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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].  
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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].  

 

 

 



Introduction 

7 

 

   

 

 

 

 

 

 

 

          

    

 

 

     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.  

 

 

 

 

 



Chapter 1 

8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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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Chapter 2 

Green Starch Conversions : Studies on Starch 

Acetylation in Densified CO2 

 

 

 

Abstract 

The acetylation of potato starch with acetic anhydride (AAH) and sodium acetate (NaOAc) 

as catalyst in densified CO2 was explored in a batch reactor setup. The effects of process 

variables such as pressure (6 – 9.8 MPa), temperature (40 – 90 °C), AAH to starch ratio (2 

– 5 mole/mole AGU), NaOAc to starch ratio (0.1 - 0.8 mole/mole AGU) and water content 

(1 % - 15.2 %-wt/wt) on the degree of substitution (DS), the anhydride conversion (XAAH) 

and the selectivity of the reaction (SSA) were explored. At these conditions, acetylated 

potato starch with a range of DS values (0.01 - 0.46) is accessible in densified CO2. The 

XAAH varied between 10 % - 80%, whereas the SSA is relatively low (2 % –18 %). 

Empirical models were developed to quantify the effects of the process variables on DS, 

XAAH and SSA. The temperature, water content and NaOAc to starch ratio have the highest 

effect on the DS, XAAH and SSA values. For comparison, a number of experiments were 

performed in water and the results confirm that densified CO2 is a good solvent for the 

starch acetylation reaction.  

 

Keywords:  acetylation, potato starch, starch acetate, densified CO2 
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2.1  Introduction 

The properties of native starch sources are not always sufficient for the foreseen 

applications and often physical or chemical modifications are required. Esterification of 

starch is a well known chemical modification reaction to improve the gelatinization 

temperature, thermal stability and to reduce the tendency for retrogradation [1-5]. Starch 

acetates are used in many applications. Examples are the use as thickening agents in a 

variety of food products, as sizing agents for textile (wrap sizing) and paper (surface sizing) 

and as gummed tape adhesives [3, 6-11]. For most applications, relatively low DS products 

are required (DS range from 0.01 – 0.2). Acetylated starch with DS values higher than 2 

are of interest because of possible applications as packaging material. However, the poor 

mechanical properties of the acetylated starches, such as the pronounced brittleness, still 

constitute a major shortcoming for further application of the products as packaging 

materials [12].   

Starch acetates are commonly produced in water as the solvent, by using acetic 

anhydride (AAH) as reactant and an alkaline base like NaOAc as the catalyst (Scheme 2.1). 

The starch source is activated with the base to form a starch alkoxide (ST-O
-
) which is 

more reactive than native starch (Scheme 2.1.1) [13]. Subsequently, the starch alkoxide 

will react with AAH to form the acetylated product and NaOAc (Scheme 2.1.2). An 

undesired side reaction is the hydrolysis of AAH to form acetic acid (AA) (Scheme 2.1.3).  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.1. Representative scheme of the starch acetylation reaction using AAH as 

reagent and a  basic catalyst (NaOAc).  

2 

(2.1.2) 

(2.1.3) 

(2.1.1) 
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In commercial starch acetylation processes, starch is suspended in water at 

concentrations ranging between 35 and 42% [5] and then the reagents are added with a 

given dose rate. A high water concentration is required to avoid mixing problems in the 

reactor. As a consequence, the selectivity of the reaction towards the desired starch acetate 

product (SSA) is reduced due to the simultaneous hydrolysis of AAH to AA. To improve 

the selectivity, organic solvents such as pyridine and DMSO may be used. However, these 

solvents have a much higher environmental impact than water. Hence, there is a strong 

incentive to develop green, environmentally friendly solvents for starch esterifications.  

A possible solution is the use of densified CO2. CO2 is considered to be a ‘green’ 

solvent, it is non-flammable, relatively non toxic and inert. In the supercritical state 

(critical temperature, Tc, of 31 
o
C and pressure, Pc, of 7.38 MPa), CO2 has shown to be a 

good solvent for a range of polymers, a useful processing aid for polymer processing and 

an attractive medium for chemical reactions.  Another advantage is the ease of separation 

of CO2 from the reaction mixture by a simple reduction of the pressure [14-18].  

Recently, Harris et al. (1999) showed that acetylated starch with DS values ranging 

from 0.2 – 2.4 could be synthesized in densified and supercritical CO2 [19]. High amylose 

starch (Hylon RTM VII, 70% amylose content) was used and only a limited number of 

experiments were performed with other starch sources. Furthermore, systematic studies 

covering the effects of the process conditions were not reported. Here, we report our 

research activities on the synthesis of acetylated potato starch in densified CO2. The effects 

of process variables on the reaction were determined. The experimental data were modeled 

using non-linear multivariable regression to quantify the effects of process variables on the 

DS, XAAH and SSA. These models will be valuable input for further process design and 

optimization purposes. 

 

2.2  Materials and methods 

2.2.1 Materials 

Potato starch was kindly supplied by AVEBE (The Netherlands). The water content 

was 15.2 % wt/wt as determined by drying the potato starch in a vacuum oven at 50
o
C until 

constant weight. Analytical grade acetic anhydride (AAH) and sodium acetate (NaOAc) 

were purchased from Merck (Germany). High purity CO2 (≥ 99.7% volume) and N2 (≥ 

99.9% volume) were used. All chemicals were used without further purification. 
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2.2.2 Reactor setup 

The high pressure setup consists of a double walled stirred reactor (Buchi, 500 mL), an 

oil bath with a temperature controller, a high pressure pump unit and CO2 and N2 feeding 

bottles (Fig. 2.1). The maximum reactor temperature is 250 
o
C, the maximum pressure 10 

MPa. The reactor is equipped with an overhead stirrer and a Rushton type impeller. The 

high pressure pump unit consists of a membrane pump (Lewa) with a capacity of 60 kg/hr 

at a maximum pressure of 35 MPa. To prevent cavitation in the pump, the CO2 is first 

cooled to 0 
o
C in a heat exchanger (Huber, The Netherlands). A heat exchanger with an oil 

bath is located after the pump and is used to heat the CO2 to the desired temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.1. High pressure reactor setup. 

 

2.2.3 Experimental procedure for the acetylation of starch 

2.2.3.1 Reactions in densified CO2 

Native starch (10 g, 0.062 mole AGU), AAH (2 – 5 mole/mole AGU) and NaOAc (0.1 

– 0.8 mole/mole AGU) were added to the reactor. The reactor was flushed with the N2 to 

remove traces of air. The autoclave was pressurized with CO2 and heated to the desired 

reaction temperature. If required, additional CO2 was added to reach the pre-determined 

reaction pressure (Table 2.1). After reaction, the reactor was cooled to room temperature, 

depressurized and the liquid phase was separated from the solid product. The solid product 

were further washed with water (1.5 liter), filtered and dried in a vacuum oven at 50 
o
C 
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until constant weight. The dried product was used for further analyses. The amount of 

unreacted AAH in the liquid phase was determined using gas chromatography (GC).    

 

2.2.3.2 Reactions in water 

For the starch acetylation in water, native starch (10 g, dry basis), AAH (4.35 

mole/mole AGU), and NaOAc (0.1 mole/mole AGU) were added to the reactor. 

Subsequently, water (purified by reverse osmosis, 14 mL) was added to obtain a 40% 

wt/wt starch-water suspension. After flushing with N2, the autoclave was heated to the 

desired reaction temperature. After the pre-determined reaction time (typically 1 h), the 

reactor was cooled to room temperature. Product work-up was performed using the 

procedure described above for the densified CO2 experiments.  

 

2.2.4 Analytical equipment 

The DS of the products was routinely determined using a hydrolysis method (section 

2.2.5). For comparison, the DS of some selected samples was also determined using 
1
H-

NMR on an Oxford NMR AS 400 spectrometer operated at 400 MHz. The product (25 mg) 

was dissolved in DMSO-d6 (2 g). 
1
H-NMR spectra were acquired at 60 

o
C (64 scans) using 

a relaxation time of 1.0 s.  

