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Chapter 1 

Introduction 

 

 

 

Abstract 

In this chapter, a general overview on starch properties, chemical modification strategies 

and applications is provided. The potential of green novel solvents for the chemical 

modification of starch will be highlighted. It will be shown that supercritical carbon 

dioxide (scCO2) is a very promising and attractive solvent due to its special and unique 

properties.  Finally, an outline of this thesis is presented.  
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1.1 Introduction 

The development of environmentally friendly and economically sustainable chemical 

processes has been actively explored in the last two decades both at an academic and 

industrial level [1, 2]. The twelve principles of green chemistry and engineering (Table 1.1) 

should be considered as guidelines for the design of novel processes and the improvement 

of conventional ones. Factors to be taken into account are among others the type of 

reaction (stoichiometric versus catalytic), reagents, reaction conditions, chemical products 

(including waste) and solvents [3].   

In this respect, the development and application of environmentally benign solvents in 

chemical processes is of prime importance i.e. less hazardous chemical syntheses 

(principle 3) and the use of safer solvents and auxiliaries (principle 5))  [3]. The quest for 

such solvents is also stimulated by the fact that typical organic solvents contribute 

considerably to the emissions of (approximately 20 millions tons) volatile organic 

components into the atmosphere each year [2].   

 

Table 1.1  The twelve principles of green chemistry and  green engineering [3]. 

 Principles of green chemistry Principles of green engineering 

1 Prevention Inherent Rather Than Circumstantial 

2 Atom Economy Prevention Instead of Treatment 

3 Less Hazardous Chemical Syntheses Design for Separation 

4 Designing Safer Chemicals Maximize Efficiency 

5 Safer Solvents and Auxuliaries Output-Pulled Versus Input-Pushed 

6 Design for Energy Efficiency Conserve Complexity 

7 Use of Renewable Feedstocks Durability Rather Than Immortality 

8 Reduce Derivatives Meet Need, Minimize Excess 

9 Catalysis Minimize Material Diversity 

10 Design for Degradation Integrate Material and Energy Flows 

11 Real-time analysis for Pollution Prevention Design for Commercial ' Afterlife' 

12 Inherently Safer Chemistry for Accident Prevention Renewable Rather than Depleting 

 

The search for novel solvents has led to the discovery of two attractive options: ionic 

liquids and supercritical fluids [2-5]. Favorable properties of ionic liquids are a negligible 

volatility, high thermal stability, and relatively high polarity. In addition, the solvation 

properties of the ionic liquids can be tuned by combining different cations and anions (Fig 
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1.1) [3, 6-8]. Ionic liquids have been successfully applied as solvent in various chemical 

transformations such as olefin epoxidation [6], biodiesel synthesis [7, 9] and also in 

biopolymer processing [3]. In the latter, it was shown that biopolymers such as cellulose 

and chitin are readily and rapidly dissolved (without any derivatisation) in 1-butyl-3-

methylimidazolium chloride and 1-butyl-4-methylimidazolium chloride, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Cations (a) and anions (b) in ionic liquids [3]. 

 

The application of supercritical fluids as solvents has emerged due to their unique 

“hybrid” solvent properties that can be tuned from liquid-like to gas-like by small changes 

in pressure and/or temperature [2, 10, 11]. The physical properties of a substance are 

known to alter dramatically within the supercritical fluid phase boundaries, resulting in a 

higher reactivity and selectivity compared to conventional solvents [3, 11]. Among the 

supercritical fluids studied, water and carbondioxide (see section 1.3.2) are the most 

frequently used [2, 11]. Reported examples of the use of sub – and supercritical water as 

solvent are the Diels Alder reaction between cyclopentadiene and acrylonitrile [12], the 

oxidation of biopolymers [3, 13, 14] and the Suzuki reaction (palladium-catalysed cross-

coupling of aryl halides with boronic acids) with microwave heating [15].  In the latter, it 

was shown that the reaction rate is fastest near the critical conditions of water [3, 15]. 

