adjacent glucose 
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units. Due to the spiral structure hydrogen bonds are also formed between O-2 

and O-6 atoms of glucose units i and i+6. (Belitz et al. 2004). 

 

Fig. 3. Structure of amylose. 

2.2 Amylopectin 

Amylopectin is a highly branched polymer of glucose. It has a linear frame in 

which approximately every 25th AGU contains a branch point. Branching occurs 

through α-1,6-glycosidic linkages (Fig. 4.). (Tester et al. 2004). Amylopectin 

molecule is considerably bigger than amylose in that the DP can vary from 10000 

to even 1000000 with a molecular weight from 107 to 109 Da (Tester et al. 2004, 

Mua et al. 1997). In regards to the molecular weight, amylopectin is also the 

largest polymer found in nature or manufactured synthetically (Bello-Perez et al. 

1996, Jane 2006). Due to the lack of reference materials, the determination of the 

exact molecular weight of amylopectin is difficult (Yoo & Jane 2002). 



25 

Fig. 4. Structure of amylopectin.  

Amylopectin has a tree-like structure (Fig. 5) that contains alternating crystalline 

and amorphous areas. Crystalline areas are dense while amorphous areas are less 

dense. The repeating unit that consists of a crystalline and amorphous area is 

called a cluster. (Belitz et al. 2004). 

Fig. 5. The branched structure of an amylopectin molecule (modified from Belitz et al. 

2004). 



26 

The linear backbone of the amylopectin molecule is called a C-chain. There is 

only one C-chain in each amylopectin molecule and it has the only reducing end 

of the molecule. B-chains are branched from the C-chain and other B-chains, 

which are classified as B1, B2, B3, etc. depending on the number of clusters the 

chain extends. (Tester et al. 2004). The outermost branches of the amylopectin 

structure are called A-chains. They are unbranched. (Tester et al. 2004, Hizukuri 

1986). 

The A- and outermost B-chains of amylopectin can intertwine with amylose 

molecules to form double helixes. Double helixes are stabilized by inter- as well 

as intra-helical hydrogen bonds and van der Waals interactions. The double helix 

is left-handed in nature, which means that it twists left. (Tester et al. 2004). 

2.3 The macromolecular structure of starch 

In the macromolecular structure of starch, the double helixes are packed side by 

side in order to form crystals. The packing can occur two ways resulting in two 

main polymorphs of starch, A- and B-type. The A-type polymorph has a 

monoclinic unit cell where six double helixes form a circle, in the middle of 

which is a channel. This channel occupies another double helix. There are also 

eight water molecules between the double helixes. The A-type polymorph is 

characteristic to cereal starches like wheat and barley. The B-type polymorph has 

a hexagonal unit chain. Six double helixes form a circle, in the middle of which is 

a channel that occupies water molecules instead of another double helix. There 

are 36 water molecules in total in the B-type structure. The B-type polymorph is 

characteristic to tuber starches like potato. (Tester et al. 2004, Belitz et al. 2004, 

Copeland et al. 2009). 

Amylose and amylopectin molecules are packed in starch granules varying in 

size and shape between starch species from <1 μm to 100 μm and from oval, 

round or lens-like shape to irregular. The size and shape of the granules can vary 

also within a starch species. (Tester et al. 2004). Some starch species like wheat 

and barley starch have a bimodal granule distribution. The A-type granules are 

large and oval in shape, whereas the B-type granules are small and round. 

(Copeland et al. 2009, Jane 2006). 

Starch granules have a semicrystalline, multilayered structure (Fig. 6), which 

is characterized by growth rings that are formed from alternating dense 

semicrystalline and less dense amorphous areas. The semicrystalline areas are 

further formed from crystalline and amorphous lamellaes, which match up to the 
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crystalline and amorphous areas in the structure of the amylopectin molecule. In 

fact, the granular, semicrystalline structure of starch can form solely of 

amylopectin molecules, which is the case in waxy starches. (Tester et al. 2004, 

Copeland et al. 2009). The role of amylose in the macromolecular structure of 

starch is yet unclear. Amylose molecules are known to mainly exist in the 

amorphous areas of granules either as free amylose or as amylose-lipid 

complexes. Amylose molecules can also form double helices with the outer chains 

of amylopectin molecules and thus disrupt the crystal packing of amylopectin. 

(Shrestha & Halley 2014, Copeland et al. 2009).  

Fig. 6. Semi-crystalline structure of starch (modified from Tester et al. 2004). 

Several review articles and books have been published about starch, its 

components, structure, properties and modification (Perez & Bertoft 2010, Buléon 

et al. 1998, Zhu 2014, Zhu 2015, Copeland et al. 2009, Hoover 2001, Singh et al. 

2003, Tester et al. 2004, Eliasson 2004, Bertolini 2010, BeMiller & Whistler 

2009), where more detailed information can be found. 
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2.4 Gelatinization and retrogradation of starch 

Starch is highly insoluble in cold water and most organic solvents due to its 

complex structure and numerous inter- and intramolecular hydrogen bonds. When 

starch is heated with a sufficient amount of water gelatinization occurs. During 

heating the granules absorb water and begin to swell. This swelling starts at the 

amorphous growth rings of the granules, which causes a disruptive stress to the 

crystalline regions. (Singh et al. 2003, Jenkins & Donald 1998). Amylose 

molecules start to leach out from the granules and the crystalline structure is 

irreversibly disrupted. During the swelling of the granules the viscosity of the 

starch-water dispersion increases to a maximum after which it decreases. The 

maximum viscosity corresponds to a point where the dispersion contains a 

maximum number of granules that are swollen but still intact. The drop in the 

viscosity occurs when the swollen granules rupture and the amylopectin and 

amylose molecules are dispersed in the aqueous phase. Upon cooling the viscosity 

of the gel increases again, caused by the interactions between the amylose and 

amylopectin molecules. During storage the linear regions of the starch molecules 

begin to align again forming insoluble B-type crystallites. This phenomenon is 

called retrogradation and it occurs over an extended period. Amylose molecules 

retrograde fast, within minutes to hours, and amylopectin molecules slow, within 

hours to days. Cold temperatures also enhance the retrogradation. (Copeland et al. 

2009). The gelatinization and retrogradation properties (e.g. rate and extent) of 

starch are greatly affected by the type and amount of starch, the relative amounts 

of amylose and amylopectin and the presence of lipids, proteins and phosphate 

groups. (Copeland et al. 2009, Singh et al. 2003). 

2.5 Modified starch  

The worldwide production of starch in 2011 was about 72 million tons, of which 

22 million tons (30%) was produced in Europe. The main industrial production of 

starch is globally based on four starch species: maize (76%), cassava (12%), 

wheat (7%) and potato (4%). In Europe, the principal starch species used are 

wheat (34.6%), maize (34%) and potato (31.4%). (Avérous & Halley 2014). 

Raw starch material is mainly used in food (60%) and non-food applications 

which include paper and board, pharmaceutical, cosmetic and textile applications 

and chemicals. Typical starch containing consumer products are paper bags and 

other packaging materials, corrugated cardboard, tissues, stationery, 
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pharmaceutical tablets, toothpaste, emulsions, lotions, vitamins, yarns, printed 

fabrics, detergents and glues. (Avérous & Halley 2014, Copeland et al. 2009, 

Burrell 2003). 

Native starch is unsuitable for most food and industrial applications due to its 

gelatinization and retrogradation properties. Therefore, it needs to be modified 

before use. The modification methods of starch include mainly four broad 

categories: chemical, physical, enzymatical and genetical modifications 

(Bhupinder et al. 2012).  

The chemical reactivity of starch derives from the reactivity of the hydroxyl 

groups of the anhydroglucose units. Each AGU contains three OH groups, which 

react similarly to alcohols. They can be oxidized, reduced or etherified. 

(Ashogbon & Akintayo 2014, Tomasik & Schilling 2004). Furthermore, they can 

also form esters with inorganic or organic acids as well as with acid halides or 

anhydrides. (Tomasik & Schilling 2004). The extent of the modification reactions 

is generally expressed as the degree of substitution (DS), which corresponds to 

the average amount of OH groups per AGU that have been substituted by another 

functional group.  

The chemical modification reactions also include the depolymerization 

reactions of the long glucose chains of starch into shorter ones by either an acid or 

base catalyst. This thesis considers only the chemical modification of starch by 

depolymerization and cationization.  

2.5.1 Depolymerization of starch 

Starch, as a polymer of glucose, is a polyacetal, which makes it susceptible 

towards acid-catalysed hydrolysis. Acid modified starches are commonly 

prepared by gently heating the starch granule slurry in an aqueous solution of 

mineral acid such as hydrochloric (HCl) or sulphuric acid (H2SO4). The reaction 

time varies from several hours to several days. During the depolymerization 

reaction the acid attacks the α-1,4-and α-1,6-glycosidic linkages in the starch 

molecules forming a product that is a mixture of low molecular weight starch, 

oligosaccharides and simple sugars like glucose and maltose. (Tharanathan 2005, 

Shrestha & Halley 2014, Huber & BeMiller 2010). Experimental research has 

shown that the hydrolysis of glycosidic linkages is not random and that the 

hydrolysis of 1,6-linkages is preferred over the hydrolysis of 1,4-linkages. This 

may be due to the fact that the 1,6-linkages are located mainly in the amorphous 

regions of the starch granules, which are more susceptible to the acid hydrolysis 
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than the crystalline areas. However, experimental evidence also indicates that 

when the starch chains are dispersed in the solution the hydrolysis occurs 

preferable to the 1,4-linkages over the 1,6-linkages. (Huber & BeMiller 2010).  

The reaction mechanism for the acid-catalysed hydrolysis of starch is 

presented in Fig 7. The reaction begins with the protonation of either the 

glycosidic bond oxygen atom or the oxygen atom of a pyranose ring (Fig. 7, step 

A). The protonation is followed by the breakage of the corresponding C-O bond 

and the bond electrons moving to the positively charged oxygen atom (Fig. 7, step 

B). An a result, an unstable carbocation intermediate is formed. The carbocation 

reacts with a nucleophile i.e. a water molecule from the reaction solution (Fig. 7, 

step C). After C-O bond breakage and formation of a new C-O bond (Fig. 7, step 

D) and/or the loss of a proton, a hydroxyl group is generated at the end of the 

polysaccharide chain (Fig. 7, step D). (Hoover 2000, Hollo & László 1969, 

Tomasik & Schilling 2004). The mechanism for the hydrolysis reaction of starch 

was first postulated early in the twentieth century. However, the dominance of 

either of the pathways presented in Figure 7 has not been proven yet. (Tomasik & 

Schilling 2004).  

 

Fig. 7. Reaction mechanism for the acid-catalysed hydrolysis of starch (Tomasik & 

Schilling 2004, Hoover 2000).  
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Industrial usage of acid-hydrolysed starches includes food and non-food 

applications. In the non-food industry, hydrolysed starches are used in the 

manufacturing of paper and paperboard, gypsum board for dry wall construction 

and as a warp sizing agent to increase yarn strength and as an abrasion resistant in 

the weaving operation. Acid hydrolysis is also used as a pre-modification step for 

the production of cationized and amphoteric starches. (Hoover 2000). In the food 

industry, acid-hydrolysed starches are used for example in the preparation of 

starch gum candies (Taggart 2004, Hoover 2000), as encapsulators for flavours 

and aromas, and in crystallization inhibitors and smooth texture providers for 

processed foods. It has also been suggested that specially prepared maltodextrins 

and amylodextrins could be used as fat mimetics to replace oil or fat in 

mayonnaise-type emulsions. (Hoover 2000, BeMiller & Huber 2011). 

Depolymerization of starch can also be achieved in an alkaline solution under 

anaerobic or aerobic conditions, although it has been suggested that the term 

“degradation” describes the reaction of starch in basic conditions better than the 

terms “depolymerization” or “hydrolysis”. (Tomasik & Schilling 2004). In 

anaerobic conditions, the reaction is slow but the rate increases with increasing 

concentration of alkali. In air, the reaction proceeds faster. The bases that have 

been used include sodium hydroxide, calcium hydroxide, sodium carbonate, 

sodium hydrogen carbonate, sodium borate and hydrogen phosphates. It has also 

been suggested that the degradation of the polymer chain begins and progresses 

from the reducing end. The resulting glucose units that are split off form 

carboxylic acids such as formic, acetic, glycolic, lactic and 2-hyroxypentanoic 

acids. (Tomasik & Schilling 2004). 

2.5.2 Cationization of starch  

Cationized starch (CS) is an important derivative of starch. It is used extensively 

in the paper and board industry as a wet-end chemical and for surface coating. 

Typically paperboard and domestic or industrial papers contain 2% and printing 

and writing papers 4% starch (Avérous & Halley 2014). CS is used to improve the 

retention of cellulose fibres and fillers. It controls the wettability, printability and 

writing properties of paper and improves its dry strength. (Avérous & Halley 

2014, Prado & Matulewicz 2014, Sableviciene et al. 2005). The current trend to 

use recycled paper and paperboard will increase the use of CS during the paper 

making process. Due to the recycling the fibres become shorter and thinner, 

which can cause a degradation of the quality of paper. The addition of larger 
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quantities of CS to the pulp helps to avoid the problems related to recycling. 

(Avérous & Halley 2014). Besides the paper industry, CS is also used as an 

additive in textiles, detergents, adhesives, cosmetics and pharmaceutical products, 

and in oilfield drilling (Prado & Matulewicz 2014, Wang et al. 2009a).  

In recent years the most common method to prepare cationized starch has 

been the etherification of starch with 2,3-epoxypropyltrimethylammonium 

chloride (EPTAC) i.e. glycidyltrimethylammonium chloride (GTAC) (Prado & 

Matulewicz 2014, Wang & Xie 2010, Heinze et al. 2004). GTAC is commercially 

available but since it is toxic and unstable in storage it can be prepared in situ 

from 3-chloro-2-hydroxypropyltrimethylammonium chloride (CHPTAC) (Prado 

& Matulewicz 2014, Pal et al. 2005, Heinze et al. 2004, Li et al. 2011, Pal et al. 

2008a). It should be noted that in this study GTAC was used as a cationization 

reagent.  

The cationization reaction of starch is a substitution reaction, which proceeds 

through the SN2 mechanism. The reaction is catalysed by a base, usually NaOH 

and it begins with the formation of an alkoxide by deprotonation of a hydroxyl 

group of AGU. The alkoxide then attacks the epoxide ring of the GTAC causing 

the ring to open. (Fig. 8) The OH group at C-2 is the most reactive group of AGU 

due to the adjacent anomeric carbon C-1. Therefore the substitution of starch 

starts at that position. (Heinze et al. 2004). 

 

Fig. 8. Reaction mechanism (SN2) for the cationization reaction of starch. 

There are several cationization processes of starch i.e. wet, semidry and extrusion 

processes. In the extrusion process the cationization reagent is added to the 

reaction system during the extrusion of dry starch, while in a semidry process the 

reagent is sprayed over the dry starch after which the mixture is heated. (Prado & 

Matulewicz 2014). The wet process can be performed either heterogeneously in 

alkaline water, alcohol-water (Heinze et al. 2004) or organic solvent-water 
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suspension (Wang et al. 2009a), or homogeneously in alkaline DMSO (Heinze et 

al. 2004) or in ionic liquid. (Wang & Xie 2010). Dry and semidry processes are 

easier to perform since they do not involve filtration and washing of the product. 

The product loss and possible water pollution due to these reaction steps are also 

avoided. (Prado & Matulewicz 2014). However, the product may contain residual 

salts, unreacted reagents and other impurities, which are avoided using the wet 

process (Radosta et al. 2004).  