The composition of the liquid phase was determined using GC. A GC- HP 5890 series 

II equipped with an FID detector and a HP 5 column (length = 30 m and I.D. = 0.25 mm) 

was applied. The GC was operated at the following conditions: injector temperature 280 
o
C, 

oven temperature 100 
o
C, detector temperature 300 

o
C and an inlet pressure of 86 kPa. 

Helium was used as the carrier gas with a flow rate of 2.2 ml/min. 

Fourier Transform Infrared (FT-IR) spectra were acquired on a FT-IR (Spectrum 2000, 

Perkin-Elmer, UK) ATR (attenuated total reflectance) golden gate apparatus (Graseby-

Specac Ltd, Orpington, UK). A total of 50 scans with a resolution of 4 cm
-1

 were measured. 

The morphology of native starch and acetylated products were determined using field 

emission scanning electron microscope (FESEM) on a JEOL 6320F. 

 

2.2.5 Determination of the degree of substitution (DS) 

2.2.5.1 Hydrolysis method 

Determination of the DS by the hydrolysis method involves complete basic hydrolysis 

of the ester linkages and titration of the excess alkali with acid [8]. A powdered sample 

(0.5 g) was weighed accurately and placed in a 250 ml erlenmeyer flask with stopper. 
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Reverse osmosis water (10 ml), 0.1 N NaOH (25 ml) and a few drops of phenolphtalein 

were added. The mixture was stirred gently with a magnetic stirrer at room temperature for 

2 h. Subsequently, the excess alkali was titrated with 0.1 N (HCl) until the red color of 

phenolphtalein disappeared. The same procedure was carried out for the native starch.  The 

DS was calculated using the following equation [8, 9]:  

 

 
( )

( ) 42)xNx)V((Vmx1000

162xNxVV
DS

HCl1oM

HCl1o

−−

−
=      (2.1) 

 

where Vo is the titration volume of acid for the native starch (ml), V1 the titration volume 

of acid for the acetylated sample (ml), NHCl normality of used HCl and mM the mass of the 

acetylated sample (g). 

 

2.2.5.2  1H-NMR method 

The DS of the acetylated products was calculated by comparing the unit area of the 

acetate protons (AH-ace, at δ 1.9 – 2.1 ppm) with the unit area of the starch protons (AH-agu, 

at δ 3.6 – 5.6 ppm) using the following equation [8, 20, 21]: 

agu

ace

3A

7A
DS =         (2.2) 

where AH-ace is the area of the methyl signals and AH-agu is the area of the proton signals of 

the anhydroglucose unit. 

 

2.2.5.3  Comparison between the hydrolysis and 
1
H-NMR method 

Figure 2.2 depicts a parity plot of the DS values measured with the hydrolysis and 
1
H-

NMR method for a number of samples. Evidently, agreement is good (R
2
 of 0.98) which 

suggests that both methods may be applied for determination of the DS.  
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Figure 2.2. Parity plot for the hydrolysis and  
1
H-NMR method for DS determinations. 

 

2.2.6 Determination of total AAH conversion (XAAH) and product selectivity (SSA) 

The XAAH and SSA were calculated on the basis of the chemical composition of the 

liquid phase after reaction (GC analyses). Here, XAAH and SSA are defined as: 

 %100
n

n
%100

n

nn
X

o AAH,

reacted,AAH

o AAH,

AAHo AAH,

AAH xx =
−

=     (2.3) 

%100
n

n
S

reacted,AAH

pAAH,

SA x=        (2.4) 

 

In Eq. 2.3 and Eq. 2.4, nAAH,o is the initial moles of AAH, nAAH is the moles of unreacted 

AAH, and nAAH,p and nAAH, reacted  are the moles of acetate in the starch acetate product and 

the total moles of reacted AAH, respectively. 

 

2.3 Results and Discussion 

2.3.1  Screening experiments 

Initially, a number of screening experiments were carried at a CO2 pressure of 8 MPa, a 

temperature of 50 
o
C using NaOAc as the base (0.1 mol NaOAc /mol AGU) and acetic 

anhydride as the acetylating agent (4.35 mol AAH /mol AGU) for 1 h reaction time using 

native potato starch. After work-up, a white granular powder was obtained with a DS of 

0.15 (hydrolysis method). The XAAH and SSA values were 32 % and 11%, respectively. The 

latter value is low, meaning that most of the acetic anhydride is converted to acetic acid by 
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hydrolysis (see Scheme 2.1). This aspect is further discussed in section 2.3.2. The product 

was characterized by FT-IR and 
1
H-NMR and SEM.  

FT-IR spectra of native potato starch and an acetylated starch sample with a DS of 0.1 

are given in Figure 2.3. The major difference between both spectra is the strong absorption 

band at 1723 cm
-1 

arising from the acetyl group (C=O stretching) in the products [3, 9, 20, 

22]. Other relevant peaks are those between 3000 - 3600 cm
-1

 (O-H stretching), 2950 cm
-1 

(C-H stretching), 1609 - 1612 cm
-1

 and 1420 cm
-1

 corresponding to OH  and CH bending 

vibrations [9]. The absorption bands in the range of 900 – 1300 cm
-1

 are mainly from 

highly coupled C-O and C-C vibrational modes [23, 24].         

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. FT-IR spectra of native potato starch (a) and acetylated products with DS of 

0.1 (b). 

 

Typical 
1
H-NMR spectra of native potato starch and the product are provided in Figure 

2.4. The broad and overlapped peaks in the δ 3.2 to 5.5 ppm range are assigned to starch 

protons [8, 12]. The peak at δ 1.9 – 2.1 ppm corresponds to the methyl protons of the 

acetyl groups [8, 21, 25]. Thus, the 
1
H-NMR results confirm the presence of acetyl groups 

in the products.  
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Figure 2.4. 
1
H NMR spectra of native potato starch (a) and acetylated product with a DS 

of 0.1  (b). 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. SEM images of native potato starch (a) and the acetylated products with DS 

0.15 (b),(c). 

 

The morphology of the product was studied using SEM. Typical SEM images of 

native starch and an acetylated product with a DS of 0.15 are given in Figure 2.5. The 

morphology of the starch granules appears to be altered by the modification reaction. It 
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seems that the starch granules agglomerate upon acetylation (Figure 2.5b and 2.5(c)), a 

feature also commonly observed for acetylated starch products with a low DS value (0.1-

0.2) prepared in water  [3, 7, 9, 26]. According to Singh et al. (2004), the introduction of 

acetyl groups on the starch molecules results in an increase in intermolecular hydrogen 

bonding and leads to the fusion of starch granules [7]. 

 

2.3.2 Systematic studies  

The effects of process variables like temperature, pressure, AAH and NaOAc intakes, 

and the water content of starch on the product DS, XAAH and SSA were studied in detail by 

varying one of the variables while keeping the other variables at a constant value. The CO2 

pressure was varied between 6 and 9.8 MPa. This pressure range is of particular interest as 

most changes in physical properties (such as density and viscosity) of solvents occur near 

the critical point. A detailed overview of the experimental conditions and results are given 

in Table 2.1. The effects of the individual process variables on product DS and reaction 

parameters will be discussed in the following sections. When relevant, the product DS and 

the XAAH and SSA will be compared with reactions carried out in water instead of densified 

CO2. Similar reagent intakes and temperatures were applied for these experiments.    

 

Table 2.1. Overview of experimental results on the effect of process conditions, reagent 

intake (AAH, NaOAc) and starch water content on the DS, XAAH and SSA in densified CO2
a
. 