Chemical modification of starch is commonly carried out in aqueous media. Though 

water is considered a green, environmentally benign solvent, the use of water in starch 

modification reactions has several drawbacks such as a relatively low reactivity, possibly 

reduced selectivity due to side reactions involving water, and also difficulties to remove 
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the water in the product work-up. Organic solvents such as DMSO, pyridine, methanol, 

ethanol and acetone may be used (see section 1.2.3 for details) as an alternative. However, 

these solvents have a much higher environmental impact than water, and this limits further 

commercialization.  

In this work, we are focusing on the application of supercritical CO2 (scCO2) as an 

alternative solvent for water in starch modification reactions. ScCO2 is considered an 

attractive alternative for water as it does not only have unique “ hybrid” solvent properties 

but also may improve the reactivity of starch due to plasticization and swelling. The 

properties of CO2, together with an overview on the potential applications of scCO2 as a 

solvent, an overview on starch and its derivatives, and finally the outline of this thesis will 

be described in the following sections.  

 

1.2 Starch and derivatives 

1.2.1 The production and processing of starch 

Starch plays a major role in our daily life as it is an important component in our diet  

[16]. Starch is the most abundant carbohydrate reserve in plants and is deposited in plant 

parts in the form of small granules or cells ranging from 1 up to 100 µm [17]. Starch can be 

present in many different plant organs, including seeds (e.g. corn, wheat,  rice, sorghum, 

barley or peas), tubers and roots (e.g. potato, sweet potato or cassava) [18, 19].  

The world-wide production of starch is still growing from 60.7 million tons per year in 

2003 (Table 1.2) to an estimated value of around 71 million tons in 2010 [20, 21]. Most 

starch is produced in the USA, while Europe and Asia are the second and third starch 

producer regions, respectively  [20, 21]. Corn starch is produced in the highest amounts, 

followed by cassava, wheat, and potato (Table 1.2). Recently, two new starch types, 

banana and amaranth, have been introduced to the market and are now produced on 

commercial scale [16]. 

Starch is commonly processed by wet milling [22, 23]. The seed or tuber is milled, 

followed by the separation of the main constituents such as starch, protein, and fibers. The 

fibers are removed by sieving and the starch granules are obtained by centrifugation [22, 

23].  An important parameter is the water content of the starch source, which varies from 

65 – 80% wt/wt for roots and tubers and 15% wt/wt for cereals. For the tuber and root 

crops, the milling processes can be performed without water addition, while cereals have 

to be softened with additional water for a prolonged time (steeping process) to optimize 

the milling and separation process [23, 24].  



Introduction 

5 

 

Table 1.2. Overview of the production of commercial starch types in 2003 [20]. 

 Potato Corn Wheat Cassava 

World, 106 tons/year 2.49 45.8 4.9 7.5 

EU, 106 tons/year 1.6 3.9 3.4 - 

Main Producers Netherlands USA France Thailand 

 Germany Japan Germany Indonesia 

 France China USA Brazil 

 China South Korea China China 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 

 

 

 Figure 1.2. Potato starch processing scheme [20].  
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As an example, the potato starch process is shown in Figure 1.2. In the potato tubers, 

the starch granules are stored in the parenchyma cells which are present in the cortex and 

perimedullary zone (Figure 1.3) [20].  

When grinding the tubers, the cells are broken and a mixture of starch granules, 

broken cell walls, and the potato juice is formed. The latter mainly contains water proteins, 

amino acids, sugars, and salts. During the grinding steps, SO2 is added to repress the 

action of oxidative enzymes that cause coloration of the potato juice [20, 23]. 

After grinding, the mixture is fed to a decanter centrifuge, often a continuous 

centrifuge consisting of a cylindrical drum with a screw inside, to separate the potato juice 

from the starch granules and the fibers [20]. The solid starch granules and fibers are 

separated using a conical centrifugal sieve (Figure 1.4). The resulting slurry, containing 

starch, small fiber particles and some remaining proteins, is fed to a disk-type continuous 

centrifuge and afterwards to a hydrocyclone to remove the remaining fibers and proteins 

from the starch granules. The resulting starch granules are subsequently filtered to remove 

water, and finally dried [20, 23]. 

 

 

 

 

 

 

 

 

 

 

 

 

        

 

   

       Figure 1.3. Cross sectional view of a potato tuber [20].  
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     Figure 1.4.  A schematic drawing of conical centrifuge sieves [20].  