The wet process has its own problems. When the cationization reaction is 

performed homogeneously in alkaline DMSO or water the viscosity of the 

solution increases inhibiting the reactivity. Gelatinization is avoided with 

heterogeneous conditions i.e. by adding gelatinization-inhibiting salts (NaCl, 

CaCl2 or Na2SO4) or alcohol in the reaction mixture. However, the use of salts or 

organic solvent causes problems with the treatment of effluents, salt removal from 

the product as well as solvent removal. (Li et al. 2011, Heinze et al. 2004). 

Natural sugars such as glucose and sucrose have been studied as possible 

alternatives for inorganic salts as swelling inhibitors. Both glucose and sucrose 

effectively prevented starch gelatinization. With optimized conditions sucrose as a 

gelatinization-inhibiting agent resulted in low substituted cationized starch with a 

DS of 0.07, which was comparable with a DS of 0.06 obtained using Na2SO4. (Li 

et al. 2011). 

The reaction conditions have a great effect on the structure and DS of CS. In 

heterogeneous conditions the cationization happens first at the surface of the 

starch granules, which hinders the diffusion of further reagent particles into the 

inner parts of the granules. However, when starch is dissolved in the reaction 

media before or during the reaction the cationization reagent molecules also reach 

other parts of the granules than the surface. Thus the DS value of starch 

cationized in homogeneous conditions is generally higher than the DS of starch 

cationized in heterogeneous conditions. (Heinze et al. 2004).  

The base catalyst also has an effect on the DS of CS, especially when GTAC 

is used as a cationization reagent. A certain amount of base is needed to activate 

starch molecules towards the cationization reaction but on the other hand too 

much base induces the hydrolysis of the reagent into a diol. (Heinze et al. 2004, 

Wang et al. 2009a, Wang & Xie 2010). When Heinze and co-workers (2004), for 

example, increased the amount of NaOH in the reaction mixture from 0.5% to 2% 

the DS increased from 0.55 to 0.72. However, further increase in the amount of 

base decreased the DS value to 0.47. (Heinze et al. 2004).  
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Most commercially available and used cationized starches have a DS value of 

less than 0.2. (Prado & Matulewicz 2014, Heinze et al. 2004, Wang et al. 2009a). 

However, several recent studies have also focused on the production of highly 

cationized starch (DS>0.2) with GTAC as the cationization reagent. Wang and co-

workers (2009a) obtained DS values up to 1.37 when they used alkaline dioxane-

water as a reaction media. The downside of the results of their experiments was 

the use of an unusually large excess of cationization reagent (AGU:GTAC 1:8) 

and toxic solvent. (Wang et al. 2009a). Heinze and co-workers produced 

cationized starch with a DS up to 1.05 in aqueous NaOH in one-pot synthesis and 

1.5 in two-pot synthesis (Heinze et al. 2004). Wang and Xie (2010) used the ionic 

liquid 1-butyl-3-methylimidazolium chloride as a reaction media and prepared 

cationized starch with a maximum DS up to 0.99 in optimized reaction conditions 

(Wang & Xie 2010).  

Toxicity of cationized starch  

The toxicity of cationized starch is known to increase with increasing 

concentration and degree of substitution (DS) i.e. the number of cationic groups 

attached per AGU (Prado & Matulewicz 2014, Krentz et al. 2006). Krentz and co-

workers (2006) studied the toxicity of CS with a hen’s fertile egg screening test, 

which determined the maximal tolerated dosages (MTD) and 100% lethal dosages 

(LD100) for the studied compounds (Table 1) (Krentz et al. 2006). Furthermore, 

the toxicity of CS samples was compared to the toxicity of synthetic flocculants 

(polyacrylamide copolymer PTAC and homopolymer PDADMAC, Table 1).  

Table 1. Maximal tolerated dosages and 100% lethal dosages of different cationized 

starch samples and synthetic flocculants on hen’s fertile eggs (Krentz et al. 2006). 

Compound  DS MTD (mg/kg) LD100 (mg/kg) 

Potato starch 0.28 - >250 

Potato starch 0.62 32 166 

Potato starch 0.95 10 83 

Potato starch 1.48 16 63 

Wheat starch 0.57 20 166 

Maize starch 0.51 20 166 

 CM (mol%)   

PTAC 50 16 63 

PDADMAC 100 <40 80 

CM charged monomer, MTD maximal tolerated dosage, LD100 lethal dosage 
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The toxicity of even highly substituted CS samples (DS<0.95) was found to be 

lower than the toxicity to commercial cationic polymers (Table 1). Moderately 

substituted CS (DS 0.6) was ecologically safe. (Krentz et al. 2006). In fact 

cationic polysaccharides will replace polyacrylamides since there are increasing 

legal restrictions for their use. For example, since 2014 in Germany the use of 

polyacrylamides is not allowed for the treatment of sludge that is disposed on 

areas under cultivation. (Prado & Matulewicz 2014).  

CS samples (DS 0.11 and 0.15, 0-60 mg/l) have also been found to be safe for 

microalgae (150 mg/l) (Vandamme et al. 2010).  

Cationized starch (DS 0.65) has been studied as a possible carrier for small 

interfering RNA molecules in medicinal delivery systems. During the study, the 

cytotoxicity of CS towards human ovarian adenocarcinoma cells was evaluated 

and it was found that exposure to CS (1.5 ng/μL) did not result in cell death after 

72 h of incubation. (Amar-Lewis et al. 2014). In another study the cytotoxicity of 

CS was studied with kidney epithelial cells of an African green monkey (VERO 

cells) (Pereira et al. 2011). 50% cytotoxic concentration after 72 h of incubation 

was found to be 0.49 mg/ml. However, the authors also mentioned that the 

cytotoxicity analyses were not performed until 2 weeks after sample preparation. 

During that time the degradation of CS may have begun resulting in the release of 

ammonia from cationic groups into the medium. Ammonia is very harmful to the 

cells, which may have increased the toxicity of the CS sample. (Pereira et al. 

2011).  

2.5.3 Cationized starch as a binding agent for heavy metal ions 

Heavy metal ion-contaminated wastewaters are a global problem since heavy 

metal ions have a high water-solubility and can therefore be absorbed by living 

organisms. Through the food chain, they can further enter and accumulate in the 

human body, in which they can cause serious health problems. Nickel (Ni) is a 

human carcinogen which causes, amongst others, dermatitis, nausea and chronic 

asthma. Copper (Cu) can damage the liver and cause Wilson disease and 

insomnia. Zinc (Zn) might induce depression, lethargy and neurological 

symptoms and chromium(VI) (Cr) skin irritation, vomiting and lung carcinoma. 

(Barakat 2011, Fu & Wang 2011). Due to the toxicity of metallic pollutants many 

fields of industry are obligated to treat their effluents.  
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Separation techniques 

Several techniques are used for the removal of heavy metal ions from an aqueous 

solution i.e. chemical precipitation, ion-exchange and electrochemical treatment. 

These conventional techniques can have significant disadvantages. Chemical 

precipitation, while it is a cheap and relatively simple treatment to perform can 

produce large amounts of toxic waste, which in turn has to be treated. The 

precipitation has been reported to be inefficient when metal ion concentrations are 

low. Ion-exchange resins have high removal efficiency and fast kinetics but the 

regeneration of resins can be a secondary source of pollution. Additionally, large-

scale ion-exchange applications with low metal ion concentrations are 

economically inefficient. Electrochemical treatment is a rapid and well-controlled 

technique but investment and operational costs are high. Therefore, 

electrochemical treatments are not yet widely applied. (Landaburu-Aguirre et al. 

2012, Fu & Wang 2011). 

Sorption is another technique for the removal of heavy metal ions from 

aqueous solutions. Sorption is a general term used for both adsorption and 

absorption (Gadd 2009, Crini 2010). Adsorption is the most common form of 

sorption, however, the general term (sorption) can be used to describe any system 

where a sorbate (e.g. an atom or ion) interacts with a sorbent material (Gadd 

2009). Sorption is efficient also with low metal ion concentrations. The most 

important commercially used sorption materials include activated carbon, 

polyacrylamide and polyethylenimine. Unfortunately, activated carbon is 

expensive and synthetic polymers are often petroleum-based, poorly 

biodegradable materials, which may contain toxic or even carcinogenic additives 

or monomeric residues. Therefore, the development of safer and more economical 

sorption materials is needed. (Landaburu-Aguirre et al. 2012, Haack et al. 2002, 

Krentz et al. 2006, You et al. 2009). 

Recently, there has been a growing interest towards natural polymers like 

starch as alternative, cheap and effective sorption materials for heavy metal ions 

(Abdel-Halim et al. 2011). Cationized starch, for example, contains positively 

charged (i.e. amino, ammonium, imino) groups, which make it an effective 

sorption material over a wide range of pH (You et al. 2009, Pal et al. 2005). CS 

has already been studied as a potential binding agent to remove organic and 

inorganic negatively charged matter e.g. Cr(VI) (as chromate, CrO4
2-), Mn ore, 

coal or kaolin (Baek et al. 2007, Pal et al. 2008a, Pal et al. 2008b, Krentz et al. 

2006) from aqueous solutions.  
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Polymer-enhanced ultrafiltration 

In order to separate the heavy metal ions sorbed by modified starch or other 

sorption materials, an ultrafiltration (UF) technique can be used. UF is a 

membrane filtration technique where the low-pressure (<10 bar) separation 

process is based on size exclusion or particle capture. The pore size of 

ultrafiltration membranes is approximately between 2 and 100 nm and is larger 

than the size of (hydrated) metal ions dissolved in water to be purified. In order to 

prevent the metal ions from passing through the membrane and to obtain high 

removal efficiency of metal ions polymer-enhanced ultrafiltration (PEUF) can be 

used. PEUF utilizes water-soluble polymers for the binding of metal ions from the 

water phase. The molecular weight of the formed complex is higher than the 

molecular weight cut-off of the membrane. Therefore, the complex will be 

retained in the ultrafiltration cell. After the filtration process, the retentate can be 

treated in order to separate metal ions from the polymer and to reuse the 

polymeric agent. PEUF technique has several advantages including the high 

removal efficiency and binding selectivity of metal ions resulting in highly 

concentrated metal concentrates for reuse. (Fu & Wang 2011, Crini et al. 2014, 

Rether & Schuster 2003).  

2.6 Potato peel waste as a starch source 

Native starch is an important part of human nutrition since it is the most important 

energy source in a human’s diet (Avérous & Halley 2014). Therefore, the use of 

native starch in non-food applications may induce ethical issues. Potato peel 

waste (PPW) is an inedible by-product with zero value from potato peeling 

factories and processing plants. It contains large quantities of starch and the 

utilization of PPW for chemical modification could help to avoid ethical 

problems.  

Presently the biggest potato producers are China (72 000 000 tons/y) and 

Russia (35 700 000 tons/y). While potato consumption has decreased especially in 

developed countries, the popularity of processed products like French fries and 

chips has increased. As a result, due to the growing production figures of 

processed potato products large quantities of waste are generated. PPW represents 

a severe disposal problem for the potato industry since wet peels will quickly 

spoil microbially and they possess a high concentration of chemical/biological 

oxygen demand and total suspended solids. (Schieber & Saldana 2009, Hung et 
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al. 2004). The treatment of by-products increase costs and which in turn reduces 

the profitability of peeling/processing factories.  

Depending on the peeling procedure, i.e. abrasion, steam or lye peeling, the 

amount of waste can range from 15 to 40% (Arapoglou et al. 2010). Besides the 

amount of waste the peeling method also affects the starch content of PPW 

(Camire et al. 1997). In the abrasion technique, the rotating potato peeler machine 

removes roughly a centimetre of potato from all around the vegetable (Hernoux et 

al. 2013). This rather thick layer of potato flesh has a considerable starch content 

(52%, dry basis) (Camire et al. 1997), whereas the steam peeling method 

produces PPW with lower starch content (28%, dry basis). Besides starch PPW 

also contains sufficient quantities of cellulose, hemicellulose, proteins, 

fermentable sugars and a small amount of phenolic compounds and 

glycoalkaloids (Schieber & Saldana 2009).  

In addition to PPW, other by-products from the potato industry that could be 

used as a starch source include leftovers from the cutting processes and under-

sized potatoes left in the field during harvest (Arapoglou et al. 2010). 

Currently, potato peel waste is mainly discarded (Chen et al. 2012), used as 

animal feed (Chen et al. 2012, Hung et al. 2004, Israilides et al. 2008, Charmley 

et al. 2006) as a fertilizer (Hung et al. 2004, Charmley et al. 2006) or is 

composted (Israilides et al. 2008). A minor amount of peels has also been used in 

commercial snack type products called “Potato skins” (Hung et al. 2004). Recent 

studies have shown that peel waste could also be used as a starting material in 

bioethanol production (Arapoglou et al. 2010) or as a source of dietary fibre or 

polyphenols and glycoalkaloids (Schieber & Saldana 2009). The latter are 

nutritionally and pharmacologically interesting compounds. For example, dietary 

fibres have been used in low-calorie products to replace starch, whereas 

polyphenols and glycoalkaloids can be used as natural antioxidants or precursors 

for steroid hormones, respectively. (Schieber & Saldana 2009). 



39 

3 Ionic liquids 

Ionic liquids (ILs) have several definitions. One widely accepted one states that 

ILs are salts that have a melting point below 100 °C (Marsh et al. 2004, 

Wassercheid & Welton 2003). ILs that have melting point near or below room 

temperature are considered as room temperature ionic liquids (RTIL) (Marsh et 

al. 2004, Wassercheid & Welton 2003). ILs usually consist of a large asymmetric 

organic cation and an organic or an inorganic anion. Commonly used cations 

include derivatives of imidazolium, particularly 1,3-dialkylimidazolium, 

pyridium, pyrrolidinium, ammonium, sulphonium and phosphonium ions. 

Inorganic anions are typically halides, tetrafluoroborate ([BF4
-]) or 

hexafluorophosphate ([PF6
-]) and organic anions like alkylsulphate ([RSO4

-]), 

alkylsulphonate ([RSO3
-]), dicyanamide ([(CN)2N-], dca) and trifluoroacetate 

([CF3CO2
-]). By changing the cation and/or the anion of the IL in theory, at least, 

over a million ILs could be synthesized. So far more than 1500 ILs have been 

reported in scientific literature. (Marsh et al. 2004, Wassercheid & Welton 2003). 

3.1 Properties of ionic liquids 

Ionic liquids have properties, which have gained them the attraction of chemists 

over the last two decades. ILs have generally a negligble vapour pressure and thus 

they do not evaporate. In that sense they do not contribute to air pollution or cause 

health concerns. Low vapour pressure also allows an easy removal of volatile 

organic compounds (VOC) from ILs by distillation or under vacuum. (Adams et 

al. 2004). ILs have high thermal stability and since they are practicable non-

flammable and non-combustible they are safe to use. ILs also have a wide liquid 

range, for example, it is over 300 °C for 1-alkyl-3-methylimidazolium salts and 

they are often recyclable. Recyclability is also concerned as an economical 

property since it reduces waste of expensive materials like catalysts and ILs 

themselves, as well as costs. (Freemantle 2010). Due to these properties ILs have 

also been considered as green solvents.  