 

No Pressure  
(MPa) 

Temperature 
(oC) 

AAH : AGU  
(mol/mol)b 

NaOAc : AGU 
(mol/mol)c 

Water content  
(% wt/wt) 

DS XAAH 

(%)  
SSA 

(%) 

1 8 40 4.35 0.1 15.2 0.08 15 11 
2 8 50 4.35 0.1 15.2 0.15 32 11 
3 8 60 4.35 0.1 15.2 0.2 44 11 
4 8 70 4.35 0.1 15.2 0.27 53 12 
5 8 90 4.35 0.1 15.2 0.41 57 16 
6 9 40 4.35 0.1 15.2 0.07 18 9 
7 9 50 4.35 0.1 15.2 0.15 33 11 
8 9 60 4.35 0.1 15.2 0.22 44 12 
9 9 70 4.35 0.1 15.2 0.29 53 13 
10 9 90 4.35 0.1 15.2 0.39 63 14 
11 9.8 40 4.35 0.1 15.2 0.04 13 8 
12 9.8 50 4.35 0.1 15.2 0.15 32 11 
13 9.8 60 4.35 0.1 15.2 0.23 42 13 
14 9.8 70 4.35 0.1 15.2 0.24 49 11 
15 9.8 90 4.35 0.1 15.2 0.43 62 16 

16 6 50 4.35 0.1 15.2 0.14 36 9 
17 7 50 4.35 0.1 15.2 0.15 37 9 
18 8 50 4.35 0.1 15.2 0.15 32 11 
19 9 50 4.35 0.1 15.2 0.15 33 11 
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Table 2.1. (continued) 

    a. All experiments were performed at 1 h reaction time 
    b. mol ratio of acetic anhydride AAH to AGU units of starch   
   c. mol ratio of sodium acetate (NaOAc) to AGU units of starch 

    d. no catalyst use in the experiment  
 

2.3.2.1 Temperature effects on reaction performance  

With the dataset available, the effect of temperature on the DS, XAAH and SSA may be 

evaluated. The results are provided in Figures 2.6a-2.6c. As expected, the highest reaction 

rates are observed at the highest temperatures, leading to the highest DS values in the range. 

At 90
 o
C, the DS was 0.43 at a pressure of 9.8 MPa. A similar temperature dependency was 

reported by Harris et al. (1999), though these experiments were performed at higher 

pressure (17.2 MPa). Here, the DS increased from 0.08 to 1.11 when the temperature was 

raised from 90 
o
C to 115 

o
C [19]. As expected, the XAAH also increases at higher 

temperatures. The highest conversion (63 %) was observed at 90 
o
C.  Thus the AAH 

conversion is not yet complete, indicating that higher DS values are possible at longer 

reaction times.  

 

 

 

No Pressure  
(MPa) 

Temperature 
(oC) 

AAH : AGU  
(mol/mol)b 

NaOAc : AGU 
(mol/mol)c 

Water content  
(% wt/wt) 

DS XAAH 

(%)  
SSA 

(%) 

20 9.8 50 4.35 0.1 15.2 0.15 32 11 
21 6 70 4.35 0.1 15.2 0.29 53 13 
22 7 70 4.35 0.1 15.2 0.29 48 14 
23 8 70 4.35 0.1 15.2 0.27 53 12 
24 9 70 4.35 0.1 15.2 0.29 53 13 
25 9.8 70 4.35 0.1 15.2 0.24 49 11 

26 6 90 4.35 0.1 15.2 0.43 59 17 
27 7 90 4.35 0.1 15.2 0.46 58 18 
28 8 90 4.35 0.1 15.2 0.39 57 16 
29 9 90 4.35 0.1 15.2 0.39 63 14 
30 9.8 90 4.35 0.1 15.2 0.43 62 16 

31 8 50 4.35 0.1 2.5 0.01 6    4 
32 8 50 4.35 0.1 6.3 0.02 12 4 
33 8 50 4.35 0.1 9.1 0.02 17 3 
34 8 50 4.35 0.1 15.2 0.15 32 11 

35 8 50 2 0.1 15.2 0.16 80 10 
36 8 50 3 0.1 15.2 0.15 50 10 
37 8 50 4.35 0.1 15.2 0.15 32 11 
38 8 50 5 0.1 15.2 0.12 28 9 

39 8 50 4.35 0d 15.2 0.03 19 4 
40 8 50 4.35 0.1 15.2 0.15 32 11 
41 8 50 4.35 0.2 15.2 0.15 39 9 
42 8 50 4.35 0.4 15.2 0.13 39 8 
43 8 50 4.35 0.6 15.2 0.14 42 8 
44 8 50 4.35 0.8 15.2 0.14 47 7 
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Figure 2.6. The influence of temperature on DS (a), XAAH (b), and SSA (c) values at 

different pressures. Data for reactions in water are also included for comparison.  

 

The SSA values are all below 18 %, indicating that the hydrolysis reaction is favored 

over the starch acetylation reaction. The SSA increase at higher temperature (see Fig. 2.6c) 

and suggests that the rate of the desired acetylation reaction is enhanced to a larger extent 

at higher temperatures than the rate of the hydrolysis reaction. This implies that the 

activation energy for the desired acetylation reaction in densified CO2 is higher than for the 

hydrolysis reaction. 

To gain insights in the potential of densified CO2 for the acetylation reaction, a number 

of reactions were also performed in water as the solvent. Similar starch-water (40 % wt/wt), 

NaOAc (0.1 mol/mol AGU) and AAH intakes (4.35 mol/mol AGU) were applied and the 
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reactions were conducted in the experimental setup used for the high pressure experiments. 

The results are given in Table 2.2.  

 

Table 2.2. The effect of temperature on the DS, XAAH, and SSA using water as the solvent. 

T (oC) DS XAAH  (%) SSA (%) 

40 0.06 100 1 

50 0.08 100 2 

60 0.08 100 2 

70 0.08 100 2 

90 0.12 100 3 

 

The DS values as well as the SSA in water are always lower than for densified CO2, see 

Figure 2.6 for details. Furthermore, the XAAH is always quantitative. Thus, the undesired 

hydrolysis reaction occurs to a considerably higher extent in water than in densified CO2, 

leading to lower DS and SSA values.  

 

2.3.2.2  Pressure effects on reaction performance 

The pressure (6 – 9.8 MPa) has only a slight influence on DS, SSA, and XAAH values, 

see Figs. 2.7a-2.7c for details. These findings are in contrast with the results reported by 

Harris et al. (1999). A decrease in the DS from 2.3 to 1.6 was found in these studies when 

increasing the pressure from 10.3 MPa to 17.2 MPa [19].  However, considerably higher 

temperatures were applied in this study (140 
o
C), making a proper comparison 

cumbersome.  

When using supercritical solvents, large pressure effects on the reaction rates are 

expected near the critical point [15].  For instance, Savage et al. (1996) reported a 2-fold 

increase in the k-values for the reaction between maleic anhydride and isoprene when 

going from just below the critical point of CO2 to 9 MPa [15]. These trends are not 

observed for the acetylation of starch (Figure 2.7). This raises the question whether the 

supercritical state was achieved within the experimental ranges of this study. The reagents, 

particularly when present in higher amounts, can affect the critical properties of CO2 

considerably. For the system CO2 and AAH, the critical point for an AAH mole fraction 

(
2COAAH

x
−

) of 0.0972 was at 14.84 MPa and 87.12 
o
C [27], thus considerably higher than 

pure CO2. The 
2COHAA

x
−

in our experiments is in the same range (0.11 – 0.14), and it is thus 

most likely that the reactions reported here were carried out at sub-critical instead of 

supercritical conditions.   
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2.3.2.3 The effect of water intake on reaction performance  

The effect of water in the reaction mixture was studied by varying the water content of 

the native starch feed. As given in Table 2.1 (no 31-34), the DS, XAAH, and SSA values drop 

significantly at lower water content. The DS trend is in line with literature data from Harris 

et al. (1999), where a significant decrease in DS values (from 2.47 to 0.08) was found 

when lowering the water content from 15 to 2.5 % [19]. Apparently, water plays a major 

role in the reactions and has a positive effect on the rate of the desired starch acetylation 

reaction.   

To gain insights in the role of water in the reaction, the water intake was compared 

with the AAH intake and the AAH consumed in both the desired starch acetylation 

reaction and the undesired hydrolysis reaction. The data are given in Table 2.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. The influence of pressure on DS (a), XAAH (b), and SSA (c) values at different 

temperatures.   
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Table 2.3.  Reactivity of AAH for the starch acetylation and hydrolysis reaction. 