 

1.2.2 Structure and properties of starch 

1.2.2.1 Molecular level 

Starch is a biopolymer composed of anhydroglucose (AGU) units (Fig 1.5a). Each 

AGU unit contains three hydroxyl (-OH) groups, two secondary (C-2 and C-3 position) 

and a primary one at the C-6 position [17]. Two different biopolymers are present in starch, 

amylose and amylopectin (Fig 1.5b and 1.5c) [17, 19, 25, 26]. Amylose is essentially a 

linear macromolecule where the AGU units are connected through α-D-(1-4)-glucosidic 

linkages (Fig 1.5b). The molecular weight of amylose is usually in the range of 1.6 – 10 x 

10
5
 Da, depending on the plant source and processing method [26].  Amylopectin, the 

major component of starch (usually in the range 70-80 wt %), contains periodic branches, 

connected to the backbone by α-D-(1,6)-glucosidic bonds (Fig 1.5c) [17, 20]. Each branch 

contains about 20 – 30 AGU units. 

The molecular weight of amylopectin is approximately 10
2
-10

3
 times larger than 

amylose and is typically between 0.5 -5  x 10
8
 Da [26]. The amylose/amylopectine ratio 

varies considerably between the various starch sources, see Table 1.3 for details.  
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Figure 1.5. Chemical structure of starch, anhydroglucose (AGU) unit (a), amylose (b), 

and amylopectin (c) [23].  

 

1.2.2.2 Granular level 

Starch granules are composed of alternating amorphous and semi–crystalline growth 

rings as shown in Figure 1.6. The semi-crystalline growth rings consist of amorphous and 

crystalline lamellae. The crystalline lamellae are composed of mainly amylopectin [27]. 

There is evidence that the amylose is mainly present in the amorphous zones (amorphous 

part as well as in the amorphous lamellae)  [23].  

The crystalline nature of starch is evident from wide-range X-ray studies. Starches 

from different botanical sources give different X-ray patterns [27] . Generally, cereal 

starches (e.g. wheat, rice, corn) give a typical A-type diffraction pattern with strong 

diffraction peaks at 2θ values of 17
o
, 18

o
, and 23

o
 [28, 29]. Tubers (e.g. canna, potato) 

show a typical B-type pattern with a strong peak at 17
o
 and a few small peaks at 20

o
, 22

o
 

and 24
o 
[30]. Certain roots and tubers (e.g. sweet potato, cassava) give a C-type diffraction 

pattern which consist of a combination of an A- and B-type pattern [26, 31]. 
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Table 1.3.  The composition and properties of starch [32].  

 Potato Corn Wheat Cassava 

Type Tuber Cereal Cereal Root 

Granule shape Oval, spherical Round, polygonal Round, bimodal Oval, truncated 

Average granule size (µm), by weight 40 15 25 25 

Number of granules per g starch x 106 60 1300 2600 500 

Specific area (m2/kg) 100 300 500 200 

Amylose content (% wt/wt) 21 28 28 17 

Amylopectin content (% wt/wt) 79 72 72 83 

Amylose, Degree of Polymerization 

(DP) 3000 800 800 3000 

Amylopectin, Degree of 

Polymerization (DP) x 106 2 2 2 2 

Phosphate (% wt/wt) 0.08 0.02 0.06 0.01 

Protein (% wt/wt) 0.06 0.35 0.4 0.1 

Lipid (% wt/wt) 0.05 0.7 0.8 0.1 

Ash (% wt/wt) 0.4 0.1 0.2 0.2 

Gelatinization temperature (oC) 60 - 65 75 - 80 80 - 85 65 - 70 

Peak viscosity range (Brabender units,  1000-5000 300 - 1000 200 - 500 500 - 1500 

           5% wt/wt  starch concentration)     

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6. A schematic representation of the alternating amorphous and semi-crystalline 

growth rings of a starch granule [19]. 