3.2 Preparation of ionic liquids 

Ionic liquids are synthesized commonly by a quaternization reaction in which the 

desired cation is formed from amine, phosphine or sulphide by alkylation with an 

appropriate alkyl halide or phosphate (Fig 9). (Wasserscheid & Welton 2003, 
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Kuhlmann et al. 2007) The synthesis of some common ILs like 1-butyl-3-

methylimidazolium chloride ([BMIM]Cl) and 1-allyl-3-methylimidazolium 

chloride ([AMIM]Cl, Fig. 9) only needs the quaternization step. After 

quaternization the anion of the prepared IL can be changed to another one with a 

Lewis acid or by a metathesis reaction with a metal salt, Brønsted acid or ion 

exchange resin (Wasserscheid & Welton 2003). Besides the quaternization 

reaction ILs can also be prepared by protonation of an amine with an acid (Bicak 

2005). The ILs prepared and used in this study where synthesized through the 

quaternization reaction or the protonation of an amine. Anion exchange was not 

needed. 

Fig. 9. a) A general quaternization reaction for the preparation of an ammonium-based 

ionic liquid and b) the quaternization reaction in the preparation of 1-allyl-3-

methylimidazolium chloride from 1-methylimidazole and 3-chloropropene. 

3.3 Problems associated with ionic liquids 

There are several problems associated with ILs, which relate to purity, viscosity, 

sensitivity and toxicity.  

Purity – Although the synthesis of ILs appears to be straightforward it is 

difficult to prepare ILs in a pure form (Adams et al. 2004). The purity of the IL is 

an important factor since the impurities may have an influence on its properties 

(Seddon et al. 2000). The methods to prepare pure ILs are very expensive though, 

making the scale-up problematic in some cases (Adams et al. 2004).  

Water is one of the major impurities of ILs. Many ILs are hygroscopic and 

contain water if they are not stored or prepared properly. Water may cause 

problems when IL is used as a solvent or modification media for carbohydrates. 

(Liebert & Heinze 2008, Pinkert et al. 2009) For example, Liebert and Heinze 

(2008) prepared 10%(w/w) cellulose solutions with anhydrous [BMIM]Cl 

(Liebert & Heinze 2008) however, when the water content of the IL exceeded 1% 

cellulose was no longer soluble (Swatloski et al. 2002). In addition, water may 
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react with the reagents, such as acyl chlorides, used for the modification of 

carbohydrates. This can lead to the formation of unwanted side products such as 

HCl, which in turn may cause side reactions like the degradation of polymer 

chains. (Liebert & Heinze 2008). 

Viscosity – ILs have often quite high viscosities, ca. two to three times 

greater than those of conventional organic solvents. In addition the viscosities of 

ILs may be further increased by the impurities, which they contain. The substrate 

or catalyst added during the reaction can add even more to the viscosity resulting 

into a gel-like texture. High viscosity has a negative effect on mass transfer and 

power requirements for mixing in the reaction system. (Adams et al. 2004, Marsh 

et al. 2004). 

Sensitivity – Some ILs are highly sensitive to water or oxygen. For example, 

ILs with PF6
- or BF4

- as an anion decompose to produce HF even when heated to 

about 50 °C. Therefore drying and degassing, whereby substrates are purified and 

an inert environment created, is required, prior to use. (Adams et al. 2004, Marsh 

et al. 2004). 

Toxicity – The reputation of ILs as green solvents is mainly based on their 

negligible vapour pressure preventing them from contributing to air pollution. 

However, some sensitive ILs such as 1-butyl-3-methylimidazolium 

hexafluorophosphate, [BMIM][PF6], are instable and form volatile compounds 

like HF when in contact with moisture (Swatloski et al. 2003).  

ILs may also pose a risk towards aquatic environments since many of them 

have high solubility and stability in water. In fact, common imidazolium-based 

ILs have been found to be toxic to aquatic ecosystems in several studies, in 

which, for example, algal assays and Daphnia magna has been used as biological 

tools (Zhao et al. 2007, Latala et al. 2005, Bernot et al. 2005a, Wells & Coombe 

2006). The toxicity of various imidazolium-based ILs have been found to be 

analogous to common solvents (e.g. ammonia and phenol) used in the chemical 

industry (Bernot et al. 2005a). The type of cation and anion both affect the 

toxicity of ILs. The imidazolium-based cations show the highest toxicity and the 

ammonium-based cations the lowest (Zhao et al. 2007, Bernot et al. 2005a, Wells 

& Coombe 2006). Furthermore, with cations a clear trend has also been found 

regarding the length of the alkyl chain attached to them. Cations substituted with 

shorter alkyl chains (C1–C4) demonstrate lower toxicity towards algae and 

invertebrates than the ones substituted with long (C8–C18) chains. Ranke and 

coworkers (2004) have suggested that the longer alkyl chains increase the 
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lipophilicity of the ILs, which enhances their membrane permeability and thus 

leads to greater toxicity (Ranke et al. 2004).  

Microorganisms are vital to the environment and play important roles in all 

ecosystems (Zhao et al. 2007). Therefore the toxicity of ILs towards a 

microorganism has gained the interest of chemists. Indeed common imidazolium-

based ILs have been found to be toxic to Lactobacillus and Vibro fischeri. The 

toxicity of ILs seems to increase with an increasing alkyl chain length 

(Matsumoto et al. 2004a, Docherty & Kulpa 2005). Compared to some 

commonly used solvents (e.g. phenol and benzene) octyl- and hexyl-substituted 

ILs were found to be more toxic (Docherty & Kulpa 2005). However, bacteria 

may grow and consume glucose even in the presence of ILs (Matsumoto et al. 

2004b). 

Toxicity of ILs towards cells and animals has also been investigated. 

Imidazolium-based ILs showed cytotoxicity towards both rat (Ranke et al. 2004) 

and human tumour (Stepnowski et al. 2005) cell lines. The toxicity seemed to be 

mainly determined by the cations of the ILs, which also increased again with an 

increasing alkyl chain length. The influence of the anion on the toxicity remained 

unclear. During animal tests the toxicity of ILs has been studied on roundworm 

(Swatlowski et al. 2004), freshwater pulmonate snail (Bernot et al. 2005b), rats 

(Landry et al. 2005) and zebrafish (Pretti et al. 2006). The results of the animal 

tests are in line with experiments performed with other organisms, in that the 

toxicity of ILs increase with longer alkyl chains. 

3.4 Polysaccharides with ionic liquids 

Polysaccharides are highly insoluble in most solvents. DMSO and DMF are rare 

exceptions but they have some undesired properties. DMSO for example is 

difficult to remove from products by distillation and is rarely recycled (Kerton 

2009, Xie & Shao 2009). Furthermore, care must be taken when using DMSO 

since it easily penetrates through the skin. DMF on the other hand can cause birth 

defects and may be carcinogenic. Waste that is contaminated with DMF is also 

difficult to purify or incinerate. (Kerton 2009).  

In recent years it has been discovered that some ILs can dissolve 

polysaccharides like cellulose and other carbohydrates (Vitz et al. 2009, Fukaya 

et al. 2006, Fukaya et al. 2007, Stevenson et al. 2007). Especially imidazolium-

based ionic liquids like [AMIM]Cl (Zhang et al. 2005) and [BMIM]Cl (Swatloski 

et al. 2002) have shown a good dissolution ability towards carbohydrates. Halide 
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anions show a strong tendency for hydrogen bonding with hydroxyl groups of 

polysaccharides. This bonding disrupts existing inter- and intramolecular 

hydrogen bonds between hydroxyl groups of polysaccharide molecules and 

therefore favours the solubility of polysaccharides into ionic liquids (Fig. 10) 

(Anderson et al. 2002, Remsing et al. 2006, Bentivoglio et al. 2006, Novoselov et 

al. 2007, Feng & Chen 2008). Studies have also shown that imidazolium halide 

IL does not just dissolve carbohydrates but also depolymerize them (Vitz et al. 

2009, Bentivoglio et al. 2006).  

An efficient dissolution of polysaccharides, especially cellulose and starch, 

during modification reactions has been an important and long-time goal of 

researchers. Proper dissolution of the raw material creates homogeneous reaction 

conditions, which improve the reaction rate and the degree of substitution of the 

derivatives. Furthermore, the distribution of the functional groups can be better 

controlled in homogeneous conditions than in heterogeneous ones. (Pinkert et al. 

2009, Feng & Chen 2008, Liebert & Heinze 2008). 

 

Fig. 10. A proposed dissolution mechanism of cellulose in [AMIM]Cl (Zhang et al. 

2005; Feng & Chen 2008). 

3.4.1 Dissolution and modification of starch in ionic liquids 

Dissolution and modification of starch in ILs has also been reported in recent 

years (Stevenson et al. 2007, Shogren & Biswas 2010, Xu et al. 2008a, Biswas et 

al. 2006) although most papers concerning the treatment of polysaccharides with 

ILs are focused on cellulose. For instance the dissolution of starch has been 

studied in [BMIM]Cl (Stevenson et al. 2007, Gao et al. 2012, Biswas et al. 2006), 

1-ethyl-3-methylimidazolium acetate ([EMIM]Ac) (Gao et al. 2012, Liu & 

Budtova 2013), a mixture of [BMIM]Cl/DMSO (Gao et al. 2012), [AMIM]Cl 
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(Wang et al. 2009b, Xu et al. 2008a, Xu et al. 2008b), [BMIM]dca (Biswas et al. 

2006) and 1-methylimidazolium tetrafluoroborate ([MIM]BF4) (Biswas et al. 

2006). Starch was found to be soluble in all the aforementioned ILs except 

[MIM]BF4. In each case some amount of heating (80–100 °C) was required and 

the dissolution of starch resulted in the destruction of the semicrystalline structure 

of native starch granules. Depolymerization of starch during heat dispersion in 

ILs has also been observed (Stevenson et al. 2007, Myllymäki & Aksela 2005). 

The decrease of molecular weight of amylopectin was found to be significant 

especially for cereal starches (Stevenson et al. 2007). 

Chemical modification methods of starch in ILs include esterification with 

acetic anhydride (Biswas et al. 2006, Xie et al. 2010, Lehmann et al. 2010, Luo & 

Zhou 2012), propionic anhydride (Lehmann & Volkert 2009, Lehmann et al. 

2010), hexanoic and phtalic anhydride (Lehmann & Volkert 2009), succinic 

anhydride (Xie et al. 2010), lauric, palmitic and stearic acids (Gao et al. 2012), 

vinyl stearate (Biswas et al. 2009) and ring opening graft copolymerization with 

ε-caprolactone and ι-lactide (Xu et al. 2008a, Xu et al. 2008b). Reactions have 

often been catalysed by a base like pyridine but synthesis has also been performed 

without any catalyst (Biswas et al. 2009, Shogren & Biswas 2010, Luo & Zhou 

2012, Gao et al. 2012).  

3.5 Recycling of ionic liquids 

Recyclability is usually mentioned as a positive property of ionic liquids in 

research articles concerning the modification of starch in ILs. However, 

recyclability is rarely studied. Besides the environmental reasons the recyclability 

of ILs is important due to the economic reasons since ILs are usually expensive to 

prepare or purchase.  

Wang and Xie (2010) studied the recyclability of [BMIM]Cl after it was used 

as a reaction media in the cationization reactions of starch. After the reaction 

products were precipitated with ethanol and separated, the IL-ethanol solution 

was neutralized to pH 7 with HCl and filtered again. Finally IL was distilled 

under reduced pressure in order to eliminate ethanol and water. The recovered IL 

was used again in a cationization reaction under the same reaction conditions. 

During five recycling runs the DS value of the produced cationized starch 

decreased gradually from 0.98 to 0.67 indicating that the IL could be recycled and 

reused a few times. The authors suggested that the recycled IL contained some 
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impurities that resulted from undesired reactions of the cationization reagent, 

GTAC, which had an influence on the character of the IL. (Wang & Xie 2010).  

Xie and Wang (2011) also studied the recyclability of an IL after 

esterification of starch in [BMIM]Cl. Ethanol and pyridine used for the 

precipitation of the starch esters and the esterification catalyst, respectively, were 

removed by distillation under reduced pressure. The IL was purified by washing 

with ethyl acetate followed by distillation under reduced pressure. Finally, the 

recovered [BMIM]Cl was reused in starch esterification under the same original 

conditions. During four recycling runs the DS values of the products decreased 

from 0.38 to 0.3 for starch laurates and from 0.28 to 0.2 for starch stearates, 

which according to the authors was not significant. (Xie & Wang 2011).  

Despite some successful recycling experiments of ILs, it has been proven that 

imidazolium-based ILs can be problematic when used under basic conditions. The 

acidic proton attached to the carbon atom between the nitrogen atoms of the 

heteroaromatic ring tends to come loose resulting in the degradation of the IL. 

(Asikkala 2008, Aggarval et al. 2002).  
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4 Microwave activation 

Microwaves are electromagnetic radiation having wavelengths ranging from one 

millimetre to one meter and a frequency range of 300 to 300000 MHz. The 

frequency usually preferred in industrial, medical or scientific applications is 2.45 

GHz, which corresponds to the wavelength of 12.2 cm. The energy of 

microwaves is low, so they can only induce molecular rotation instead of having 

an effect on the molecular structure. (Hayes 2002). 

Microwave activation of molecules can occur through two mechanisms, 

dipolar polarization and ionic conduction. Polar species (dipoles) like water 

molecules in a reaction mixture try to follow the direction of the alternating 

electric field. Since they have long relaxation times, they do not have enough time 

to orient themselves. This causes dipoles to rub each other resulting in friction 

that is observed as heat. If the reaction mixture contains ions (like ionic liquids), 

they tend to migrate with the electric field creating an electric current. This 

current however is facing internal resistance because the charged species in the 

reaction mixture collide with neighbouring molecules causing the materials to 

heat up. (Anwar et al. 2015, Kappe 2004).  

Conductive heating utilizing an external heat source, e.g. oil bath, is a 

conventional heating method in synthetic chemistry. Heat is transferred from the 

heat source to the walls of the reaction vessel and then conducted to the reaction 

mixture. This is usually a slow and inefficient heating method. (Hayes 2002). 

Heating by microwaves usually occurs instantly, which reduce the reaction times 

from days or hours to minutes or even seconds. Yields of the reactions are also 

known to increase and the amount of the side reactions to reduce (Kappe 2004). 

The utilization of microwave heating in organic synthesis has increased 

dramatically since the late 1990s, when microwave reactors designed for 

synthetic purposes became available. Before the development of these 

instruments, microwave-assisted reactions were performed by using domestic 

microwave ovens. (Hayes 2002). A disadvantage of these devices was that they 

were unsafe and had an insufficient control of temperature and power (Kappe 

2004). Additionally, irradiation was not distributed evenly over the cavity, which 

was detected as hot and cold spots in the microwave oven. Therefore, it was 

impossible to control the amount of input power applied to the reaction system 

and repeat the reactions reliably. With the modern synthetic microwave reactors 

the reactions are generally reproducible. These instruments allow the monitoring 

and control of the reaction parameters such as temperature and pressure during 



48 

the reaction. Furthermore, the reactors with sealed-vessel systems allow the use of 

temperatures higher than the boiling point of the selected solvent. (Hayes 2002).  

4.1 Modification of starch using microwave activation 

Numerous organic reaction types assisted by microwave heating have been 

previously reported in review articles (Kappe 2004, Lidström et al. 2001, Corsaro 

et al. 2004, Caddick & Fitzmaurice 2009) and books (Loupy 2006, Hayes 2002). 