 

 

 

 

 

 

In all cases, AAH is present in excess and water is the limiting reactant. It is 

particularly evident that most of the AAH is consumed by the hydrolysis reaction and that 

the water conversion by this reaction is in all cases higher than 80 %. This implies that the 

hydrolysis reaction is much faster than the reaction of AAH with starch. Thus, on average 

less AAH is available for the reaction with starch leading to lower reaction rates for the 

desired starch acetylation reaction. In addition, the hydrolysis reaction leads to the 

formation of acetic acid (Scheme 2.1) which has a negative effect on the starch acetylation 

reaction by driving the first equilibrium step (activation of starch by the base, see Scheme 

2.1) to the left side.  

These arguments to explain the effects of water on the reaction rate of the two parallel 

reactions occurring in the system (starch acetylation and anhydride hydrolysis) are based 

on single phase kinetic arguments only. The system under study is far more complex and 

should either be regarded as a solid/scCO2 system or maybe also a solid/liquid/liquid 

system or a combination thereof. The actual state will be depending on whether the 

CO2/anhydride/acetic acid/water combination is actually in the supercritical state or present 

as separate liquid phases. Furthermore, there is indication that the reaction does not occur 

in scCO2 but in densified CO2 (vide supra). In such a multiphase system, not only the 

intrinsic kinetics of the reactions determine the selectivity but also mass transfer and 

solubility effects may play a major and even decisive role. The latter also determines the 

locus of reaction (surface or also inside particle). It is clear that the locus of the desired 

acetylation reaction of starch will take place in or at the surface of the starch particle, 

whereas the hydrolysis reaction may also take place in the liquid phase outside a starch 

particle and this further complicates the analyses.    

 

 

 

 

No Water content in 
starch source  
 (% wt/wt) 

Water 
intake  

(x 10-3 mol) 

AAH Intake  
(x 10-3 mol) 

AAH reacted 
 with water  
(x 10-3 mol) 

AAH reacted 
 with starch  
(x 10-3 mol) 

31 2.5 16.33 270 15.58 0.62 

32 6.3 37.31 270 31.17 1.23 

33 9.1 55.61 270 44.67 1.23 

34 15.2 99.31 270 77.14 9.26 
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2.3.2.4 The effect of acetic anhydride (AAH) intake on reaction performance 

The effect of the AAH intake on reaction performance was probed for 4 different AAH 

to starch ratios. The experimental results are given in Table 2.1 (no 35 – 38). Clearly, the 

DS and XAAH values decrease at a higher AAH ratio while the SSA values were almost 

constant for all cases. Apparently, a higher AAH intake does not lead to a higher reaction 

rate for the desired reaction with starch. The results can be rationalized by considering the 

higher reaction rate of the undesired hydrolysis reaction compared to the starch acetylation 

reaction in combination with the formation of acetic acid which further lowers the rate of 

the starch acetylation reaction. Again, other effects related to the multi-phase nature of the 

system cannot be excluded. 

 

2.3.2.5  The effect of catalyst intake on reaction performance 

The effect of the NaOAc intakes on DS, XAAH and SSA are shown at Table 2.1 (no 39 – 

44). The DS values are relatively constant while the SSA values tend to decrease with 

higher catalyst intake. In contrast with the DS and SSA trends, XAAH increases with higher 

catalyst intake. Apparently, the AAH hydrolysis reaction is favored at higher NaOAc ratio. 

The opposite trend is reported in literature. Harris et al. (1999) showed that the DS 

increases from 0.2 to 2.4 when the catalyst ratio increases from 0.05 to 0.2 (mol / mol 

AGU) [19].  These differences in the trends may be due to the higher catalyst intake in our 

experiments (up to 0.8 mol/mol AGU). Another possible explanation is the established 

observation that the rate of the AAH hydrolysis reaction is a function of the NaOAc intake, 

with higher NaOAc concentrations leading to higher reaction rates [28-31]. Thus, the basic 

catalyst not only affects the rate of the desired starch acetylation reaction but also the 

undesired hydrolysis reaction.  

The acetylation reaction is also occurring without the NaOAc catalyst (Table 2.1). 

However, the DS value is much lower than in the presence of NaOAc, indicating that the 

addition of a catalyst is crucial to improve the starch reactivity. These findings are in 

agreement with the work of Dicke (2004) on the acetylation of starch using acetic 

anhydride and vinyl acetate in DMSO [32]. Here acetylation was also observed in the 

absence of a catalyst, though the reactivity was lower than in the presence of the catalyst. 
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2.3.2.6 Quantification of the effects of process conditions on reaction performance 

using empirical models.  

To quantify the effects of the process variables (temperature, pressure, AAH intake, 

NaOAC intake, and starch water content) on the DS, XAAH and SSA, the experimental data 

were modelled using an expression given in Equation 2.5. All regression coefficients (bi, bii, 

and bij) and the intercept (bo) were calculated using Mathcad
®
 software package.  

             

 

 

A t-test (for statistical significance) was performed for the regression coefficients and 

the non significant terms were deleted from the model [33].  The calculated regression 

coefficients are given in Table 2.4. Empirical models with a good R
2
 and R

2
adjusted values 

(0.9 – 0.98) were obtained which imply that these models correctly describe and fit the 

experimental data.  

 

 

Table 2.4.  Regression coefficients of DS, XAAH, and SSA models. 

 

 

 

 

 

 

 

  DS XAAH SSA 

  Coefficients to Coefficients to Coefficients to 

Variable (xi) Intercept 
(bo) 

-0.298 -2.064 8.072 10.189 -1.467 1.304 

Pressure (x1) b1 -3.068 x 10-4 -0.847 -0.034 -0.762 -0.013 -0.786 

Temperature (x2) b2 6.806 x 10-3 28.702 3.134 10.741 0.132 11.712 

AAH intake (x3) b3 -0.01 -1.133 -43.946 -4.546 0.397 0.946 

NaOAc intake (x4) b4 -0.011 -0.547 53.167 4.386 -15.763 -3.343 

Water content (x5) b5 0.011 9.184 2.032 14.004 -0.627 -1.669 

x2
2 b22 - - -0.017 -8.101 - - 

x3
3 b33 - - 3.668 2.59 - - 

x4
4 b44 - - -44.206 -3.569 11.971 2.483 

x5
5 b55 - - - - 0.067 3.269 

 R2 0.97 0.98 0.91 

 R2
 adjusted 0.96 0.97 0.90 

 R2
 PRESS 0.96 0.94 0.84 

(2.5) ∑∑∑∑
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Figure 2.8. Parity plot between predicted and experimental values of  DS (a), XAAH (b) and 

SSA (c).  

 

The parity plots of the three models are given in Figure 2.8 and confirm these 

observations. Internal validation was performed using PRESS calculations [33] and 

relatively high R
2

PRESS values (0.84 – 0.96) were observed, indicative for good predictive 

capability of the models. 

 

 

 

 

 

 

 

 

(a) (b) 

(c) 
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Figure 2.9. Optimisation studies using the empirical model on DS (a), XAAH (b), and SSA 

(c). (Data for DS and XAAH: 8 MPa, 0.1 mol NaOAc/mol AGU, and 4.35 mol/molAGU. 

For SSA  8 MPa, 4.35 mol AAH/mol AGU and 15.2 % water intake). 

 

Temperature and water content have the most significant effect on the DS and XAAH 

values of the product (based on the to values), while the NaOAc ratio and temperature have 

the highest influence on the SSA.  It is clearly shown by all models that pressure only has a 

limited effect on DS, XAAH and SSA values. Figs. 2.9a-2.9c illustrate the model predictions 

of the effects of various process parameters on the DS, XAAH and SSA using the empirical 

models. The highest DS (0.43) and XAAH (67 %) values are obtained at the highest 

temperature in the range (90 
o
C) and highest initial water content of the starch (15.2 %). 

The highest SSA value (15 %) is obtained at a low NaOAc ratio (0.1 mol/ mol AGU) and 

highest temperature (90 
o
C). These models may be applied to determine the process 

conditions to obtain a product with a pre-defined DS value at the highest XAAH values. 