 

 



Chapter 1 

10 

 

1.2.2.3  Important starch properties  

Starch is very hygroscopic and binds water reversibly. It is however insoluble in cold 

water. When the temperature of an aqueous starch-water suspension is increased, 

gelatinization takes place. Thermal gelatinization is initiated with the rupture of hydrogen 

bonds in the interior of the starch granule allowing water penetration.  Consequently, the 

starch granules swell rapidly to many times their original volume causing the amylose to 

leach out of the granules and thus, increasing the viscosity of the surrounding solution. 

Further heating leads to loss of crystallinity, disintegration of the starch structure, and a 

drop in the solution viscosity [17, 19]. Typical gelatinization temperatures of various 

starches are given in the Table 1.3.  

Starch can also be gelatinized by the application of high hydrostatic pressures. 

Although a similar mechanism has been claimed for thermal and pressure-induced 

gelatinization, some differences do exist. During high pressure gelatinization (as compared 

to the thermal pathway), disintegration of the granules is less important, amylose 

solubilization is reduced, and swelling of the granules is limited (up to twice their initial 

diameter) [33, 34]. The crystalline pattern of the starch also affects gelatinization behavior. 

Pressure induced gelatinisation for B-type starches is more difficult than for A-type and C-

type starches [35, 36].  

 

1.2.3 Starch modification by chemical reactions 

Starch has a limited application range in its native form. This is due to a number of 

unfavorable properties like uncontrolled viscosity, tendency for retrogradation, insolubility 

in cold water, and a pronounced brittleness of processed materials [17-19, 37].  As a 

consequence, native starches are often chemically modified to improve the product 

properties and thus to enhance their application range [16-18]. For food applications, 

chemical modifications lead to products with improved texture, quality, shelf life, and 

improved processing tolerance, such as improved heat, shear and acid stability [16]. In the 

food sector modified starches are used as thickeners, gelling and encapsulating agents [38].  

Chemical modification also allows starches to be employed in the non-food industry. 

Examples may be found in the paper industry where modified starches are used as wet-end 

additives, sizing agents, coating binders, and adhesives. Modified starches are also used as 

textile sizes and in tableting and cosmetic formulations [16, 38]. Well known chemical 

modification reactions are esterification, etherification, and cross-linking and these will be 

discussed in more detail in the following sections [20, 39].  
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1.2.3.1 Starch esterification 

Starch esterification is a well known chemical modification reaction to improve the 

gelatinization temperature, thermal stability and to reduce the tendency for retrogradation 

[17, 40-43].  Starch esters were already synthesized 150 years ago, starting with the 

development of acetylated starch using acetic anhydride as the acetylating agent [22]. 

Since then, a large variety of starch esters were developed such as starch formates, starch 

nitrates, starch sulfates, starch phosphates, fatty acid starches, starch alkenyl succinates and 

starch xanthates [18, 22, 37, 44, 45].  

Nowadays, acetylated starch is still an important commercial product. [39, 46]. Starch 

acetates are used in many applications. Relatively low DS products are commercially 

available (DS 0.01 – 0.2). Here, the DS is defined as the moles of substituents per mole of 

AGU and has a theoretical maximum value of 3.0 [17]. Low DS products are typically 

used as thickening agents in a variety of food products, as sizing agents for textile (wrap 

sizing) and paper (internal sizing, coating, surface sizing) and as adhesives (gummed tape, 

paper, and paperboard adhesives) [20, 42, 47-52]. Acetylated starch with DS values higher 

than 2 are of interest because of their solubility in organic solvents and possible application 

as packaging materials [49, 50]. However, the poor mechanical properties of the acetylated 

starches, such as the high brittleness, still constitutes a major shortcoming for further 

applications  [37].   

Several routes have been developed for the synthesis of starch acetates. The 

commercial route uses water as the solvent, acetic anhydride (AAH) as reactant and an 

alkaline base such as sodium hydroxide (NaOH), sodium acetate (NaOAc), or sodium 

carbonate (Na2CO3) as the catalyst. Alternatives for acetic anhydride have been developed 

and include the use of acetic acid, vinyl acetate or ketene [44, 47, 53, 54]. 