Current literature also includes several studies about microwave-assisted chemical 

modification of starch. Most of these studies have been performed by using a 

domestic microwave oven. Starch has been esterified through acetylation 

(Shogren & Biswas 2006, Koroskenyi & McCarthy 2002), succinylation (Čížová 

et al. 2008, Jyothi et al. 2005, Koroskenyi & McCarthy 2002), maleation (Xing et 

al. 2006) and citration (Jyothi et al. 2007), etherified by methylation (Singh & 

Tiwari 2008), silylated (Staroszczyk & Janas 2010, Staroszczyk 2009), cationized 

(Wei et al. 2008, Singh et al. 2013), oxidized (Komulainen et al. 2013, 

Lukasiewicz et al. 2011) and grafted with poly(acrylamide) (Singh et al. 2006, 

Mishra et al. 2011, Pal et al. 2012). Inorganic starch esters with the solution of 

urea, sodium phosphate and phosphoric acid has been prepared as well 

(Lewandowicz et al. 2000).  

Microwave activation has also been used to activate the dissolution and 

hydrolysis of starch. (Kunlan et al. 2001, Yu et al. 1996, Khan et al. 1980, Kim et 

al. 2006, Matsumoto et al. 2011, Palav & Seetharaman 2007, Roger et al. 1999). 

Alternate behaviour of starch has been observed when heated with microwaves 

compared to conventional heating. In microwave activation the vibrational motion 

and rapid increase of temperature results in granular rupture so that the polar 

polymers spill into the medium rather than leach. Water molecules present in the 

crystalline structure of starch granules are also affected by microwaves. Their 

vibrational motion enhances the rupture of starch granules as well. (Palav & 

Seetharaman 2007). 
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5 Results and discussion 

5.1 Development of the analytical method HPLC-ELSD 

The dissertation study was started by developing an analytical method for starch 

and its modified productsI. High-performance liquid chromatography (HPLC) 

was chosen as the method since it is commonly utilized in starch analysis. HPLC 

can be combined with different types of detectors such as multi-angle laser light 

or refractive index detectors. In this study an evaporative light scattering (ELS) 

detector was chosen. The ELS detector is a universal and response independent 

detector that provides a good response for compounds that are less volatile than a 

mobile phase. However, it has not been commonly used for starch analysis.  

ELS detector parameters were optimized with the standard solution that 

contained amylopectin and amylose from potato starch, D-(+)-glucose and 

maltopentaose (1 mg of each) in 1 ml of water. The most appropriate parameters 

were 80 °C for the evaporative temperature, 50 °C for the nebulizer and 0.90 

ml/min for the nitrogen gas flow. Lower and higher values for the nitrogen gas 

flow rate and nebulizer temperature were studied but these decreased the 

sensitivity of the detector. The evaporative temperature was maintained as high as 

possible in order to evaporate the mobile phase (water) properly before the 

sample detection. 

Since water was used as the eluent, different flow rates (0.4, 0.5, 0.6 and 0.7 

ml/min) were studied. The lowest flow resulted in the best separation of 

amylopectin, amylose and sugars during the HPLC analysis. 

The effect of the oven temperature was studied as well. It was first lowered 

from 60 to 40 °C and further to 35 °C but the separation of the components did 

not improve. Temperatures higher than 60 °C were not tested. Finally the 

temperature of the column oven was maintained at 40 °C in order to prevent 

starch gelatinization. The sample solution was kept diluted (<4 mg/ml) in order to 

prevent the aggregation of starch and blocking of the column. The pressure within 

the HPLC system did not rise after running over hundred samples and so the 

performance of column was maintained. The recovery percentage of the HPLC-

eluted 1400 kDa dextran standard and depolymerized starch sample was about 

80%. This recovery was consistent with an earlier report (83%, Chen & Bergman 

2007). 
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5.1.1 Calibration, response and molecular weight determination 

The response determination of the ELS detector was carried out for 

maltopentaose and amylose. Both gave a good response linearity with correlation 

coefficients of 0.998 and 0.972, respectively, for the range 1–5 mg/ml with 10 μl 

injections. Detection limits were 2 mg/ml for maltopentaose and 1 mg/ml for 

amylose. When more dilute samples (0.04–1.5 mg/ml) and larger injection 

volumes (100 μl) were used maltopentaose and amylose gave an almost linear 

response with correlation coefficients of 0.999 and 0.998. Detection limits for 

both compounds were 0.1 mg/ml while calculations were based on the peak areas 

of the studied samples. Results from the detection of maltopentaose were highly 

accurate compared to ±5% for amylose. The use of NaOH with more concentrated 

amylose samples was necessary to keep amylose completely dissolved. In dilute 

samples NaOH started to degrade amylose and therefore its use was excluded. 

Experiments showed that it was more advantageous to detect analytes by 

using a dilute sample with a large injection volume than a more concentrated 

sample with a small injection volume. However, quantitative analysis could be 

carried out with both maltopentaose and amylose. 

Unfortunately, identifying standards large enough for the determination of the 

molecular mass of starch is challenging (Gaborieau & Castignolles 2011). 

Dextrans (1400, 150, 50, 25 and 5kDa standards) were chosen for this purpose 

since they are water-soluble and available in a wide range of molecular masses. 

Used standards provided guidelines to estimate the size of the depolymerized 

starch species. Polymer standards were analysed with HPLC-ELSD and according 

to the HPLC analysis the size of amylose was approximately in the range of 25–

1400 kDa. The size of amylopectin was significantly higher than 1.4 MDa. 

The analytical column used during the method development study was 

changed from a Poly Sep-GFC-P2000 column to a Poly Sep-GFC-linear column 

for further parts of the dissertation studyII,III,IV,V. The linear column was not 

available during the method development and so the P2000 column was used 

instead. It should be noted that the linear column was introduced once it became 

available. Due to the change of the analytical column the polymer standards were 

analysed again with the HPLC-ELSD. The molecular weights of the used 

standards as a function of the retention times are presented in Figure 11. 
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Fig. 11. logMw versus retention time of the used standards (Dextran 150, 50, 25 and 5 

kDa, maltohexaose 1 kDa and D-(+)-glucose). 

5.2 Production of water-soluble starch oligomers from various 

starch species in [AMIM]Cl 

Potato, barley, wheat, maize, waxy maize and rice starch were depolymerized in 

[AMIM]Cl in an oil bath at 50 °C or in a microwave reactor at 60 °C with p-

toluenesulfonic acid (p-TsOH) as a catalystII. Reactions were first studied on a 

small scale (5 ml of IL) and then scaled-up (20 ml of IL). Each starch species was 

mixed with an IL and heated when the starch sample had completely dispersed in 

the IL. During heating the catalyst with the help of the chloride anion of the IL 

cleaved glycosidic bonds of the starch chains. The heating was stopped when all 

the starch had dissolved in the IL and the dispersion cleared so that a water-

soluble product was formed. A similar behaviour occurred for each cereal starch 

species although with a variable reaction time. After the reactions, the starch 

degradation products were precipitated with absolute ethanol from the reaction 

mixture and their molecular weight distribution was determined by HPLC-ELSD.  

In small-scale reactions, the reaction times of the products of the cereal 

starches were 5–21 d in an oil bath or 0.4–1.2 d in the microwave reactor (Tables 

2 and 3). The yields of the products and water-solubilities varied in the range of 

78–96% and 90–100%, respectively (Tables 2 and 3). Microwave activation (at 

60 °C) generally produced lower yields than oil bath heating. ILs absorb 

microwave irradiation efficiently since they consist solely of ions. This may cause 
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more severe reaction conditions in the microwave reactor than in oil bath. 

Furthermore, starch chains degraded more into small sugars under microwave 

conditions than those heated in an oil bath. Small sugars have a high affinity 

towards ILs and therefore they cannot be precipitated out (Rinaldi et al. 2008). 

This resulted in lower yields for microwave-activated reactions than oil bath ones. 

The same phenomenon was observed in the enlarged reactions where the yields of 

the products for cereal starches varied in the range of 60–88% whilst their water-

solubilities were in the range of 78–99% (Tables 2 and 3). The lower yields in the 

enlarged reactions compared to small-scale reactions may be related to the 

increased formation of the short-chained sugars, which could not be precipitated 

from the reaction mixture for their high affinity towards the IL. In the enlarged 

reactions the reaction times of the products were shorter, 3–10 d in an oil bath and 

0.3–0.4 d under microwave conditions (Tables 2 and 3). A similar phenomenon 

has also been detected for cellulose (Vitz et al. 2009). 

Potato starch with large-sized granules reacted significantly slower than 

cereal starches especially in an oil bath at 50 °C. Heating of 20 days did not result 

in a visible change in the dispersion and so, the depolymerization reaction was 

stopped and repeated at 60 °C. The higher reaction temperature resulted in a fairly 

clear mixture after 5 d of heating. However, the yield of the product (61%) was 

low compared to cereal starches (Table 2). In the microwave reactor at 60 °C the 

small scale depolymerization reaction of potato starch took 1.8 d indicating that 

microwave activation was more efficient heating method than the oil bath (Table 

3). The yield of the product was high, 99%. In the enlarged reaction of potato 

starch, the increase of the reaction volume and concentration increased the 

reaction rate under microwave conditions but decreased it in an oil bath. The 

depolymerization of potato starch in an oil bath was stopped after 26 d. The 

results indicated that the potato starch was the least soluble in [AMIM]Cl among 

the studied starch species. One possible reason to explain this could be that the 

negatively charged phosphomonoesters present in potato amylopectin may attract 

the positively charged imidazolium rings or eject chloride anions and hence retard 

the dissolution and depolymerization of the potato starch (Stevenson et al. 2007).  
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Table 2. Reaction conditions and results of p-TsOH-catalyzed depolymerizations of 

various starch species in [AMIM]Cl by using oil bath heating. 

Starch T (ºC) Time (d) Yield (%) WS (%) tr (min) Mw (Da) 

Wheat 50 7 78 100 26±0.1 2000±300 

Maize 50 10 92 96 25.9±0.1 2000±300 

Potato 60 5 61 88 26.2±0.1 1500±300 

     23.8±0.1 30000±4000 

Barley 50 6 95 97 25.4±0.1 4000±500 

Rice 50 21 96 90 25.5±0.1 3500±500 

     21.7±0.1 400000±50000 

Waxy maize 50 7 89 96 26±0.1 2000±300 

       

Wheat1 50 6 88 94 26±0.1 2000±300 

Maize1 50 9 77 96 26±0.1 2000±300 

Potato1 60 26 60 26 26.2±0.1 1500±300 

Barley1 50 3 81 99 26±0.1 2000±300 

Rice1 50 8 78 78 26±0.1 2000±300 

Waxy maize1 50 10 84 94 26.2±0.1 1500±300 

     20±0.1 3000000±400000 

1 Enlarged (volume and concentration) reaction 

Table 3. Reaction conditions and results of p-TsOH-catalyzed depolymerizations of 

various starch species in [AMIM]Cl by using microwave activation. 

Starch T (ºC) Time (d) Yield (%) WS (%) tr (min) Mw (Da) 

Wheat 60 1.2 79 94 26±0.1 2000±300 

Maize 60 1.1 87 96 26±0.1 2000±300 

Potato 60 1.8 99 76 25.8±0.1 2500±300 

Barley 60 1 80 100 26.2±0.1 1500±300 

Rice 60 1 71 100 26±0.1 2000±300 

Waxy maize 60 0.4 90 91 25.4±0.1 4000±500 

       

Wheat1 60 0.3 67 99 26.2±0.1  1500±300 

Maize1 60 0.4 71 95 26.2±0.1 1500±300 

Potato1 60 1.3 92 87 26±0.1 2000±300 

     22.2±0.1 200000±25000 

Barley1 60 0.4 60 99 26.2±0.1 1500±300 

Rice1 60 0.4 71 96 26±0.1 2000±300 

Waxy maize1 60 0.3 76 97 26.2±0.1 1500±300 

1 Enlarged (volume and concentration) reaction 
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The HPLC-ELSD chromatograms of the small-scale depolymerization products 

consisted mainly of one peak. The retention times of the peaks are presented in 

Tables 2 and 3. The average molecular weights of the depolymerization products 

were calculated from the retention times (tr) with the linear prediction equation 

logMw = -0.5298*tr + 17.072 (Fig. 11). The products of these reactions were 

mostly starch oligomers of molecular weights in the range of 1500-4000 Da 

(Tables 2 and 3). Depolymerization products of potato and rice starch prepared in 

an oil bath also contained products whose molecular weights were 30000 and 

400000 Da, respectively (Table 2).  

The average molecular weights of the degradation products of different starch 

species in the enlarged reactions were mostly in the range of 1500–2000 Da 

(Tables 2 and 3). The products of potato starch depolymerized under microwave 

conditions and the ones of waxy maize starch depolymerized in an oil bath 

contained also a small amount of products whose molecular weights were 200000 

Da or 3000000 Da, respectively. The narrow range of the average molecular 

weights of the depolymerization products indicated that various cereal starch 

species depolymerized very similarly in the enlarged depolymerization reactions. 

It could be also concluded from the depolymerization results that the cereal starch 

degradation reactions could be enlarged with both heating methods. 

The aim of the study was to produce water-soluble starch oligomers for 

bacterial cultivation experiments, which are sensitive to small sugars. Therefore, 

the small-sized degradation products glucose and maltose were unwanted 

products. A variable amount of these products were formed during the 

depolymerisation reactions, which could be detected as different yields of the 

products. When the heating time was extended, especially in potato starch 

depolymerisations, the sugar products started to decompose, which was detected 

as a brown colour in the reaction mixtures. Glucose and other small sugars have a 

high solubility in ILs and therefore they could not be separated by precipitation 

(Rinaldi et al. 2008). For the same reason the precipitated reaction products, i.e. 

starch oligomers, were practically free from small sugars meaning that the 

produced soluble starch was a proper nutritional source for microbial cultivations. 

5.2.1 Recycling of IL 

Recycling of the [AMIM]Cl ionic liquid was studied during the depolymerization 

reactions of starch. After the reactions, the used [AMIM]Cl solvents were 

combined and dried overnight in a high vacuum. Preliminary depolymerisations 
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in the recycled [AMIM]Cl were performed without the added p-TsOH which 

showed that the reactions proceeded slightly faster than depolymerization 

reactions in fresh [AMIM]Cl without the catalyst. This suggested that remnants of 

p-TsOH was preserved in the IL regardless of the precipitation and recycling 

process and so, accelerated the depolymerization of starch. Nonetheless, the 

degradation of starch proceeded slower in the recycled IL without the additional 

p-TsOH than in fresh [AMIM]Cl with p-TsOH. 

The purity of the IL was also studied with 1H NMR. Comparison of the 1H 

NMR spectra between pure and recycled [AMIM]Cl showed, that after the first 

recycling, the amount of impurities in the reused [AMIM]Cl was negligible (Fig. 

12). 

 

Fig. 12. 1H NMR spectra of a) pure and b) recycled [AMIM]Cl. 

The recycled [AMIM]Cl contained a low amount of sugars even though they 

could not been detected by 1H NMR. The glucose content of the IL was 

determined by a biochemical analyser and was found to be 5.5 g/l. Although the 

amount of glucose and other small sugars in the recycled IL was low, their 

accumulation into the IL in subsequent recycling might be problematic and 

restrict the reuse of the IL (Rinaldi et al. 2010).  