 

(a) (b) 

(c) 
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2.4  Conclusions 

In this work, the starch acetylation reaction with AAH as the reagent and NaOAc as the 

base catalyst using densified CO2 as the solvent was investigated. Acetylated potato 

starches with a range of DS (0.01 - 0.46) values could be obtained. The effects of process 

variables on the acetylation reaction was examined and quantified with empirical models. 

Temperature, water content and NaOAc ratio were shown to have the largest influence on 

the DS, XAAH and SSA values while the influence of pressure within the observed pressure 

window (6 – 9.8 MPa) is rather limited. This study shows the potential of densified CO2 as 

the solvent for starch modifications and particularly for starch acetate synthesis. We are 

currently conducting an in-depth study with higher CO2 pressures (above 150 MPa) on the 

starch acetylation reaction. These results will be provided in the upcoming papers.  
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Chapter 3 

Insights in Starch Acetylation Reactions in Sub- 

and Supercritical Carbon Dioxide 

 

 

 

 

 

Abstract 

An in-depth study on the acetylation of starch with acetic anhydride (AAH) and sodium 

acetate (NaOAc) as the catalyst in pressurised carbon dioxide (scCO2) in a broad pressure 

range (8 - 25 MPa) and a temperature of 90 
o
C is provided. Highest degrees of substitution 

(0.29) were found near the critical point of the mixture (15 MPa). The phase behavior of 

the system CO2, starch and acetic anhydride (AAH) was studied in a high pressure view 

cell. The critical points were a clear function of the temperature and increased from the 

range of 9.4 – 10 MPa to 14.5 – 14.8 MPa when going from 50 to 90 
o
C (AAH mole 

fraction at the critical point in the range of 0.08 - 0.09). Acetylation experiments with a 

range of starch particles sizes showed a clear relation between the DS and the particle size. 

 

Keywords:  acetylation, potato starch, starch acetate, phase behavior, supercritical CO2 
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3.1 Introduction 

Starch esterification constitutes one of the most important modification reactions in the 

starch industry together with etherification and cross linking [1]. Among all starch esters, 

acetylated ones are most commercially produced [1] and used in many applications due to 

their favorable product properties compared to native starch. Examples are the use as 

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

and paper (surface sizing) industry as well as gummed tape adhesives [2].  

Starch-acetates are typically prepared by reacting native starch with an acetate source 

like acetic anhydride (AAH) in water (Scheme 3.1). Selectivity is a key issue and 

considerable amounts of acetic acid (AA) may be produced by the simultaneous hydrolysis 

reaction of the anhydride with water (Scheme 3.1). Another disadvantage is the high costs 

of water removal after reaction in the work-up/drying section of the process. 

  

 

 

 

 

 

 

 

Scheme 3.1. Representative scheme of starch acetylation reaction using AAH as the 

reagent (for the sake of brevity only hydroxyl group substitution on position C-6 is shown).  

 

To improve the selectivity, organic solvents such as pyridine and dimethylsulfoxide 

(DMSO) are used [3]. However, these solvents have a much higher environmental impact 

than water. Hence, there is a strong incentive to develop green, environmentally friendly 

solvents for starch modification reactions.  

 Supercritical CO2 has shown to be an excellent solvent and processing aid for polymer 

processing [4, 5]. Supercritical CO2 (scCO2) is considered to be ‘green’, it is non-

flammable, relatively non-toxic and inert. Another advantage is the ease of separation from 

the (reacting) system by simple depressurization [6-8]. Furthermore, supercritical 

conditions are not very extreme (Tc = 31
o
C, Pc = 7.38 MPa) which simplifies experimental 

studies on lab scale and subsequent industrial processing. As such, supercritical CO2 could 

be an excellent solvent for chemical and physical modifications of starch [4, 9]. However, 
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remarkable little is known about starch modification reactions in supercritical CO2 [4, 9]. 

We have recently performed exploratory studies on the synthesis of starch acetate in 

densified CO2 at relatively low pressures (< 9.8 MPa) and a limited pressure effect was 

observed [10]. 

The aim of the present work is to investigate the influence of pressure on the 

acetylation reaction of starch in scCO2 in a broader pressure window (8 MPa - 25 MPa) 

including supercritical mixture conditions. In addition, studies on the phase behavior of the 

system were performed in a high pressure view cell and the locus of reaction was 

established by performing acetylation reactions with a range of starch particle sizes.  

  

3.2 Materials and Methods 

3.2.1 Materials 

Potato starch was kindly supplied by AVEBE (The Netherlands). The water content 

was determined by drying the potato starch in a vacuum oven at 50 
o
C until constant 

weight and was found to be 16.2 % wt/wt.  Analytical grade acetic anhydride and sodium 

acetate were purchased from Merck (Germany). Dimethyl sulfoxide-d6 (DMSO-d6) was 

obtained from Aldrich. All chemicals were used as received without further purification. 

High purity CO2 ( ≥ 99.7% volume) and N2 ( ≥ 99.9% volume) were purchased from 

Hoekloos (The Netherlands).  

 

3.2.2 Experimental set-ups 

The high pressure reactor setup consists of a stirred batch reactor (Parr Instrument), an 

electrical heating element with temperature controller, a high pressure pump unit, and CO2 

and N2 storage bottles (see Fig. 3.1a). The reactor has a capacity of 100 ml and may be 

operated in a temperature range from -10 
o
C to 350 

o
C and a maximum pressure of 35 MPa.  

The CO2 was supplied to the reactor using a membrane pump (Lewa) with a capacity 

of 60 kg/hr at a maximum pressure of 35 MPa. To prevent cavitation in the pump, the CO2 

is first cooled to 0 
o
C in a heat exchanger (Huber, The Netherlands). After pressurizing, a 

second heat exchanger with hot-oil is used to heat the CO2 to the desired temperature. 
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(a) 

 

 

 

 

 

 

    (b) 

 

 

 

 

Figure 3.1. Schematic drawing of high pressure reactor set up (a) and high pressure view 

cell (b) 

 

A high pressure view cell (Fig. 3.1b.) was used to determine the phase behavior of the 

system. It consists of a high pressure stirred view cell (NWA GmbH, Lorrach, Germany), 

equipped with a turbine type impeller, two stainless steel cartridge heaters (Firerod, 

WATLOW, Missouri, USA), a PID thermal controller (Eurotherm Controls Inc, Virginia, 

USA), a Bourdon type manometer (MQ1, OMET S.R.L., Milano, Italy), and a high 

pressure pump (NWA GmbH, Lorrach, Germany). The overall accuracy of the temperature 

and pressure measurements was estimated to be within ± 0.3 
o
C and ± 0.06 MPa, 

respectively. The cell has a capacity of 60 ml and may be operated at a maximum pressure 

of 75 MPa and a maximum temperature of  200 
o
C. 
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3.2.3  Experimental Procedure  

3.2.3.1 Starch acetylation reactions in scCO2 

Potato starch was acetylated in the high pressure set-up by reacting native potato starch 

with AAH and an alkaline base salt as the catalyst. Native potato starch (3.53 g), AAH 

(4.35 mol/mol AGU), and the NaOAc (0.1 mol/mol AGU) were charged to the reactor. The 

reactor was flushed with N2 to remove traces of air. Next, the autoclave was pressurized 

with CO2 and heated till the desired temperature. CO2 was added to increase the pressure to 

the desired level. The reaction was performed at a stirring rate of 1750 rpm. After reaction, 

the reactor was cooled to room temperature, depressurized and the solid products were 

separated from the liquid phase using a syringe. The solid product was washed several 

times with water (approximately 1.5 liter) to remove acetic acid and unreacted acetic 

anhydride, filtered, and dried in a vacuum oven (5 mbar) at 50
o
C until constant weight. The 

products were collected for further analyses. The amount of unreacted AAH in the liquid 

phase after reaction was determined using gas chromatography (GC).   