In commercial aqueous starch acetylation processes (starch concentrations ranging 

between 35  and 42% wt/wt) [53], the acetylation reaction of starch is accompanied by the 

undesirable hydrolysis of acetic anhydride (AAH).  Proper dosing strategies for AAH have 

been developed to reduce the rate of the hydrolysis reaction, though it can never be fully 

eliminated. To improve the selectivity, organic solvents such as pyridine and DMSO may 

be used. Starch triacetate has been successfully synthesized using acetic anhydride in 

combination with pyridine-gelatinized starch [22, 50]. However, complete removal of 

these organic solvents from the final product is difficult and limits the application range. 

In the past ten years, the synthesis of fatty acid starch esters has received considerable 

attention. These hydrophobic starch derivatives seem to have a high application potential 
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not only in the food but also in non-food industry (e.g. as reactive compound in 

polyurethane resins [55] and as substitutes for oil-based polymers especially in the 

packaging industries [37, 45, 56, 57]). Fatty acid starch esters are commonly synthesized 

by using carboxylic acids (C4-C16) [45, 58], fatty acid vinyl esters (i.e. vinyl laurate, vinyl 

stearate) [37, 56, 59], fatty acid chlorides [60, 61], or fatty acid methyl esters (i.e. methyl 

palmitate, methyl laurate) [55, 57] as reactants, and basic salts such as potassium carbonate, 

sodium acetate, sodium dihydrogen phosphate, or potassium methoxide as catalysts in 

organic solvents such as pyridine and DMSO.   

 

1.2.3.2 Starch etherification  

Etherification of virgin starch yields products with a lower gelatinization temperature, 

improved cold water solubility, less tendency for retrogradation, a higher rate of swelling 

and dispersion when cooked with water, higher paste clarity, higher adhesiveness, and 

higher resistance for acid, alkali and mild oxidizing agents  [18, 46].  

Applications of starch ethers include adhesives for paper and cardboard, sizing agent 

in the paper industry, disintegrants in the pharmaceutical industry, and as sizing and 

printing agent in the textile industry. In the food industry starch ethers are useful as water-

inbibing agent during baking, as stabilizers in ice cream, and as thickening agent [18, 46, 

62]. 

Examples of commercial ethers are hydroxyalkyl starch and carboxymethyl starch [20]. 

Hydroxyalkyl starches such as hydroxyethyl- and hydroxypropyl starch are synthesized by 

the reaction of starch with ethylene or propylene oxide in the presence of a base [46]. For 

higher reactivity, the reactions are carried out in alkaline suspensions with alkaline oxides 

and either alcohol or pyridine. Further improvements are possible by using organic 

solvents like acetone or butanone in the presence of aqueous NaOH [44]. 

Carboxymethyl starch (CMS) is produced by etherification of hydroxyl groups with 

monochloro-acetic acid (MCA) or sodium monochloroacetate (SMCA) in the presence of a 

base (NaOH) [46, 62, 63] (Scheme 1.1). The reaction is initiated by deprotonation of the 

starch with a base (Scheme 1.1.1). The resulting starch alkoxide subsequently reacts with 

SMCA to form the desired CMS product (Scheme 1.1.2).  Sodium glycolate, an undesired 

byproduct. is also formed by the reaction of NaOH with SMCA [62].  The 

carboxymethylation of starch is commonly performed in water as the solvent. The main 

drawbacks of use of water as the solvent are the difficult separation of the product from 
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unreacted SMCA and byproducts (salt and sodium (di)-glycolate), and the limited 

reactivity (DS < 1) [62, 64]. 

To improve the reactivity and to prevent gelatinization of the starch granules the 

reaction may be carried out in an organic medium such as methanol, ethanol, acetone, 2-

propanol, DMF, or cyclohexane [44, 62-64].  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.1. Representative scheme of starch carboxymethylation reaction using SMCA as 

reagent and a base catalyst (NaOH).  

 

1.2.3.3 Cross-linking of starch 

The cross-linking of starch is performed by reacting starch with various cross linking 

agents such as adipic anhydrides, phosphorus oxychloride, sodium trimetaphosphate,  

epichlorohydrin, and various aldehydes (e.g. formaldehyde and acetaldehyde) in aqueous 

suspensions under alkaline conditions [38, 46, 65, 66].  In addition, more exotic cross-

linkers like acrylic anhydride and toluene-di-isocyanate (PTD) are used to synthesized 

cross-linked starch [67, 68]. 