5.3 Dissolution and depolymerization of barley starch in various 

ionic liquids 

In the third part of the dissertation study the dissolution and depolymerization of a 

selected starch species in various ILs (Fig. 13) was studiedIII. Barley starch was 

chosen since it is one of the most commonly used cereals in Finland and thus 

readily available. Furthermore, it has been studied less than other starch species 

such as maize or wheat starch and is easily dispersible in ILs.  
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The starting point for the selection of the studied ionic liquids was to provide 

various ILs that are liquids at or near room temperature and hence practical to 

use. The ability of the IL to form hydrogen bonds with starch guided the selection 

of the anion. Bromide based ILs were selected since bromide is more nucleophilic 

than chloride and can therefore form hydrogen bonds more readily and enhance 

the dissolution of starch. On the other hand halogen-free ILs are more ecological 

than those containing halogens. Therefore ILs containing anions such as formate 

and dimethylphosphate were synthesized. The selected ILs are presented in 

Figure 13. [AMIM]Cl and [BMIM]Cl were used as references in the experiments. 

 

Fig. 13. Ionic liquids prepared for the dissolution and depolymerization experiments. 

The heating (80 °C) of barley starch in [AMIM]Cl, [BMIM]Cl, 1-hexyl-3-

methylimidazolium chloride ([HexMIM]Cl), 1-methylimidazolium formate 

([HMIM][HCOO]) and imidazolium formate ([HIM][HCOO]) with p-TsOH 

dissolved starch and depolymerized it into water-soluble products in 1.5, 2, 3, 5 

and 4 h, respectively. The yields of the precipitated products in these ILs were 

high, 84, 90, 77, >100 and >100%, respectively. The HPLC-ELSD 

chromatograms of the products contained two peaks (Fig. 14A, B, D, F and G, 

respectively). According to the chromatograms the majority of the products were 
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on average 1000–2000 Da-sized starch oligomers, when imidazolium-based 

halides were used and 20000 Da-sized starch dextrins when formates were used. 

Furthermore, some short-chained or monomeric sugars formed during the 

reactions when [AMIM]Cl, [BMIM]Cl and [HexMIM]Cl were used as the IL. 

The sugars started to decompose even before all the starch had dissolved, which 

was detected as a slightly brown colour of the reaction mixtures. 

ILs with bromide as a counter anion, 1-hexyl-3-methylimidazolium bromide 

([HexMIM]Br) or 1-butyl-3-methylimidazolium bromide ([BMIM]Br), 

decomposed starch rapidly in 3 or 20 min, respectively, when p-TsOH was used 

as a catalyst. Product mixtures were dark brown and yields were low (below 

60 %). Therefore, the reactions in these ILs were performed without p-TsOH. 

Furthermore, due to the reasonably high melting point of [BMIM]Br (ca. 80 ºC) 

the IL tended to crystallize in the microwave reactor if the reaction temperature 

was below 90 ºC. As a result, this temperature was used for the reactions 

performed in [BMIM]Br. The absence of a catalyst increased the reaction time 

significantly demonstrating the power of p-TsOH as the catalyst. The reaction 

times in [HexMIM]Br or [BMIM]Br were 2.5 h or 3.5 h, respectively, which were 

as long as the reaction time in [HexMIM]Cl with the same catalyst (3 h). Bromide 

and chloride are both strong hydrogen bond acceptors and coordinate with 

hydroxyl groups of starch molecules. However, bromide is more nucleophilic 

than chloride and can therefore form hydrogen bonds more readily. This means 

bromide anion breaks inter- and intramolecular hydrogen bonds of starch more 

effectively than chloride. According to the HPLC-ELSD chromatograms the 

majority of the products were on average 1000 Da-sized starch oligomers when 

imidazolium-based bromides were used as the reaction media (Fig. 14C for 

[BMIM]Br and 14E for [HexMIM]Br).  
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Fig. 14. HPLC-ELSD chromatograms of selected samples from the dissolution and 

depolymerization reactions of barley starch in a microwave reactor in A) [AMIM]Cl at 

80 ºC for 1.5 h with p-TsOH, B) [BMIM]Cl at 80 ºC with p-TsOH for 2 h, C) [BMIM]Br at 

90 ºC for 3.5 h, D) [HexMIM]Cl at 80 ºC with p-TsOH for 3 h, E) [HexMIM]Br at 80 ºC for 

2.5 h, F) [HMIM][HCOO] at 80 ºC with p-TsOH for 5 h, G) [HIM][HCOO] at 80 ºC with p-

TsOH for 4 h, H) [NH3CH2CH2OH][HCOO] at 80 ºC with p-TsOH for 5 h, J) 

[EMIM][Me2PO4] at 80 ºC for 5 h, K) [EMIM][Me2PO4] at 80 ºC with p-TsOH for 16 h.  
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1-Ethyl-3-methylimidazolium dimethylphosphate ([EMIM][Me2PO4]) and 2-

hydroxyethylammonium formate ([NH3CH2CH2OH][HCOO]) depolymerized 

starch the least of all the studied ILs. Both ILs have a good hydrogen bonding 

ability and low melting points, ca. 21 ºC and -82 ºC, respectively (Fukaya et al. 

2008, Bicak 2005). After 6 or 5 h of heating, respectively, water-solubility of the 

products was only 39% when [NH3CH2CH2OH][HCOO] was used (Fig. 14H) and 

40% when [EMIM][Me2PO4] was used (Fig. 14J). Even when starch was heated 

in [EMIM][Me2PO4] for 16 h with p-TsOH water-solubility of the products was 

only 45 % (Fig. 14K). Therefore [EMIM][Me2PO4] and 

[NH3CH2CH2OH][HCOO] could be considered as suitable solvents for starch 

modifications when the depolymerization of starch is not desired. Of all the 

studied ILs 1-butylimidazolium formate ([HBIM][HCOO]) did not dissolve 

starch at all. 

The effect of the structure of the cation on the starch dissolution was seen 

with imidazolium-based formates and halides. [HBIM][HCOO] with a four-

carbon alkyl chain in the cation did not dissolve starch due to the steric hindrance 

caused by the alkyl chain. [HIM][HCOO] with its symmetric cation without side 

chains and [HMIM][HCOO] with its methyl substituent cation dissolved starch 

easily and depolymerized it extensively. With halides the reaction time increased 

with an increasing alkyl chain length of the imidazolium ring. This may be due to 

the steric hindrance caused by the larger cation, which reduces the penetration of 

the IL into the starch granules or the hydrophobicity of the IL, which also 

increases with increasing alkyl chain length.  

Imidazolium-based formates, dimethylphosphate and 2-

hydroxyethylammonium formate were very fluid at room temperature and, 

compared to rather viscous or solid halides, easy to use. However, the problem 

with these was the removal of the residual IL from the products. It appeared that 

in the reactions where starch did not depolymerize into oligomeric products, it 

precipitated as white flakes in which the IL adhered to. Repeated washing with 

ethanol did not remove all the IL from the precipitates. An additional problem 

with [NH3CH2CH2OH][HCOO] was when starch was dissolved in it, a heavy gel 

was formed. Obviously starch concentrations lower than 10 %(w/w) must be used 

if starch is processed in [NH3CH2CH2OH][HCOO]. 
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5.4 Cationization of depolymerized barley starch 

Depolymerized barley starch was further modified in an IL in order to produce 

highly water-soluble cationized depolymerized starch (CDS) with DS<0.6 for 

wastewater purification. The restriction of the DS value was due to recent 

toxicological studies, which stated that moderately substituted CS (DS of 0.6) is 

ecologically safe (Krentz et al. 2006). [AMIM]Cl was chosen as the reaction 

media since it was found to dissolve and depolymerize starch effectively in 

previous studiesII,III. It was also convenient to be used for the low melting point.  

As applied in a previously reported method (Wang & Xie 2009) the 

cationization reaction was performed directly after the depolymerization of barley 

starch. Wang and Xie reported that the optimal reaction conditions in an oil bath 

for the cationization of native starch (maximum DS of 0.99) in [BMIM]Cl were 

80 °C, 1:3:0.135 for the molar ratio of AGU:GTAC:NaOH and 2 h for the 

reaction time. These conditions were used as the starting point for the 

cationization experiments while microwave activation was used as the heating 

method instead of oil bath heating.  

After the cationization reaction the products were at first precipitated from 

the reaction mixture by adding ethanol. However, the yields of the cationized 

products were low, ca. 30%. Furthermore, some residual IL could be seen in the 
1H NMR spectra of the products. It was deduced that the low yields could be due 

to water that was brought by the NaOH-solution required for the cationization 

reaction. It was observed formerly that the depolymerized starch was highly 

water-soluble.II,III Thus in order to increase the yield of CDS the reaction mixture 

was first dried in a high vacuum to remove water and then the product was 

precipitated by adding ethanol. Indeed, after the removal of water the yields were 

high, ca. 75%. In order to remove the residual IL and other impurities from the 

products, the reaction mixture was refluxed for 15 min with the ethanol that was 

added into it to precipitate the products. The product’s precipitate was separated 

by filtration, after which it was heated again for 15 min under reflux with some 

additional ethanol. After the new purification method no residual IL was detected 

in the 1H NMR spectra of the products.  

The reaction conditions and DS values of the prepared products are presented 

in Table 4. DS values, determined by elemental analysis, varied from 0.20 to 0.50 

thus being lower than 0.6 as was desired. Compared to literature results (Wang & 

Xie 2009) it appeared that when microwave activation was utilized a lower 

reaction temperature could be used to achieve moderate DS values. However, in 
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this study in order to increase DS a larger amount of NaOH than the molar ratio 

of AGU:NaOH 1:0.135 was required (Table 4). This could be related to p-TsOH 

that was used as an acid catalyst for the depolymerization step. Some of the 

NaOH required for the cationization reaction was consumed by the neutralization 

of p-TsOH. 

The recycling of the IL was considered after the cationization reactions. 

However, the colour of the ionic liquid had changed considerably during the 

reactions varying from brown to dark brown. Furthermore, the viscosity of the IL 

was noticeably lower than at the beginning. Thus it was thought that the alkaline 

conditions destroyed the structure of the ionic liquid and so recycling was not 

studied further. It should be noted that even though the cationization of 

depolymerized barley starch was completed successfully in [AMIM]Cl, the 

method cannot be recommended for large scale production since the recycling of 

rather expensive [AMIM]Cl is challenging. The ionic liquid should be changed 

for one that is more tolerant towards alkaline conditions.  

Table 4. Cationization of depolymerized barley starch under microwave activation in 

[AMIM]Cl. 

Entry T (°C) t (h) AGU:GTAC AGU:NaOH DS Water-solubility (%)  

1 80 2 1:3 1:0.135 0.30 100  

2 60 2 1:3 1:0.135 0.20 100  

3 80 2 1:3 1:0.270 0.45 100  

4 60 2 1:3 1:0.270 0.50 100  

5 80 2 1:5 1:0.270 0.50 100  

6 60 2 1:5 1:0.270 0.40 100  

7 60 2 1:5 1:0.135 0.35 100  

5.4.1 Analysis of cationized depolymerized barley starch 

The cationized depolymerized barley starches were studied with 1H NMR (Fig. 

15) in order to verify the occurrence of cationization. Their molecular size 

distributions were determined with HPLC-ELSD (Fig. 16) in addition to their 

water-solubilities (Table 4).  

The 1H NMR spectrum of CDS showed typical signals assigned to H-10, H-8, 

H-1 and H-1’ at 3.20, 4.40, 5.40 and 5.65 ppm, respectively. The signal assigned 

to H-10 derives from the protons of the methyl groups attached to the positively 

charged nitrogen. The signal assigned to H-1’ derives from the changed chemical 

environment of H-1 (5.40 ppm) due to the cationization of the OH group at C-2 



62 

(Fig. 15). The OH group at C-2 is the most reactive group of AGU because of the 

adjacent anomeric carbon C-1. Therefore, the substitution starts at that position 

(Heinze et al. 2004). 

 

Fig. 15. A typical 1H NMR spectrum of cationized depolymerized barley starch. 

 

Fig. 16. A typical HPLC-ELSD chromatogram of A) depolymerized barley starch and B) 

cationized depolymerized barley starch. 
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The HPLC-ELSD chromatograms of CDS showed one peak with a retention 

time tr = 18–22 min (Fig. 16B). The given tr range corresponds to the molecular 

size greater than 260 kDa.II It should be noted that the retention times and 

molecular sizes of the cationized products are only indicative, since the packing 

material of the columns used in the HPLC-equipment interferes with the charges 

of the CDS (Krentz et al. 2006, Santacruz 2014). Furthermore, the standards used 

for the calibration of HPLC were dextransI and not cationized starch standards. In 

order to obtain a more realistic molecular size estimate for CDS, the molecular 

size of the depolymerized starch prior to the cationization step was determined 

(Fig. 16A). The HPLC-ELSD chromatograms of the depolymerized starch also 

contained a single peak. The retention time range tr = 23–27 min corresponds to 

the molecular size range of 0.6–11 kDa. The retention time at the top of the peak 

was 25 min, indicating that the molecular size of the largest fraction of the 

products was ca. 6.7 kDa.  

5.5 Chemical modification of potato peel waste 

In the modification reactions of potato peel waste (PPW) the ionic liquid media 

was changed for water.IV Environmentally, water is the most benign solvent 

available and during previous cationization experiments with barley starch it was 

observed that the ionic liquid was not compatible with alkaline conditions. 

Furthermore, purification of very heterogeneous peel waste material from the 

remnants of the IL was thought to be difficult and compared to the IL water is a 

cheap solvent.  

5.5.1 Alkaline depolymerization of potato peel waste 

Potato peel waste has a highly heterogeneous mass with a low water-solubility 

(16%) (Fig. 17). The insolubility leads to a heterogeneous reaction system and 

potentially reduces the reactivity of the starting material. In order to improve the 

water-solubility and reactivity of PPW for cationization, it was pre-treated by 

depolymerization in basic ethanol (Fig. 17). Alkaline depolymerization of starch 

was selected as the pre-treatment method over acid depolymerization since the 

subsequent cationization reaction is commonly performed in alkaline conditions 

(Heinze et al. 2004). Conventionally, alkaline depolymerization is performed in 

water. In this study, ethanol (80% v/v) was a more suitable reaction media since it 

inhibited the gelatinization of starch (Heinze et al. 2004) and thus facilitated the 
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work-up of the subsequent cationization. The conditions of the pre-treatment 

reactions are given in Table 5. After the reaction, the crude product was 

precipitated by pure ethanol and separated by vacuum filtration yielding a brown 

sand-like product.  

 

Fig. 17. Dried potato peel waste was pre-treated under alkaline conditions. 

Table 5. Reaction conditions for alkaline depolymerization of potato peel waste and 

the water-solubilities of the products. 

Entry T (ºC) Time (h) AGU:NaOH Product WS (%) 

1 40 1 1:0.1 DW1 16 

2 40 2 1:0.1 DW2 13 

3 40 3 1:0.1 DW3 12 

4 60 1 1:0.1 DW4 10 

5 60 2 1:0.1 DW5 12 

6 60 3 1:0.1 DW6 15 

7 40 1 1:0.5 DW7 17 

8 40 2 1:0.5 DW8 23 

9 40 3 1:0.5 DW9 32 

10 60 1 1:0.5 DW10 27 

11 60 2 1:0.5 DW11 25 

12 60 3 1:0.5 DW12 20 

13 40 1 1:1 DW13 29 

14 40 2 1:1 DW14 30 

15 40 3 1:1 DW15 27 

16 60 1 1:1 DW16 17 

17 60 2 1:1 DW17 31 

18 60 3 1:1 DW18 31 

In order to study the effect of the alkaline treatment on PPW, the molecular size 

distributions of the depolymerized waste starches (DW) were estimated with 

HPLC-ELSD in addition to the study of water-solubilities (Table 5). The HPLC-

ELSD chromatograms of the reactions carried out at 40 or 60 °C with three 

NaOH levels, i.e. AGU:NaOH 1:0.1, 1:0.5 and 1:1 (DW3, 9, 15 or DW6, 12, 18, 
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respectively), are presented in Figures 18 and 19. The HPLC-ELSD 

chromatograms showed that the molar ratio of AGU:NaOH (Table 5) had the 

strongest impact on the molecular size distribution of PPW (Figs. 18 and 19). As 

the amount of base was low (AGU:NaOH 1:0.1, Figs. 18A and 19A) the 

chromatograms included several peaks with low intensity and wide molecular 

weight distributions. The water-solubilities of these products were also low (10–

15%, Table 5). As the amount of NaOH in the reaction mixture increased the 

number of peaks decreased and the peaks became narrower (Figs. 18B and 19B). 