 

3.2.3.2 Phase behavior studies 

Phase behavior studies were carried out in the high pressure view cell. The molar ratio 

of AAH - starch – CO2 was similar as in the acetylation experiments in the high pressure 

batch reactor. Native starch (1.7 g) was first charged in the view cell followed by the pre-

determined amount of liquid acetic anhydride (4.35 mol/molAGU). The view cell was 

heated to the desired temperature and CO2 was added to reach the pre-determined pressure 

value. The critical point of the mixture was visually determined as the point at which the 

biphasic AAH-CO2 mixtures became a single (supercritical) phase. For confirmation, the 

cell was subsequently pressurized with CO2 to a value approximately 10 MPa higher than 

the critical point. Then, the cell was carefully depressurized and the pressure at which the 

supercritical state changed to a biphasic state was again recorded. The critical points as 

determined by both measurements were equal within 0.04 MPa, confirming that 

thermodynamic equilibrium was indeed achieved. The AAH mole fraction (yAAH) at the 

critical point was calculated using the following equation: 

  
)nCO(n

n
y

o2,o AAH,

o AAH,

AAH
+

=          (3.1) 
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In Eq. 3.1 nAAH,o is the initial moles of AAH, 2,0nCO  is the molar intake of CO2 at a 

given pressure and temperature. Inhere, it is assumed that adsorption of both CO2 and 

AAH in the starch is limited compared to the intake. To determine the molar intake of CO2, 

the density needs to be known at different pressures and temperatures. These values were 

obtained from the Span and Wagner EOS [11-14].   

 

3.2.4 Analytical equipment 

The product DS was determined using 
1
H-NMR measurements performed on an 

Oxford NMR AS 400 spectrometer operating at 400 MHz. The products (25 mg) were 

dissolved in DMSO-d6 (2 g). The spectra were measured at 60 
o
C with 64 scans. 

The chemical composition of the liquid phase after reaction was determined using a gas 

chromatograph (GC)  HP 5890 series II  equipped with a FID detector and HP 5 column 

(length = 30 m and I.D. = 0.25 mm).  The GC was operated at an injector temperature of 

280 
o
C, an oven temperature of 100 

o
C, a detector temperature of 300 

o
C, and an inlet 

pressure of 86 kPa. Helium was used as the carrier gas with a flow rate of 2.2 ml/min. The 

average particle sizes of the starch samples were determined using a Sympatec Helos/BF 

laser diffraction instrument equipped with Rodos dry dispersion unit. 

 

3.2.5 Determination of the product DS 

The DS of the acetylated products was calculated by comparing the unit area of the 

acetate protons (AH-ace, at δ 1.9 – 2.1 ppm) with the unit area of the starch protons (AH-agu, 

at δ 3.6 – 5.6 ppm) using the following equation [15, 16] :  

  
agu-H

ace-H

3A

7A
DS =        (3.2) 

 

where AH-ace is the area of the methyl signals and AH-agu is the area of the proton signals of 

the anhydroglucose unit. 

 

3.2.6 Determination of total AAH conversion (XAAH) and product selectivity (SSA) 

The XAAH and SSA were calculated on the basis of the chemical composition of the 

liquid phase after reaction (GC analyses). Here, XAAH and SSA are defined as: 
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In Eq. 3.3 and Eq. 3.4, nAAH,o is the initial moles of AAH, nAAH is the moles of 

unreacted AAH, and nAAH,p and nAAH, reacted  are the moles of acetate in the starch acetate 

product and the total moles of reacted AAH, respectively. 

 

3.3 Results and Discussion 

3.3.1 Screening experiments 

A number of experiments were performed with acetic anhydride (AAH) (4.35 mol/mol 

AGU) as the reactant and NaOAc (0.1 mol/mol AGU) as the basic catalyst at various 

pressures (8-25 MPa) and two reaction times (1 and 24 h). The temperature was 

maintained at 90°C. After reaction, the product was washed thoroughly with water to 

remove un-reacted reagents and catalyst and dried at 50°C and 5 mbar till constant weight. 

After work-up, the products were obtained as white granular powders. The DS of the 

products was subsequently determined by 
1
H-NMR. 

The effect of pressure on the DS of the product for a 1 h reaction time is given in 

Figure 3.2a. The DS varies between 0.22 and 0.29. The highest DS was observed at 15 

MPa pressure.  The limited effect of pressure in the lower pressure regime (8 – 10 MPa, 

Fig 3.2) is in agreement with recent work from our group on the acetylation of starch in the 

subcritical pressure regime [10]. Pressure effects seem to be more important at relatively 

higher pressure values (> 10 MPa) and actually show a maximum in this high pressure 

regime. Based on literature precedents for a wide variety of chemical reactions in 

supercritical CO2, the highest reaction rates and thus highest DS are expected close to the 

supercritical point of the reaction mixture [8, 17-19]. This indicates that the supercritical 

state of the reaction mixture is likely attained at about 15 MPa pressure. Further 

confirmation for this statement comes from phase behavior measurements in the high 

pressure view cell (vide infra). 
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Figure 3.2. The effect of pressure on the DS (a), SSA (b) and XAAH (c) for 1 h reaction 

times at 90°C.  

 

The XAAH varies between 44 and 57%, an indication that a reaction time of 1 h is not 

yet sufficient to achieve full AAH conversion. AAH conversion is highest at the lowest 

pressures. The selectivity for the starch acetylation reaction (SSA) varies between 10 and 

14%, implying that the hydrolysis reaction is dominant (Figure 3.2b). The SSA is highest at 

15 MPa, and coincides with the highest DS value in the pressure range. The hydrolysis 

reaction is due to the presence of water in the starch source (16.2 wt%). It is of interest to 

determine the water conversion after 1 h by considering the known amount of AAH in the 

liquid phase (GC) after reaction and the mass balance for the system (Table 3.1). 

  

 

 

(b) (a) 

(c) 
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Table 3.1. Reactivity of AAH for the starch acetylation and hydrolysis reaction
a
. 

P 
(MPa) 

Water intake  
(x 10-3 mol) 

AAH Intake  
(x 10-3 mol) 

AAH reacted 
 with water  
(x 10-3 mol) 

AAH reacted 
 with starch  
(x 10-3 mol) 

Xwater 

(%) 

15 32.7 81 31.8 5.4 97 

20 32.7 81 32 4.2 98 
              a.Experiments at 90 oC, 1 h reaction time. 

 

It is clear that the water conversion is essentially quantitative after 1 h. Thus, it appears 

that in the initial phase (< 1 h), the predominant reaction is hydrolysis of AAH by residual 

water in the starch and that the rate for the desired acetylation reaction is considerably 

slower. 

A significant increase in the DS value was observed (Fig 3.3) when the reactions were 

performed for a prolonged time (24 h). The DS increases from 0.29 for 1 h reaction time to 

0.62 at 24 h (15 MPa), see Figures 3.2a and 3.3 for details. For the 24 h runs, there is a 

clear pressure effect as well. The DS value at 15 MPa (0.62) is considerably higher than 

that at 20 MPa (0.36), in line with the reactions for 1 h reaction time (Fig 3.2a). 

 

   

 

 

 

 

 

 

     

 

 Figure 3.3. The effect of pressure on the DS and SSA for 24 h reaction times.  

 

The XAAH value after 24 h (60%, 15 MPa and 54%, 20 MPa) is considerably higher than 

after 1 h (46% at 15 MPa and 45% at 20 MPa) (Figure not shown for brevity). However, 

the conversion is still far from quantitative. Based on the observation that all the water in 

the system is consumed by the hydrolysis reaction after 1 h (Table 3.1) and that hydrolysis 

thus is not occurring to a great extent anymore, we anticipated that the SSA would increase 

when going from 1 to 24 h reaction time. This indeed proved to be the case and the SSA at 
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24 h reaction time (24%, 15 MPa) is considerably higher than at 1 h (14%). Thus, a 

comparison between the 1 and 24 h runs indicate that the reaction between AAH and water 

is much faster than the desired acetylation reaction and that starch acetylation occurs to a 

considerable extent when all water has reacted. 