Cross-linking results in starch derivatives with a higher freeze thaw stability, a higher 

acid, shear, and heat stability, a reduction of solubility in water, a lower tendency for 

retrogradation and gelatinization, and higher viscosities [18, 20, 69]. The cross-linked 

starches are widely used in a variety of commercial products in the food (as thickeners), 

textile (sizing agent), and adhesive industry [18, 46].  
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1.3 Properties and applications of supercritical carbon dioxide (scCO2),  

1.3.1 Properties of supercritical carbon dioxide (scCO2) 

A supercritical fluid is defined as a substance for which both pressure and temperature 

are above their critical values (Fig 1.7).  

 

 

 

 

 

 

 

 

 

Figure 1.7. A typical phase diagram of a pure substance including the supercritical state. 

Tp: triple point , Cp: critical point.  

 

The transition from liquid CO2 to the supercritical state is illustrated in Figure 1.8. 

Figure 1.8a shows liquid CO2 in equilibrium with its vapor. Upon heating and compression, 

the CO2 density increases (Fig 1.8b and 1.8c) and above the critical point, the interface 

between liquid and vapor disappears and the supercritical state is reached (Fig 1.8d).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. The transition from the liquid state to the supercritical state (taken from [[70]]). 

Reproduced with permission.  

(a) (b) 

(c) (d) 
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A supercritical fluid possesses “hybrid” solvent properties that can be tuned from 

liquid-like to gas-like or vice versa through small changes in pressure or temperature due 

to the high compressibility of the fluid in the supercritical region [2, 10, 11]. The special 

combination of gas-like viscosity and liquid like-density (Table 1.4) has rendered 

supercritical CO2 a very promising solvent for various applications. 

 

Table 1.4. Typical values of physical properties of gases, supercritical fluids and liquids [2] 
 

 

 

 

 

          a.
 ρ, η, D are density, viscosity, and diffusivity, respectively. 

 

CO2 is considered a ‘green’ solvent as it is non-flammable, relatively non toxic and 

inert. Another advantage is the ease of separation from the (reacting) system by simple 

depressurization [10, 71, 72]. Furthermore, the supercritical conditions are relatively easy 

to achieve experimentally (Table 1.5) [2, 73]. 

 

Table 1.5. Critical conditions of various substances [2]. 

 

 

 

 

 

 

 

 

 

CO2 is a good solvent for a wide range of non-polar liquid low molecular weight 

molecules [2, 73] and for many gases (mostly miscible) [71]. It is though a poor solvent for 

most high molecular weight polymers. Only a few polymers have shown a good solubility 

in pure CO2 such as amorphous fluoropolymers (perfluoropoly(propylene-oxide)), 

silicones (polyalkylsiloxanes), polyalkene-oxides, polymethylacrylate, polyvinylacetate,  

and polyether-carbonates [2, 71, 73].  

 

Property 
a
 Gas Supercritical fluid Liquid 

ρ (kg m
-3

) 1 100 - 800 1000 

η (Pa s) 0.001 0.005 - 0.01 0.05 - 0.1 

D (m
2
 s

-1
) 1 x 10-5 1x 10-7 1x 10-9 

Solvent Tc (
oC) Pc (MPa) Solvent Tc (

oC) Pc (MPa) 

Acetone 235.1 4.7 Hexafluoroethane 20 3.06 

Ammonia 132.6 11.3 Methane -82.6 4.6 

Carbon dioxide 31.1 7.38 Methanol 239.6 8.09 

Cyclohexane 280.5 4.07 n-hexane 234.5 3.01 

Diethyl ether 193.7 3.64 Propane 96.8 4.25 

Difluoromethane 78.6 5.83 Propylene 91.9 4.6 

Difluoroethane 113.7 4.5 Sulfur hexafluoride 45.7 3.76 

Dimethyl ether 127 5.24 Tetrafluoromethane -45.4 3.74 

Ethane 32.3 4.87 Toluene 318.8 41.1 

Ethylene 9.4 5.04 Trifluoromethane 26.3 4.86 

Ethyne 35.3 6.14 Water 374.3 22.1 
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1.3.2 An overview of the use of scCO2 as a solvent  

The use of scCO2 as a solvent for a variety of processes including extraction, chemical 

synthesis, polymerization reactions and polymer processing has been reported [1, 2, 73, 74]. 