Furthermore, the retention times of the products also increased. These phenomena 

indicated an increase in the depolymerization of PPW (Fig. 18C and 19C). 

Improved water-solubilities of the products were also seen as the peak intensities 

of the chromatograms increased (Table 5, Figs. 18 and 19). As the amount of base 

was constant the reactions carried out at 40 or 60 ºC showed similar molecular 

size distributions of the product (Figs. 18 and 19, respectively).  

 

Fig. 18. HPLC-ELSD chromatograms of potato peel waste depolymerized in basic 

conditions at 40 °C for 3 h. The molar ratio of AGU:NaOH was A) 1:0.1, B) 1:0.5 and C) 

1:1. 

 

Fig. 19. HPLC-ELSD chromatograms of potato peel waste depolymerized in basic 

conditions at 60 °C for 3 h. The molar ratio of AGU:NaOH was A) 1:0.1, B) 1:0.5 and C) 

1:1. 
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5.5.2 Cationization of depolymerized potato peel waste 

The cationization of the depolymerized potato peel waste was studied with GTAC 

in basic reaction conditions. According to the HPLC-ELSD chromatograms of the 

depolymerization products from the reactions of DW9 or DW12 (AGU:NaOH 

1:0.5) and DW15 or DW18 (AGU:NaOH 1:1) the depolymerization reactions 

occurred rather similarly. Therefore, DW9 with its high water-solubility was 

chosen for a representative starting compound for further studies. DW6 

(AGU:NaOH 1:0.1) was also chosen since it was markedly less depolymerized 

than DW9 and had low water-solubility (Table 5). The compounds were used in 

studies to try and understand how starting materials with different properties 

affected the progress of the cationization reaction.  

At the beginning of the cationization, the reaction mixtures of both starting 

compounds were heterogeneous suspensions. As starch began to react both 

reaction mixtures became homogenous and dissolved into water. The reaction 

mixtures with DW9 also thickened noticeably. At the end of the reaction (after 2 

or 4 h reaction time), all reaction mixtures still contained some fibre-like 

particles, which were thought to be unreacted cellulose originating from the peels. 

The reaction products were precipitated and separated by ethanol and vacuum 

filtration yielding a light brown powdery product.  

5.5.3 Characterization of the cationized products with 1H NMR 

The structure of the cationized waste starches (CW) was studied by 1H NMR. A 

typical 1H NMR spectrum is presented in Figure 20, which shows that the H-1 

signal of the unmodified AGU was at 5.45 ppm. The cationization at C-2 changed 

the chemical environment of H-1 and shifted the signal to 5.73 ppm (H-1’, Fig. 

20). The spectra of all cationized products included the signals of H-1 (at 5.45 

ppm) and H-1’ (at 5.73 ppm), indicating that starch had cationized in part of the 

glucose units.  
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Fig. 20. A typical 1H NMR spectrum of the cationized depolymerized potato peel waste. 

The degree of substitution of the cationized starches is commonly determined by 

elemental analysis or the Kjeldahl method (Krentz et al. 2006, Bendoraitiene et 

al. 2006). In this study, it was suspected that regardless of the depolymerization of 

PPW the cationized products might still contain some proteins or other nitrogen 

containing components, which could distort the values of DS. Therefore, DS of 

the reaction products was determined by using the 1H NMR spectra. As the 

combined integrals of H-1 and H-1’ was set to 1, this meant DS corresponded to 

the integral of H-1’. The determined DS values of the cationized products are 

presented in Table 6. 
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Table 6. The cationization conditions of the depolymerized potato peel waste, the used 

molar ratio of anhydroglucose unit to cationization reagent GTAC, and the water-

solubility and degree of substitution of the cationized products. 

Entry Material Heating Method T (ºC) Time (h) AGU:GTAC WS (%) DS 

1 DW6 oil bath 60 4 1:2 28    0.10 

2 DW6 oil bath 80 4 1:2 38 0.14 

3 DW6 mw 60 2 1:2 25 0.16 

4 DW6 mw 60 4 1:2 25 0.16 

5 DW6 mw 80 2 1:2 25 0.14 

6 DW6 mw 80 4 1:2 28 0.14 

        

7 DW9 oil bath 60 4 1:1 31 0.25 

8 DW9 oil bath 80 4 1:1 34 0.23 

9 DW9 oil bath 60 4 1:2 29 0.35 

10 DW9 oil bath 80 2 1:2 29 0.32 

11 DW9 oil bath 80 4 1:2 36 0.30 

12 DW9 mw 60 2 1:1 19 0.23 

13 DW9 mw 60 4 1:1 30 0.25 

14 DW9 mw 80 2 1:1 30 0.20 

15 DW9 mw 80 4 1:1 30 0.20 

16 DW9 mw 60 2 1:2 25 0.30 

17 DW9 mw 60 4 1:2 31 0.34 

18 DW9 mw 80 2 1:2 33 0.25 

19 DW9 mw 80 4 1:2 35 0.28 

5.5.4 Effect of the cationization conditions on the degree of 

substitution of the products 

Table 6 shows that CWs, which were prepared by using DW9 as the starting 

material (entries 7–19) had considerably higher DS values than those prepared by 

using DW6 (entries 1–6). The depolymerization step for the preparation of DW9 

contained more NaOH than the corresponding step for DW6 (Table 5, entries 9 

and 6, respectively). Thus, the more degraded product DW9 was more accessible 

and contained the reactive positions of AGUs more than DW6. The initially 

higher water-solubility of DW9 resulted in a slightly more homogeneous reaction 

mixture, which improved the accessibility of the reagents to the reactive sites 

further.  

Microwave activation is commonly considered as a more efficient heating 

method than bath heating (Gronnow et al. 2005). In this study, the heating method 
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(oil bath vs. microwave activation) had only a slight effect. When DW6 was the 

starting material the microwave-assisted cationization yielded a product with a 

slightly higher DS than bath heating (DS 0.16 or 0.10, respectively, Table 6, 

entries 4 and 1). The heating method did not have an effect on DS of the 

cationization of DW9 (Table 6, entries 7 and 13).  

The effect of the reaction temperature and time on DS was studied by 

performing the cationization at two temperatures, 60 or 80 ºC for 2 and 4 h. 

According to literature, a higher reaction temperature improves the progress of 

the cationization but on the other hand it increases and accelerates the degradation 

of the cationization reagent GTAC (Bendoraitiene et al. 2006). In this study, DS 

values of the products were quite similar regardless of the reaction time and 

temperature, which indicates that the high DS can be reached already by a 2 h 

reaction at 60 ºC (Table 6 entries 16 and 17).  

The amount of the cationization reagent GTAC had the highest impact on the 

DS of the product (Table 6). When the molar ratio of AGU:GTAC was 1:1, the 

highest DS value of the products was 0.25 in an oil bath or under microwave 

activation (Table 6, entry 7 or 13, respectively). In constant reaction conditions (at 

60 ºC for 4 h), the highest level of the cationization (DS 0.34-0.35) was yielded 

when the amount of GTAC was doubled (Table 6, entries 17 and 9).  

The encouraging cationization results of DW9 guided this author to study the 

cationization of DW12, which was depolymerized at 60 °C by using the same 

molar ratio of NaOH as for DW9 (AGU:NaOH 1:0.5). The purpose of this 

additional study was to see if the results of the cationization reactions of DW9 

could be reproduced with a similar starting material. As a result, the water-

solubility and molecular size distribution of DW12 resembled those of DW9 

(Table 5, entries 9 and 12). The reaction conditions of the cationization reactions 

of DW12 are presented in Table 7 while DS values and water-solubility of the 

cationized products were consistent with the corresponding values of DW9 

(Tables 7 and 6, respectively).  
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Table 7. Cationization conditions of the depolymerized potato peel waste DW12, the 

used molar ratio of the anhydroglucose unit to cationization reagent GTAC, and the 

water-solubility and degree of substitution of the cationized products. 

Entry Heating method T (ºC) Time (h) AGU:GTAC WS (%) DS 

1 oil bath 60 4 1:2 30 0.31 

2 oil bath 80 4 1:2 34 0.29 

3 mw 60 2 1:2 23 0.32 

4 mw 60 4 1:2 25 0.30 

5 mw 80 2 1:2 34 0.35 

6 mw 80 4 1:2 29 0.32 

The HPLC-ELSD chromatograms of the CWs contained a single peak while the 

retention time of the product peak varied depending on the starting material. For 

the products of DW9 (Fig. 18B) or DW6 (Fig. 19A) tr was 20–25 min or 19–23 

min, respectively. However, the retention time of the main fraction of the starting 

material DW6 was 18-19 min (Fig. 19A) indicating that some depolymerisation 

occurred during the cationization reaction, especially when DW6 was used as a 

starting material.  

The introduction of cationic groups into starch chains can improve the water-

solubility depending on the number of ionic groups (Krentz et al. 2006). In this 

study, the water-solubility of most products was slightly higher than the water-

solubility of the starting materials. The highest water-solubility of the prepared 

cationized waste starch products was 38% (Table 6).  

5.6 Metal ion binding experiments  

For the final part of this dissertation study cationized depolymerized barley starch 

and cationized depolymerized potato peel waste were used to bind heavy metal 

ions from a water solution.V Fe(III), Cu(II), Zn(II), Ni(II) and Cr(VI) were chosen 

as the metal ions to be studied, since these particular metals can cause serious 

health problems for humans and are of particular concern in the treatment of 

industrial wastewaters (Fu & Wang 2011). 

5.6.1 Binding of heavy metal ions with cationized depolymerized 

starch 

All metal ions (Fe(III), Cu(II), Zn(II) and Ni(II) ions) used in this study form 

complexes. In an aqueous solution, a complex forms when a metal atom acts as a 
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central ion, which is surrounded by water ligands. (Snoeyink & Jenkins 1980, 

Atkins 2006) The oxygen atom of water binds covalently to a metal ion with one 

of its free electron pairs. Metal ion solutions (0.5 mM) prepared for the binding 

experiments were clear and colored solutions in acidic conditions. When pH of 

the solution was slowly increased the water ligands surrounding the central metal 

ion began to deprotonate while the precipitation of metal hydroxides, Fe(OH)3, 

Cu(OH)2, Ni(OH)2 and Zn(OH)2, started around pH 7. Consequently the solutions 

became slightly cloudy. At pH 10 there was a clearly visible precipitate in each 

metal solution and all solutions were colourless indicating that the metal ion was 

in a precipitated form (Fig. 21, top left and right, bottom left: third beaker and 

bottom right: first beaker). After 24 h settling time, the precipitate in all solutions 

was settled on the bottom of the beakers. A 20 ml sample was taken from the clear 

solution above the precipitate and analysed with ICP-OES (Table 8). In the 

binding experiments of the metal ions the binding agent, CDS with DS 0.2 or 0.4, 

was added to the metal ion solution at pH 3. When the pH of the solutions was 

increased metal hydroxides started to precipitate again at around pH 6 and the 

solutions became slightly cloudy. However, when the pH reached 10 the solutions 

were clear (and coloured), if enough CDS was present (Fig. 21, top right: second 

and third beaker, bottom left and right: middle beaker). The solutions were left to 

settle at room temperature for 24 h after which a sample (20 ml) was taken from 

each. 
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Fig. 21. Metal ion solutions with or without cationized depolymerized starch at pH 10 

after 24 h settling time. Top left and top right images present a Fe(III) ion solution with 

a low (0.2, molar ratio 0.66:1) and moderate (0.4, molar ratio 0.33:1) degree of 

substituted cationized starch, while bottom left and bottom right are those for a Cu(II) 

ion solution with low (0.2, 0.33:1) and moderate (0.4, 0.33:1) degree of substituted 

cationized starch. 

The results of the metal ion binding and solubility experiments with CDS are 

presented in Table 8. CDS with low (0.2) and moderate (0.4) DS bound Cu(II) 

ions well with AGU:Cu(II) molar ratios of 0.66:1 and 0.33:1. The solubility of 

copper was 100% while all CDS-Cu(II) solutions stayed clear and light blue in 

colour even after 7 d.  

Moderately substituted CDS also bound Fe(III) ions with both AGU:Fe(III) 

molar ratios. The solubility of iron was 100% while the solutions were clear and 

orange in colour. Furthermore, all Fe(III)-CDS complexes were stable after 7 d. 

The low DS CDS, however, bound iron ions poorly when the AGU:Fe(III) molar 

ratio was 0.66:1. The solubility of Fe(III) was only 25%. CDS also bound Ni(II) 

ions poorly with both DS values and molar ratios. The solubility of nickel was 

15% at best. 

CDS bound most of the Zn(II) ions from the aqueous solution, such that the 

solubility of zinc was 80–90% (Table 8). However, some of the Zn(II)-CDS 
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complexes were not stable during storage. When CDS with a DS value of 0.4 was 

used, the solubility of zinc was 15% at best after 7 d.  

Table 8. Solubility of metal ions (M) in an aqueous solution at pH 10 with or without 

cationized depolymerized starch determined with ICP-OES. 

Metal Starch DS AGU:M Solubility of Metal (%) 

    24 h 7 d 

Fe - - 0:1 4 4 

cationized starch 0.2 0.66:1 25 5 

 0.4 0.66:1 100 100 

   0.33:1 100 100 

Ni - - 0:1 5 29 

cationized starch 0.2 0.66:1 15 30 

 0.4 0.66:1 10 30 

Cu - - 0:1 3 3 

cationized starch 0.2 0.66:1 100 100 

  0.33:1 100 100 

  0.4 0.66:1 100 100 

   0.33:1 100 100 

Zn - - 0:1 3 5 

cationized starch 0.2 0.66:1 90 <15 

  0.33:1 30–80 15 

 0.4 0.66:1 80 <15 

  0.33:1 65 <15 

5.6.2 Ultrafiltration experiments of chromium(VI) bound with 

cationized depolymerized starch 

Preliminary separation experiments in aqueous solutions were conducted in order 

to study the removal of a heavy metal ion bound with CDS by using the 

ultrafiltration technique. According to the HPLC-ELSD chromatograms, the 

average molecular weight of CDS was 6.7 kDa (Fig. 16). Therefore a membrane 

with a molecular weight cut-off of 3 kDa would be sufficient for the experiments.  

CDS (DS 0.5) was used for the binding of Cr(VI) ions in various conditions. 

The freshly prepared Cr(VI)-CDS-solutions were clear and yellow in colour while 

the pH of the solutions varied from 4.8 to 5.2, depending on the concentration of 

the Cr(VI) solution. Within this pH range, Cr(VI) exists mainly as negatively 

charged dichromate (Cr2O7
2-) and hydrogen chromate (HCrO4

-) anions (Ajouyed 

et al. 2010, Sánchez & Rivas 2011). Therefore it was possible for the Cr(VI) ions 
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to attach electrostatically to CDS. The interaction between CDS and Cr(VI) ions 

occurred mainly through an anion exchange between the counterion (Cl-) of the 

quaternary ammonium group and the Cr(VI) ions (Sánchez & Rivas 2011). 