 

3.3.2 Discussion 

The system under study is complex in nature and should either be regarded as a 

solid/scCO2 system or a solid/gas/liquid system. The actual state will depend on whether 

the CO2/AAH mixture is actually in the supercritical state or present as a separate gas and 

liquid phase. In such multiphase systems, not only the intrinsic kinetics of the reactions 

determine the activity and selectivity of the desired acetylation reaction but mass transfer 

and solubility effects may play a major and even decisive role [17, 20]. The relative rate of 

chemical reaction compared to the rate of mass transfer in the starch particle determines 

the locus of reaction (mainly surface or uniformly inside the particle). The locus of the 

undesired hydrolysis reaction may be either in the liquid phase/supercritical state outside a 

starch particle or inside the starch particle and this further complicates the analyses. To 

gain insights in the locus of the reaction and the phase behavior at different temperatures 

and pressure, separate experiments in a high pressure view cell and using starch particles 

with a smaller average sizes were performed and will be presented in the following. 

 

3.3.2.1 Phase behavior of the CO2/AAH/starch mixture as a function of temperature 

and pressure 

The phase behavior of the solid starch/CO2/AAH mixtures was investigated in a high 

pressure view cell (Fig 3.1b) that enabled visual observation of the phase changes in the 

system at different pressures (4 – 25 MPa) and temperatures (50 – 90 
o
C). The system was 

studied in the absence of catalyst. The critical point of the mixtures was assessed by 

increasing the system pressure to 10 MPa higher than the supercritical state, followed by a 

gradual decrease of the pressure. In the first step (increasing the system pressure), the 

critical point was determined as the point at which the biphasic AAH-CO2 mixtures 

became a single (supercritical) state, while in the second step (decreasing the system 

pressure) the occurrence of a biphasic AAH-CO2 mixture from the single supercritical state 

was marked as the critical point of the mixtures. The critical points as determined from 

both steps should be equal in case thermodynamic equilibrium is reached after every step.  
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The observations of the phase changes in the first step are visualized in Figure 3.4 

(from 8 to 15 MPa at 90 
o
C and from 8 to 10 MPa at 50 

o
C). It is clear that the fluids 

change from a gas-liquid AAH – CO2 mixture (from 8 to 14.5 MPa) to a mono-phasic 

(supercritical) region at about 15 MPa. A further increase of the pressure to 25 MPa 

followed by a decrease in pressure results in the formation of a separate gas- and liquid 

phase at 15 MPa, a confirmation that the supercritical state is indeed achieved at about 15 

MPa. On the basis of the intakes, it may be calculated that the AAH mole fraction ( AAHy ), 

in the supercritical fluid is about 0.09 (Eq 3.1). The critical point as visually observed is in 

agreement with the literature values, where the critical point of an AAH-CO2 mixture 

( AAHy  of 0.097) at 90 
o
C was found at 14.84 MPa [21].  

 

 

 

 

 

 

                                                               

 

 

 

 

 

          

 

 

 

Figure 3.4. Phase behavior of starch-acetic anhydride-scCO2 mixtures at 90
o
C with 

pressure of 8 MPa (a) 9.8 MPa (b) 14.5 MPa (c) and 15 MPa (d) and at 50
o
C with pressure 

of  8 MPa (e) 9.4 MPa (f) 9.9 MPa(g) 10 MPa (h)   

 

A similar behavior was observed at 50 
o
C (Figure 3.4). Here, the gas-liquid mixture 

becomes a single phase at 10 MPa (Fig 3.4h) which indicates that the critical pressure of 

the mixtures is in the range from 9.4 – 10 MPa ( AAHy  of 0.08). Moreover, the critical 
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pressure of the same mixtures at a temperature of 70 
o
C ( AAHy  of 0.09, calculated using Eq 

3.1) was also determined experimentally and found in the range between 12.4 and 12.6 

MPa (figures not shown for brevity). Thus, the observations in the high pressure view cell 

clearly show that the critical conditions (P and T) for binary CO2/AAH mixtures are a 

function of temperature of the system (Table 3.2) and generally higher than those of pure 

CO2. 

 

Table 3.2. The critical region of AAH-CO2 mixtures at different temperatures  

No T 
(oC) 

Critical region  
(MPa) 

yAAH 

1 50 9.4 – 9.8 0.08 

2 70 12.4 – 12.6 0.09 

3 90 14.5 – 14.8 0.09 

 

 

3.3.2.2 Acetylation reactions using starch samples with different particle sizes 

The locus of the acetylation reaction (mainly surface or uniformly inside the starch 

particle) in scCO2 was studied by performing experiments with a range of starch particle 

sizes at two conditions (50 
o
C, 8 MPa and 90 

o
C, 15 MPa). The various particle size 

fractions were prepared by fractionation of the granular starch feed into four different size 

fractions (Table 3.3). The fraction with a particle size < 36 µm was discarded as the 

amount in a standard sieve experiment was by far too limited to perform an acetylation 

experiment. The volume based particle size distribution of each fraction was determined 

using laser diffraction combined with a theoretical model-based matrix such as Fraunhofer 

or Mie [22]. The average particle sizes were determined from the particle size distribution.  

The DS values of the products after the acetylation reaction of the four different 

particle fractions for both experimental conditions are given in Table 3.3. For both 

reactions, the DS is a clear function of the average particle size and reactions with larger 

average particle size leads to a lower DS value. This suggests that the surface area plays an 

important role during the acetylation reaction in pressurized CO2. It implies that the starch 

acetylation reaction rate under sub- and supercritical conditions is faster than mass transfer 

of the substrates/catalyst inside the starch granules [23].  Furthermore, it also emphasizes 

that the intrinsic kinetics of the chemical reaction are of less relevance for the overall 

conversion rates.  
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Table 3.3. The comparison of DS of various particle sizes at different reaction condition 
 
 
 
 
 
 

 

 

 

a. fractionated with specified sieve trays, b. determined by laser diffraction c.Experiments at 50 oC, 8 MPa , 
d.Experiments at 90 oC, 15 MPa 

 

Elegant studies by Steeneken and Woortman (2008) for the acetylation of potato starch 

using acetic anhydride in water have also shown a clear effect of the particle sizes on the 

product DS [23]. Similar results were obtained by Chen et al. (2004) for acetylated potato 

starch synthesized in water with the same reagents [24]. Thus, a limitation of the overall 

reaction rates by intra-particle mass transfer effects seems valid for both water and CO2. 

 

3.3.2.3 The effect of pressure and temperature on the starch acetylation reaction 

With the available data for the supercritical points of the mixture and the observation 

that the starch acetylation reaction is strongly intra-particle mass transfer controlled 

leading to DS gradients in any given particle, the major factors that determine the 

reactivity of the system may be discussed and rationalized. The system characteristics will 

be evaluated in the subcritical state (gas-liquid-solid system) and above the critical state 

(Scheme 3.2).  

When the system is below the critical point, it consist of a CO2 rich gas phase, a liquid 

phase of mainly AAH and solid starch particles (Scheme 3.2, left). A complicating factor is 

the presence of water in the starch granule, which may distribute between the three phases. 

Based on the high affinity of starch for water, it is assumed that most of the water resides 

in the starch particles [25, 26]. CO2 is slightly soluble in starch, and about 5-50 mg CO2/g 

starch (T = 40 – 120 
o
C) is expected to be present in the subcritical state below 8 MPa 

based on literature data [27-29]. These values were measured for the binary system 

CO2/starch and may change when AAH is present. The starch acetylation reaction takes 

place mainly on the surface of the starch particles and is limited by mass transfer of 

reactants inside the starch granule. The undesired hydrolysis reaction occurs likely inside 

the starch particle (high water concentration), though it cannot be excluded that the 

reaction takes place also in the liquid (AAH) phase. The undesired reaction between AAH 

Particle sizesa Average Particle Size (dv)
b 

Condition I c 
 

Condition II d 

(µm) (µm) DS DS 

36 - 45 43.64 0.21 0.51 

45 - 56 52.33 0.18 0.48 

56 - 63 62.55 0.18 0.46 

> 63 73.5 0.15 0.29 
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and water is much faster than the reaction between starch and AAH as it is evident from 

the low SSA values (max 11%  at a pressure of 10 MPa, 90 
o
C, see Figure 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.2. Schematic representation of the various phases for the system 

CO2/AAH/starch (left: below supercritical state; right: above critical state).  