For instance, it is commercially applied as a solvent for the industrial production of 

decaffeinated coffee from coffee beans and tea leaves, for the extraction of hop aroma [11, 

71, 75], in CO2-based dry cleaning facilities (commercialized by Micell Inc. and Global 

Technologies/Dry Wash, USA) [1, 76] and Union Carbide’s Unicarb technology for CO2-

based spraying of paint and other coatings [1, 77].  

An overview of the use of scCO2 as a solvent in chemical synthesis, polymerization 

reactions and polymer processing with a few examples from each application is shown in 

Scheme 1.2 and described in the following subchapter.  

 

1.3.2.1 The use of scCO2 as a solvent for chemical synthesis  

ScCO2 is known to be an effective medium for catalytic reactions including 

alkylations, etherifications, esterifications (e.g. synthesis of glycerol acetate, synthesis of 

monolaurin, dilaurin, or trilaurin), hydroformylations (e.g. hydroformylation of propene), 

oxidations, and particularly hydrogenations (e.g. hydrogenation of acetophenone, vegetable 

oils, free fatty acids and their derivatives) [1, 11, 78-82]. In addition, the catalytic 

syntheses involving enzymes in scCO2 has also been successfully demonstrated (e.g. fatty 

acid esters synthesis (Scheme 1.2) employing immobilized Rhizomucor miehei) [83, 84].   

The use of scCO2 for catalytic reactions is advantageous not only to reduce the use of 

hazardous conventional organic solvents, but also with respect to reactivity and selectivity 

of the reactions [72, 79, 81, 82, 84-86]. For instance, the conversion for the esterification 

of glycerol with lauric acid in scCO2 was much higher than in mesitylene [82].  Hitzler and 

Poliakoff (1997) reported high hydrogenation rates for the hydrogenation of acetophenone 

(Scheme 1.2) using 5% Pd/polysiloxane as the catalyst with cyclohexane yields of up to 95 

– 98%. The selectivity of the reaction may be tuned very effectively by the reaction 

conditions (temperature, pressure, and hydrogen concentration) [1].       

The proven enhanced reactivity for multiphase reactions is ascribed to a higher 

solubility of the (gaseous) reactant in scCO2, and the elimination of mass transfer 

resistance (e.g. H2 is miscible in CO2) [1, 72, 82, 84, 87]. 
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Scheme 1.2. An overview of the scCO2 applications in chemical synthesis, polymerization 

reactions and polymer processing [1, 11, 71, 73, 78-82, 84-86, 88]. 

 

1.3.2.2 The applications of scCO2 as a solvent for polymerization and polymer 

processing  

ScCO2 has been used (Scheme 1.2) in various polymerization reactions (e.g. 

fluoropolymers, olefin polymers, polyurethane, polycarbonate) and for polymer processing 

(e.g. chemical modifications, polymer blending, particle production, microcellular foaming 

and polymer composites) [71, 73]. DuPont has successfully commercialised the synthesis 

of fluoropolymers in scCO2 on a capacity of over 1000 tons per annum. The production of  
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foamed polyurethanes using CO2 as the blowing agent has been commercialized by Bayer 

and Crain Industries [71]. Here, the use of  large volumes of organic solvents such as a 

chlorofluorocarbon and methylene chloride as blowing agents is avoided [71].  

Many polymers swell and plasticize in the presence of CO2 as a result of an increase in 

the segmental and chain mobility [2, 73]. As a consequence, the mechanical and the 

physical properties of the polymers such as component diffusivity, viscosity, glass 

transition, melting point, compressibility, and expansion are affected [2]. Plasticization by 

CO2 facilitates mass transfer of solutes in the polymer phase which leads to enhanced 

diffusion rates, and this is highly favorable in case the overall conversion is limited by 

mass transfer [2, 88, 89]. In addition, plasticization results in a reduction of the viscosity 

which enables processing of the polymer at lower temperatures, thus reducing the 

possibility of excessive thermal degradation [73].  