During filtration it could be seen that some of the Cr(VI) ions were retained on 

the membrane since the colour of the filtrates was a lighter yellow than the colour 

of the original solutions. These visible observations were also confirmed by the 

ICP-OES results (Table 9). CDS enhanced UF increased the amount of Cr(VI) 

ions cut off by the membrane, so that the filtrated solution had a lower 

concentration of Cr(VI) ions (Table 9).  

Table 9. The amount (%) of Cr(VI) ions cut off by the membrane during ultrafiltration 

experiments. 

Metal Concentration (mmol) AGU:Cr(VI) Retention (%) 

Cr(VI) 0.5 0:1 25 

 0.05 0.33:1 65 

  0.66:1 77 

  1:1 67 

 0.1 0.33:1 62 

  0.66:1 57 

  0.8:1 57 

  1:1 58 

 0.25 0.8:1 42 

  1:1 58 

  2:1 54 

  3:1 63 

The influence of the regenerated cellulose membrane on the Cr(VI) retention 

without CDS was also studied by using UF. The operating conditions were 

identical to the CDS-Cr(VI) experiments. The results in Table 9 showed that the 

membrane and the Cr(VI) ions had some interaction, since the retention of Cr(VI) 

ions in the blank samples was 25%. The retention of Cr(VI) ions however, was 

considerably less without CDS than with it.  

5.6.3 Binding of Cu(II) ions with cationized potato peel waste 

Cationized depolymerized potato peel waste (DS 0.3) was studied as a binding 

agent for Cu(II) ions. The molar ratio of AGU:Cu(II) at the beginning of the study 

was 1:1 and was increased when required. The concentration of the Cu(II) ion 
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solution was also varied to investigate if the concentration would have an effect 

on binding. 

The Cu(II) ion solutions were prepared from the 50 mM stock solution by 

diluting it with distilled or lake water. The pH of the solution was adjusted to 3 

and CW was added during mixing. Since the solubility of CW into water was 

quite low (ca. 30%IV) some of the CW was undissolved. The pH of the aqueous 

solution was then slowly adjusted to 10 after which the solution was left to settle 

for 24 h. After the settling time, a sample (20 ml) was taken from the solution and 

analysed with ICP-OES. The results of the copper ion binding experiments are 

presented in Table 10.  

CW bound the Cu(II) ions well with AGU:Cu(II) molar ratio 1:1 when 

distilled water was used for the dilution of the metal ion solution. The solubility 

of the copper complex was 90–94% depending on the initial concentration of the 

Cu(II) ion solution (Table 10). Insoluble CW settled at the bottom of the beaker 

while the Cu(II) binding efficiency did not appear to be dependent on the 

concentration of the Cu(II) ion solution. 

In order to use a more realistic matrix in the binding studies some 

experiments were performed using lake water in the sample preparation. Water 

was taken from lake Kuivasjärvi and it was slightly cloudy and light yellow in 

colour. No modifications were made to the lake water and it was used as it was 

collected. 

The 1:1 molar ratio of AGU:Cu(II) was not sufficient to bind Cu(II) ions from 

the lake water samples. The solubility of copper compounds was only 6–14% 

after 24 h settling time. It was clear that the lake water contained compounds that 

either interfered with the binding of the Cu(II) ions to CW or competed with it. 

As a result of this, the lake water was analysed with ICP-OES in order to study 

possible interfering compounds, i.e. Fe, P and Mn. However, the only detected 

compound that had a concentration above the detection limit of the ICP-OES was 

iron, which the lake water contained ca. 3 mg/l.  

The molar ratio of AGU:Cu(II) ions was increased to 3:1, which had a 

positive effect on the solubility of Cu(II) ions at pH 10 (Table 10). When the 

concentration of Cu(II) ions in the solution was 0.25, 0.5 or 2.5 mg/l the solubility 

of copper complexes was good i.e. 88, 78 or 91%, respectively. However, a 

further increase in the molar ratio of AGU:Cu(II) to 5:1 did not seem to have 

much effect on the solubility of copper (Table 10). 
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Table 10. Solubility of Cu(II) ions in an aqueous solution at pH 10 with or without 

cationized depolymerized potato peel waste determined with ICP-OES. 

Water Concentration (mmol) AGU:Cu(II) Solubility (%) after 24 h 

Distilled 0.25 0:1 3 

 0.25 1:1 94 

 0.5 0:1 2 

 0.5 1:1 91 

 2.5 0:1 2 

 2.5 1:1 90 

Lake 0.25 0:1 2 

 0.25 1:1 6 

 0.25 3:1 88 

Lake 0.5 0:1 3 

 0.5 1:1 14 

 0.5 3:1 78 

 0.5 5:1 81 

Lake 2.5 0:1 2 

 2.5 1:1 13 

 2.5 3:1 91 
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6 Conclusions 

The aim of this study at first was to produce water-soluble starch oligomers for 

bacterial cultivation studies utilizing environmentally benign methods. It has been 

shown that these desired products could be produced from various starch species 

through depolymerization in an ionic liquid [AMIM]Cl with p-TsOH as a catalyst 

and oil bath heating or microwave activation as heating methods. The average 

size of the products was mostly in the range of 1500–2000 Da. After the 

depolymerization reaction the IL could be recycled and reused again in the 

depolymerization reaction step. Besides recycling the advantage of using an IL as 

a reaction media of the depolymerization reaction was that starch oligomers could 

be separated from the reaction media without small sugars like glucose, which are 

undesired compounds in bacterial cultivation studies. Starch oligomers and 

maltodextrins prepared with traditional methods, i.e. acid or enzymatic hydrolysis 

usually contain some amount of small sugars.  

It was also shown in this study that other ILs than [AMIM]Cl could dissolve 

and depolymerize starch. Dialkylimidazolium halide ILs ([BMIM]Cl, [BMIM]Br, 

[HMIM]Cl and [HMIM]Br) dissolved starch fast and depolymerized it 

substantially producing water-soluble starch oligomers in the range of 79–100% 

with an average molecular weight of 1000–2000 Da. On the other hand, 1-ethyl-

3-methylimidazolium phosphate and 2-hydroxyethylammonium formate 

dissolved starch slowly and depolymerized it the least among the studied ILs. For 

the slow depolymerization of starch these ILs can be considered as suitable 

solvents for starch modifications where depolymerization should be avoided. 

During the dissertation study the purpose of the research was shifted from 

starch oligomers to cationized depolymerized starch, which could be applied as a 

water-soluble binding agent for heavy metal ions from an aqueous solution. At 

first cationization was performed in [AMIM]Cl subsequently after the 

depolymerization reaction of barley starch. Microwave activation was then used 

as the heating method. Depending on the reaction conditions highly water-soluble 

cationized depolymerized starch with DS 0.20–0.50 was obtained. 

Cationized depolymerized starch with a DS of 0.4 was used successfully to 

bind Fe(III), Cu(II) and Zn(II) ions from a water solution in alkaline conditions. 

CDS-Cu(II)- and CDS-Fe(III)-solutions were stable during storage, however 

CDS-Zn(II)-complexes were stable only for 24 h. Cationized depolymerized 

starch with a DS of 0.5 also bound Cr(VI) ions from an aqueous solution. The 

separation of water-soluble CDS-Cr(VI) complexes with ultrafiltration was 
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studied and, depending on the molar ratio of CDS:Cr(VI), the retention of the 

chromium ions above the ultrafiltration membrane was in the range of 42–77%. 

For the final part of the dissertation study cationized depolymerized starch 

was prepared by using an alternative starch source i.e. potato peel waste. Water 

was used as the reaction media instead of ionic liquids. Prior to the cationization 

step peel waste was pre-treated by a base (NaOH) in order to produce more 

homogeneous reaction mixture for the cationization reaction and to enhance the 

water-solubility of the highly insoluble waste material. The study showed that 

starch-rich potato peel waste could be degraded and cationized similarly to native 

starch. Depending on the extent of the degradation during the pre-treatment step 

and the cationization reaction conditions the degree of substitution of the 

cationized products varied from 0 to 0.35. Water-solubility of the cationized 

products (19–38%) was also enhanced compared to untreated potato peel waste 

(16%).  

Cationized waste starch with a DS of 0.3 was used to bind Cu(II) ions from 

distilled and lake water solutions. CW bound Cu(II) ions well from distilled water 

regardless of the initial concentration of copper ions. CW also bound Cu(II) ions 

from lake water but the molar amount of CW compared to the amount of copper 

ions should be increased in comparison to the experiments conducted in distilled 

water. Lake water contained metal ions such as iron, which were able to compete 

from the binding sites of CW with Cu(II) ions.  

Future work 

It has been shown in this dissertation study that waste starch material could be 

modified similarly to native starch. In this work, the modification of waste 

material was studied using dried and ground peel material. The energy 

consumption of the drying process is high so in future work it is worth studying 

the use of potato peel waste in a direct modification without preceding drying and 

grinding processes. It is necessary to study the modification of waste material in 

general and its use and cost efficiency, for example, in water purification 

applications compared to synthetic flocculants. It might also be worth studying 

other potentially valuable compounds of potato waste material such as phenolic 

compounds and glycoalkaloids, as they could be separated from the waste 

material prior to the modification steps in order to be utilized in other 

applications. 
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In this study, modified peel waste was used to bind copper ions from an 

aqueous solution. In the future, the binding should also be studied with other 

heavy metal ions and other compounds, such as nutrients. Furthermore, the 

aqueous medium should be changed from distilled and lake water towards a more 

realistic medium, i.e. to a real wastewater.  
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7 Experimental 

7.1 General 

Native potato, wheat and barley starches were obtained from Ciba Specialty 

Chemicals Inc. (Raisio, Finland), maize and rice starch (TM Fluka) were 

purchased from Sigma Aldrich (Schnelldorf, Germany) while waxy maize starch 

was bought from TCI Europe (Zwijndrecht, Belgium). Before use all starches 

were dried in oven at 105 ºC for 24 h and stored in a desiccator.  

Potato peel waste (produced by the abrasion procedure) was provided by 

Tervakankaan Peruna Oyj, Finland and was then dried at 105 ºC until a constant 

weight was obtained, stored in a desiccator and then grounded before use. The 

water content of PPW was 80% while starch content of the dried PPW was 

estimated to be 70% (Schieber et al. 2009, Hernoux et al. 2013).  

Polymer standards (BioChemika Dextran 5, 25, 50, 150 and 1400 kDa), 

amylopectin and amylose from potato starch, maltohexaose, maltopentaose and  

D-(+)-glucose were all purchased from Sigma Aldrich (Schnelldorf, Germany). 

Maltodextrins (DE 4–7 or 16.5–19.5, products of Sigma Aldrich) were provided 

by BioSilta Ltd (Oulu, Finland).  

Starting materials for the preparation of ILs i.e. allyl chloride (Reagent 

Plus®, 99%), 1-chlorobutane (TM Fluka, 99%), 1-bromobutane (TM Fluka, 

96%), 1-chlorohexane (99%), 1-bromohexane (98%), trimethyl phosphate 

(99+%), 1-methylimidazole (≥99%) and 1-ethylimidazole (99%), 1-

butylimidazole, imidazole, 2-hydroxy ethylamine and formic acid were purchased 

from Sigma Aldrich (Schnelldorf, Germany). 1-Methylimidazole was distilled 

before use while other chemicals were used without further purification. 

The water content of the ILs determined by the Mettler Toledo DL36 Karl 

Fischer coulometer was <0.1% (w/w). Anolyte and catolyte chemicals, Hydranal-

Coulomat AG and CG, respectively, for the Karl Fischer measurements were 

purchased from Sigma Aldrich (Schnelldorf, Germany). 

p-TsOH (TM Fluka) and glycidyltrimethylammonium chloride (GTAC, 70% 

water solution) were also purchased from Sigma Aldrich. NaOH was purchased 

from Merck (Darmstadt, Germany), pulverized and dried in an oven prior to use. 

1-Propanol (A.R. 99.5%) and ethanol (99.5%) were purchased from Labscan 

(Gliwice, Poland) and Altia (Rajamäki, Finland), respectively.  
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Metal salts FeCl3·6H2O, CuCl2·2H2O, ZnCl2 and K2Cr2O7 were purchased 

from Merck (Darmstadt, Germany) and NiCl2·6H2O from J.T.Baker. 

All microwave-assisted reactions were performed in a Biotage Initiator, 

single-mode microwave reactor. The reactor was equipped with a magnetic stirrer 

in addition to being temperature, power and pressure controlled. The temperature 

and power range of the reactor was 60–250 °C and 5–300 W, respectively. The 

maximum operating pressure of the reactor was 20 bar (2 MPa). The reaction 

vessels used were designed either for 2–5 ml or 10–20 ml reactions. The reaction 

time was set so that the recording of time began when the desired reaction 

temperature was reached (fixed hold time mode). The temperature was controlled 

during the reaction by the modulation of the power. When the reaction was 

completed, the reaction vessel was cooled with compressed air. If samples were 

taken out during the reaction, the heating was stopped without any cooling. 
1H NMR spectra were recorded with a Bruker DPX 200 MHz spectrometer. 

D2O (99.90%, Euriso-top, Saint-Aubin Cedex, France) or CDCl3 (99.80%, 

Euriso-top, Saint-Aubin Cedex, France) were used as the solvents and the spectra 

were calibrated to the solvent residual peak (4.80 ppm for D2O, 7.24 ppm for 

CDCl3). 

HPLC-ELSD chromatograms were recorded with a Shimadzu HPLC-ELSD. 

The instrument consisted of three isocratic pumps (LC-10AD), a degasser (DGU-

14A), an automatic sampler (SIL-10AD), a column oven (Shimadzu, CTO-10AS) 

and an ELS detector (Polymer Laboratories PL-ELS 2100). Analyses were 

performed by using a guard column (PolySep-GFC-P 35x7.80 mm, Phenomenex, 

Macclesfield, Cheshire, UK) and an analytical column (Poly Sep-GFC-P2000 or 

Poly Sep-GFC-Linear 300x7.80 mm, Phenomenex, Macclesfield, Cheshire, UK). 

The system was controlled and data was handled by using a LC Solution program 

(LabSolutions 1.03 SP5 Shimadzu).  

Ultrafiltration studies were performed with an Amicon 8400 ultrafiltration 

cell equipped with a magnetic stirring bar and a membrane with a 3000 Da 

molecular cut-off weight (Millipore, Billerica, Massachusetts, USA). 

A 2700 Select Biochemical Analyzer (YSI Inc., Yellow Springs, USA) was 

used for the determination of glucose content of recycled [AMIM]Cl samples. 

A Perkin Elmer CHNS elemental analyser was used for the determination of 

nitrogen content of cationized depolymerized barley starch samples. 

Perkin Elmer Optima 5300 DV ICP-OES was used for the determination of 

Fe, Cu, Ni, Zn or Cr ion concentration of the aqueous samples. The instrument 

was equipped with an AS-93plus auto sampler, a Ryton double pass Scott–type 
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spray chamber and a Gem Tip Gross–flow pneumatic nebulizer. The instrumental 

parameters for ICP-OES were as follows: RF power 1.3 kW, nebulizer gas flow 

0.8 L/min, auxiliary gas flow 0.2 L/min, plasma gas flow 15 L/min, and sample 

uptake 1.5 mL/min. Normal resolution and axial mode of viewing were used in all 

measurements. 

7.2 Preparation of ionic liquids 

Ionic liquids used in this study were prepared using existing methods published in 

literature (Bicak, 2005, Huddleston et al. 2001, Kuhlmann et al. 2007, Parnham 

& Morris 2006, Zhang et al. 2005). 

7.2.1 Preparation of 1,3-dialkylimidazolium halides  

1-Methylimidazole (1 eqv) was cooled under a N2 atmosphere in a 500 ml flask 

equipped with a magnetic stirring bar. Alkyl halide (1.3 eqv) was added dropwise 

into the flask with thorough stirring. The mixture was refluxed until all the 1-

methylimidazole had reacted. The reaction time was 24 h for [AMIM]Cl and 48 h 

for the other 1,3-dialkylimidazolium halides. The progress of the reactions was 

monitored by 1H NMR. The crude IL was then washed three times with ethyl 

acetate in order to remove any excess alkyl halide and other impurities. Finally 

the product was dried with gentle warming (50 ºC) in a high vacuum overnight.  

7.2.2 Preparation of 1-alkylimidazolium formates and imidazolium 

formate  

Equivalent amounts of 1-alkylimidazole or imidazole and formic acid were mixed 

in a 100 ml flask after which a light yellow low viscosity liquid started to form 

immediately. The reaction was then left to its own devices for 1 h and the 

resulting yielded IL was used without any further purification. 

7.2.3 Preparation of 1-ethyl-3-methylimidazolium dimethylphosphate 

1-Ethylimidazole (1 eqv) was cooled under a N2 atmosphere in a 250 ml flask 

equipped with a magnetic stirring bar. Trimethylphosphate (1.3 eqv) was then 

added dropwise with thorough stirring after which the mixture was refluxed until 

all the 1-ethylimidazole had reacted (24 h). The progress of the reaction was 
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followed by 1H NMR. The crude IL was then washed three times with ethyl 

acetate to remove the excess trimethylphosphate and other impurities. Finally the 

product was dried by warming gently (50 ºC) in a high vacuum overnight. 

7.3 Depolymerization of different starch species in an IL 

In a typical experiment native starch (5%(w/w)) was dispersed in a round-

bottomed flask or microwave reactor tube (2–5 ml) by adding the native starch 

into dry [AMIM]Cl. Microwave heated depolymerisations were scaled-up by 

using a starch dispersion of 10%(w/w) in [AMIM]Cl in 10–20 ml reactor tubes. 

The catalyst, p-TsOH (3–5%(w(catalyst)/w(starch)) was added into the 

dispersion, which was carefully stirred and heated in the microwave reactor at 60 

ºC (the minimum operating temperature of the reactor) or in an oil bath at 50 ºC 

until a clear mixture was obtained. The lowest power of the microwave reactor 

(20–30 W) was used for heating.  

7.4 Depolymerization of barley starch in various ILs 

In a typical experiment starch dispersion (10%(w/w)) was prepared in a 

microwave reactor tube (2–5 ml) by adding native barley starch and the catalyst 

p-TsOH (3%(w(catalyst)/w(starch)) into the IL. If the IL was solid at room 

temperature (e.g. [BMIM]Cl, [BMIM]Br and [EMIM][Me2PO4]) it was melted 

before the addition of starch and the catalyst. If the IL crystallized during the 

addition of starch ([BMIM]Cl and [BMIM]Br), the vial was gently warmed in an 

oil bath until the IL melted and dispersion formed. The dispersion was then 

carefully stirred and heated in a microwave reactor at 80 ºC until a clear mixture 

was obtained. The lowest effective power of the microwave reactor (20–30 W) 

was used for heating.  

7.5 Monitoring of the depolymerization reactions 

The progress of the dissolution and depolymerization reactions was monitored by 

taking a sample (0.1 ml) from the reaction mixture into an Eppendorf tube (1.7 

ml) at different time intervals. The product sample was precipitated with 1-

propanol by filling the sample tube to its maximum volume. The mixture was 

then centrifuged at 13 400 g for 5 min. The supernatant was removed and the 

product pellet was washed with ethanol by filling the tube to its maximum 
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volume. After a repeated centrifugation the ethanol supernatant was separated. 

The pellet was then dried in an oven at 35 ºC for 20 h. The dry pellet was 

dissolved into 1.7 ml of distilled water, centrifuged as before, filtered through a 

1.2 µm nylon membrane filter and analysed by HPLC-ELSD. 

7.6 Preparation of cationized depolymerized barley starch in an IL 

10 % (w/w) starch dispersion was prepared by mixing barley starch thoroughly 

with dry [AMIM]Cl in a microwave reactor tube (2–5 ml). p-TsOH 

(2%(w(catalyst)/w(starch)) was added as a catalyst and the mixture was heated in 

the microwave reactor for 2 h. Next glycidyltrimethylammonium chloride 

solution and powdered NaOH dissolved in 1 ml of distilled water were added. 

The reaction mixture was heated in the microwave reactor again. The molar ratio 

of AGU:GTAC:NaOH was 1:3–5:0.135–0.270, the reaction temperature 60 or 

80 °C and the heating time 2 h.  

After the reaction water was removed from the reaction mixture by drying in 

a high vacuum overnight. Products were isolated from the reaction mixture by 

precipitation with ethanol. In order to eliminate the residual IL, unreacted GTAC 

and by-products the precipitate was purified by refluxing twice in ethanol for 15 

min. Finally the product was filtrated and dried in an oven, at 35 °C, overnight. 

7.7 Pre-treatment of potato peel waste 

PW (20 g) was depolymerized in an alkaline (6.2 M aqueous NaOH, v/v) ethanol 

(80%) solution (100 ml) so that the molar ratio of AGU:NaOH was either 1:1, 

1:0.5 or 1:0.1, respectively. Each depolymerization was performed in a water bath 

at 40 and 60 ºC with the reaction time of 1, 2 or 3 h. After the reaction, the pH of 

the reaction mixture was adjusted to 7 by conc. HCl. The product was precipitated 

by adding ethanol and filtered through a sintered glass funnel (grade 4, 10–16 

μm). The resulting filter cake was then washed three times with a water-ethanol 

(1:1) mixture and dried at 35 ºC until a constant weight was obtained.  

7.8 Cationization of depolymerized potato peel waste in a 

microwave reactor or oil bath 

The cationization of DW was performed according to literature (Bendoraitiene et 

al. 2006, Heinze et al. 2004) by the following procedure. Powdered DW (1 g) was 
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weighted into a flask or microwave reactor tube (size 10–20 ml) equipped with a 

magnetic stirring bar. Distilled water (9 ml) and NaOH (57 μl, 6.2 M aqueous 

solution) were then added. Next, glycidyltrimethylammonium chloride solution 

was added dropwise into the stirred reaction mixture so that the molar ratio of 

AGU:GTAC was either 1:1 or 1:2. The reaction vessel was then set into an oil 

bath or irradiated in a microwave reactor. The stirred mixture was heated at 60 or 

80 ºC for 2 and 4 hours, then allowed to cool before the crude product was 

precipitated by adding ethanol (60 ml) and filtered through a sintered glass funnel 

(grade 4). The resulting filter cake was washed three times with ethanol and dried 

at 35 ºC.  

7.9 Water-solubility determinations 

The water-solubility of dry cationized depolymerized starch, PPW, DW or CW 

was determined by suspending a sample (15 mg) of each material into distilled 

water (1.5 ml) in a weighted Eppendorf tube. The suspension was centrifuged for 

3 min at a speed of 13 200 rpm. The supernatant was decanted and the remaining 

solid pellet was dried at 35 ºC until a constant weight was obtained.  

7.10 Analytical methods 

7.10.1 HPLC-ELSD 

Polymer standards, native starches and modified starch samples were analysed 

with HPLC-ELSD while the temperature of the column oven was maintained at 

40 °C. The ELS detector was optimized for the analytes and the following 

parameters were used: 80 °C for an evaporative temperature, 50 °C for a 

nebulizer and 0.90 ml/min for a nitrogen gas flow. Distilled-deionized water that 

passed through in-line membrane filters (0.45 µm Millipore, Bedford, MA) was 

used as a mobile phase with a flow rate of 0.4 ml/min.  

Calibration curves and method validation of the HPLC-ELSD method 

Calibration curves of the HPLC-ELSD method were determined for 

maltopentaose and amylose. Sample concentrations were 1, 2, 3 and 5mg/ml and 

each samples (10 μl) of each concentration level were injected as triplicates. 
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Amylose samples were prepared into 0.6 M NaOH solutions otherwise amylose 

did not dissolve completely. Another calibration curve was determined by using 

more dilute samples with concentrations: 0.04, 0.12, 0.16 and 0.2mg/ml for 

amylose and 0.1, 0.2, 0.3, 0.4, 0.7 and 1.5 mg/ml for maltopentaose so that the 

use of NaOH was not necessary. Each concentration level was again injected (100 

μl) as triplicates. Samples were immediately analysed to avoid retrogradation of 

the amylose and the same standard concentrations were used for the 

determination of the method precision (interday). Estimation of the interday 

precision was carried out by analysing standard samples once a week or month 

depending on the need for analysis. 

Preparation of aqueous starch dispersions for HPLC 

Starch dispersions were prepared according to the method provided in literature 

(Yoo & Jane 2002). Starch (120 mg) was wetted with 1.2 ml of water and then 

dispersed into 10.8 ml of DMSO. The suspension was stirred and heated in a 

boiling water bath for 1 h and then stirred at room temperature for 24 h. An 

aliquot (0.25 ml) of starch dispersion (1%, w/v) was mixed with five volumes of 

ethanol (1.25 ml) in order to precipitate starch. The precipitate was centrifuged at 

a speed of 13 400 g for 10 min. The starch pellet was then redissolved in boiling 

water (7 ml) and stirred for 30 min. The hot solution was filtered through a nylon 

membrane filter (1.2 μm) and a sample (100 μl) of the starch solution (0.4 mg/ml) 

was injected into the HPLC equipment. 

7.10.2 Determination of the nitrogen content and degree of 

substitution of cationized depolymerized starch 

Nitrogen content of the cationized starch derivatives was determined with an 

elemental analyser. The degree of substitution was calculated using the following 

equation: 

 DS = 162*N/(1400 – 151.5*N)  

where N is the amount of nitrogen (%) in the product sample, 162 is the molar 

mass of AGU, 151.5 is the molar mass of the cationic group and 1400 is the molar 

mass of nitrogen multiplied by a hundred. (Kavaliauskaite et al. 2008, Wang & 

Xie 2010). 
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7.10.3 Characterization of cationized products with 1H NMR 

A sample (10 mg) was taken from the product of each depolymerization and 

cationization reaction for 1H NMR measurements. D2O (1.5 ml) was added and 

the mixture was carefully shaken and centrifuged at 13 200 rpm for 3 min. The 

supernatant was decanted and its 1H NMR spectrum was recorded with a 200 

MHz spectrometer at ambient temperature. The residual solvent peak was used as 

a reference.  

7.10.4 ICP-OES measurements 

Fe, Cu, Ni, Zn and Cr ion contents of the aqueous samples taken during the 

binding and ultrafiltration experiments were determined with ICP-OES following 

the guidelines as described in the SFS-EN ISO 11885 standard. The instrumental 

parameters for ICP-OES were as follows: RF power 1.3 kW, nebulizer gas flow 

0.8 L/min, auxiliary gas flow 0.2 L/min, plasma gas flow 15 L/min, and sample 

uptake 1.5 mL/min. The normal resolution and axial mode of viewing were used 

in the measurements. 

7.11 Recycling of [AMIM]Cl and determination of glucose content 

After depolymerization, the reaction products were precipitated with ethanol or 1-

propanol from [AMIM]Cl. Solvents were evaporated from the IL, which was then 

dried overnight in a high vacuum. The purity of the recycled IL was studied with 
1H NMR and a biochemical analyser, which determines the glucose content of a 

sample. For glucose determination a buffer (YSI 2357) (0.5 g) was added to 

recycled or pure [AMIM]Cl (0.5 g). A glucose solution (2.5 g/l) was used as a 

standard and all measurements were performed in triplicate. 

7.12 Binding of heavy metal ions with cationized depolymerized 

starch 

Fe(III), Cu(II), Ni(II) and Zn(II) ion stock solutions (50 mM) were prepared by 

dissolving FeCl3·6H2O, CuCl2·2H2O, NiCl2·6H2O or ZnCl2, respectively, in 

distilled water. Solutions were fixed with 2 ml of concentrated HNO3 and stored 

in a refrigerator. In a typical binding experiment the pH of the freshly prepared 

metal ion solution (1 ml of stock solution mixed with 90 ml of distilled water) 
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was adjusted to 3 with standardized 0.1 M NaOH. Modified starch was then 

added to the mixed solution whose amount was calculated based on the molar 

ratio of AGU:Metal (0.33:1 or 0.66:1). The molar mass of AGU was calculated by 

taking into account the DS of cationized depolymerized starch. The pH of the 

solution was slowly increased to 10 with 0.1 M NaOH while stirring gently. The 

volume of the solution was then filled to 100 ml with distilled water. Finally the 

pH of the solution was checked and if necessary adjusted again to pH 10. The 

solution was left to stand for 24 h after which a 20 ml sample was taken. The 

sample was fixed with 0.5 ml of concentrated HNO3 and analysed with ICP-OES. 

All the binding experiments were performed in duplicate while hydrolysed starch 

was used as a reference. 

7.13 Binding of Cu(II) ions with cationized depolymerized potato 

peel waste 

In a typical experiment the pH of a freshly prepared Cu(II) ion solution (selected 

amount of Cu(II) stock solution (50 mM) mixed with 180 ml of distilled or lake 

water) was adjusted to 3 with standardized 0.1 M NaOH. Next modified waste 

starch was added into the mixed solution and the amount of modified starch was 

calculated based on the molar ratio of AGU:Metal (1:1, 3:1 or 5:1). The molar 

mass of AGU was calculated by taking into account the DS of waste starch. The 

pH of the solution was slowly increased to 10 with 0.1 M NaOH while stirring 

gently. The volume of the solution was then filled to 200 ml with distilled or lake 

water. Finally the pH of the solution was checked and if necessary adjusted again 

to pH 10. The solution was left to stand for 24 h after which a sample (20 ml) was 

taken. The sample was fixed with concentrated HNO3 (0.5 ml) and analyzed with 

ICP-OES. All binding experiments were performed in duplicate. 

7.14 Removal of Cr(VI) ions from an aqueous solution with polymer-

enhanced ultrafiltration 

Cr(VI) ion stock solution (100 mM) was prepared by dissolving potassium 

dichromate, K2Cr2O4, in distilled water and when not in use, was stored in a 

refrigerator. In a typical experiment a Cr(VI) ion solution was freshly prepared by 

mixing a selected amount of stock solution with 150 ml of distilled water. The pH 

of the solution was measured and a selected amount of cationized starch was 

added while mixing the solution gently. Next, the volume of the solution was 
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adjusted to 200 ml and its pH again was measured. A 20 ml sample was then 

taken from the solution. 

The Cr(VI)-starch solution was transferred to the ultrafiltration cell equipped 

with a magnetic stirring bar and a membrane with a 3000 Da molecular cut-off 

weight. The apparatus was placed on the magnetic stirrer and connected to a 

nitrogen gas flow. The pressure was set to 3 bar (0.3 MPa) with a mixing speed of 

c. 250 rpm. Two samples (20 ml) were taken from the retentate after which the 

filtration was stopped and one 20 ml sample from the concentrated solution inside 

the cell. The cell and the membrane were washed by filtrating distilled water for 

20 min after which another 20 ml was filtrated for analytical purposes. All 

samples were fixed with 0.5 ml of concentrated HNO3 and analysed with ICP-

OES.  
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