ScCO2 has also found applications in biopolymer processing (chitosan, protein, starch 

and cellulose) [5, 74, 90-93]. An example is cellulose modification by Yin et al. (2007) 

[91].  

The use of scCO2 in starch processing is very limited. Examples may be found in the 

area of physical modifications, for instance the use of scCO2 as a blowing agent to prepare 

starch foams [94]. Furthermore, a number of papers focusing on extrusion technology and 

the rheology of starch under scCO2 have been published [90, 95, 96].  

The chemical modification of starch in scCO2 is limited to papers by Harris et al. 

(1999) and Holser and Shogren (2003). Harris et al. (1999) showed that the acetylation of 

high amylose starch (Hylon RTM VII, 70% amylose content) is well possible in densified 

and supercritical CO2 [5]. Holser and Shogren (2003) showed that starch succinate (max 

DS of 0.25) could be synthesized in scCO2 using alkenyl succinic anhydrides at a 

temperature of 50 
o
C and a pressure of 54 MPa  [97].  

Thus, it is clear that extensive research is required to assess the full potential of the use 

of scCO2 as a solvent for chemical starch modifications. More importantly, largely 

unexplored research themes are the i. establishment of relevant product properties and the 

identification of potential application areas, ii. development of process-product relations, 

iii. systematic studies to optimize the process conditions and development of associated 

chemical reaction engineering models for further process optimization and iv. fundamental 

insights in the interaction of scCO2 with the starch matrix [98-102] and its effects on the 

properties . 
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1.4 Thesis outline  

The objective of this thesis is to gain more insight in the potential of supercritical CO2 

as a solvent for starch modification reactions. The research includes experimental and 

modeling studies on relevant starch modification reactions using CO2 as the solvent as well 

as studies aimed to obtain fundamental knowledge on starch - CO2 interactions. The 

esterification reactions of starch with acetic anhydride (AAH) and fatty acid derivatives 

were selected as relevant model reactions and the performance of scCO2 as a solvent for 

these reactions compared to water and organic solvents was evaluated. 

Chapter 2 describes the acetylation of starch using AAH and sodium acetate (NaOAc) 

as the catalyst in sub-critical CO2. The influence of important process variables on the 

acetylation reaction and particularly the DS were explored.   

Chapter 3 describes an in-depth study on starch acetylation reaction in supercritical 

carbon dioxide using acetic anhydride as the substrate and NaOAc as the catalyst. Insights 

in the phase behavior of the AAH-CO2 mixture were obtained by parallel experiments in a 

high pressure view cell. The locus of the reaction was established by performing reactions 

with a range of particle sizes.   

In Chapter 4, a systematic study on the acetylation of starch in scCO2 with AAH and 

various alkaline base salt such as potassium carbonate, sodium carbonate, magnesium 

acetate, sodium actetate and disodium hydrogen phosphate as the catalysts at different 

process conditions (temperature, catalyst ratio and pressure window) were conducted and 

quantified with a statistical model. Relevant product properties such as viscosity and 

thermal properties were determined and compared with products made in water.  

The catalytic synthesis of fatty acid starch esters using various fatty acid derivatives as 

the substrate (methyl- and vinylesters and anhydrides) and a range of basic catalysts 

(K2CO3, NaOAc, Na2HPO4, and triethylamine (TEA)) at different process conditions is 

provided in Chapter 5. The products were characterized using contact angle measurements, 

Thermal Gravimetric Analysis (TGA), and Differential Scanning Calorimetry (DSC). 

In Chapter 6, the gelatinization behavior of starch in scCO2 is reported using in situ 

FT-IR spectroscopy and differential scanning calorimetry (DSC). The effects of pressure 

and temperature on the degree of gelatinization (DG) were quantified using a 

thermodynamic model.  

Chapter 7 describes experiments using a magnetic suspension balance (MSB) to 

determine the solubility of CO2 in potato starch and starch acetates. The swelling and 

solubility were modeled using the Sanchez-Lacombe equation of state (S-L EOS).  
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