 

In this situation, one could argue whether there is a positive effect of the presence of 

CO2 in the system. Further evidence comes from earlier studies in our group on the 

acetylation reaction at subcritical conditions and indeed showed a positive effect of CO2 

[30]. For this purpose, the reactions were carried out in CO2 and N2 under otherwise 

similar conditions (50 
o
C and a pressure of 8 MPa). The DS of the products made in CO2 

were twice that of in N2, confirming a positive effect of CO2 on the starch acetylation 

reaction. 

The positive influence of CO2 pressure is thus most probably related to higher mass 

transfer rates of AAH inside the starch particle and possibly also of the catalyst due to 

plasticization, swelling and gelatinization of the starch particle. The special role of scCO2 

on the gelatinization of starch has been reported elsewhere [31, 32].  

In the subcritical region, pressure effects are evident on the DS, XAAH and the SSA 

(Figure 3.2). When increasing the pressure in the subcritical pressure range from 8 to 15 

MPA, the DS and SSA increase and the XAAH is reduced (1 h reaction time). Thus, the rate 
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of starch acetylation is enhanced compared to the rate of the undesired hydrolysis reaction. 

It is reasonable to asssume that the rate of the fast hydrolysis reaction is reduced at higher 

pressures in the subcritical region (in line with a lower XAAH) compared to the acetylation 

reaction, leading to a lower XAAH, higher DS and SSA. At this stage, we do not have a sound 

explanation at molecular level for these experimental observations. 

In the supercritical regime (Scheme 3.2, right), the liquid AAH is miscible with the 

CO2 gas phase and forms a single supercritical phase. The DS value is highest at the 

critical point of the system and then reduces again (Figure 3.2). This is likely caused by 

compressive effects at higher pressure which lead to a reduction of the free volume in the 

starch particle [31]. Thus, contrary to the plasticizing effect, the compressive effect will 

lead to a reduction of the CO2 solubility and thus to a lower diffusion rate of the reactants 

into the starch granules (lower mass transfer rate), leading to lower DS values [31, 33].  In 

addition, the highest DS value at the critical point may be due to a higher intrinsic reaction 

rate at the critical point, as observed in the literature [8, 17-19]. The effect is rather limited 

(DS from 0.25 at 8 MPa to 0.31 at 15 MPa), which is due to the fact that the overall 

reaction rate for the starch acetylation reaction is dominated by mass transfer effects (vide 

supra). 

The XAAH is rather insensitive to the pressure above the critical point whereas the SSA is 

reduced (Figure 3.2). In the supercritical regime, the AAH outside the starch particle is 

diluted and distributes between the supercritical phase and the starch particles. Compared 

to the subcritical state, where AAH is present as a separate phase, this is expected to lead 

to a lower reactivity for particularly the fast hydrolysis reaction, independent whether the 

reaction occurs in the starch particle or outside. Indeed, experimentally the XAAH was 

found to be a function of the pressure, with a lower value in the supercritical state than in 

the subcritical state (Figure 3.2). 

The rate of the undesired reaction between AAH and water in the supercritical regime 

is, like in the subcritical state, much faster than the reaction between starch and AAH as 

evident from the low SSA values (max 0.14 at a pressure of 15 MPa, 90 
o
C, 1 h see Figure 

3.2).  

The experimental findings reported here in combination with literature data have 

provided insights in the acetylation reaction of starch in pressurised CO2. However, a full 

description of the system and quantification in the form of a chemical reaction engineering 

model is far from reality. It will require detailed information on phase composition of all 

components in both regimes, the intrinsic kinetics of the hydrolysis reaction and the 
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acetylation reaction in the relevant process window. A further complication not discussed 

here in detail is a change in the physical properties of the starch particles during the 

acetylation reaction. Acetylated starch is known to have a higher CO2 solubility [29] and 

this will lead to changes in intra-particle mass transfer rates of AAH and catalyst within the 

starch particle.      

 

3.4 Conclusions  

This paper describes an in-depth study to evaluate the effects of pressure, temperature 

and reaction time on the acetylation of starch with acetic anhydride and NaOAc as the 

catalyst in pressurized CO2. The relevant process parameters (DS, XAAH, SSA) were shown 

to be a clear function of the process variables. The DS values showed a clear pressure 

effect, indicating that pressure is a very suitable process parameter to tune the DS to the 

desired value for a given application. This is a unique feature of the CO2 system. The 

experimental results were explained qualitatively for two regimes of operation (sub-and 

supercritical). Here, it is particularly relevant to mention that the supercritical conditions 

were attained at a much higher pressures than for pure CO2 only. Furthermore, it was 

proven that the rate of the desired acetylation reaction in the starch particle is mainly 

governed by mass transfer effects and that the intrinsic kinetics are of less importance. 

Further studies using chemical reactor engineering principles will be required to quantify 

the complex interactions between mass transfer and the overall acetylation kinetics.  

 

Acknowledgements 

The authors thank Paul Hagedoorn (Pharmacy Department, University of Groningen) 

for the Laser Diffraction measurements. We also would like to thank AVEBE for 

providing the materials (potato starch, potato starch acetates) and Michael Polhuis 

(AVEBE) for stimulating discussions. Henky Muljana acknowledges the University of 

Groningen for providing an Ubbo Emmius scholarship.   

 

References 

1. J. R. Huang, H. A. Schols, R. Klaver, Z. Y. Jin, and A. G. J. Voragen, Carbohydr. 

Polym., 67, 542 (2007). 

2. N. Singh, D. Chawla, and J. Singh, Food Chem., 86, 601 (2004). 

3. Y. X. Xu, V. Miladinov, and M. A. Hanna, Cereal Chem., 81, 735 (2004). 

4. M. Yalpani, Polymer, 34, 1102 (1993). 



Insights in Starch Acetylation Reaction in Sub and Supercritical CO2 

65 

 

5. S. P. Nalawade, F. Picchioni, and L. Janssen, Prog. Polym. Sci., 31, 19 (2006). 

6. C. A. Eckert, B. L. Knutson, and P. G. Debenedetti, Nature, 383, 313 (1996). 

7. E. J. Beckman, J. Supercrit. Fluids, 28, 121 (2004). 

8. P. E. Savage, S. Gopalan, T. I. Mizan, C. J. Martino, and E. E. Brock, AIChE J., 41, 

1723 (1995). 

9. R. Harris, S. H. Jureller, J. L. Kerschner, P. T. Trzasko, and R. W. Humphreys, U.S. 

Patent, 5977348 (1999). 

10. H. Muljana, F. Picchioni, H. J. Heeres, and L. P. B. M. Janssen, International 

Symposium on Chemical Reaction Engineering 20, Kyoto, Japan, 7 - 10 September, 

2008; Kyoto, Japan, 2008; pp 26. 

11. R. Span, and W. Wagner, J. Phys. Chem. Ref. Data, 25, 1509 (1996). 

12. Y. Sato, T. Takikawa, M. Yamane, S. Takishima, and H. Masuoka, Fluid Phase 

Equilib., 194, 847 (2002). 

13. http://webbook.nist.gov/chemistry/ (28 August 2008),  

14. Z. G. Lei, H. Ohyabu, Y. Sato, H. Inomata, and R. L. Smith, J. Supercrit. Fluids, 

40, 452 (2007). 

15. L. Junistia, A. K. Sugih, R. Manurung, F. Picchioni, L. Janssen, and H. J. Heeres, 

Starch-Starke, 60, 667 (2008). 

16. M. Elomaa, T. Asplund, P. Soininen, R. Laatikainen, S. Peltonen, S. Hyvarinen, 

and A. Urtti, Carbohydr. Polym., 57, 261 (2004). 

17. M. N. da Ponte, J. Supercrit. Fluids, 47, 344 (2009). 

18. B. Wang, B. X. Han, T. Jiang, Z. F. Zhang, Y. Xie, W. J. Li, and W. Z. Wu, J. Phys. 

Chem. B, 109, 24203 (2005). 

19. H. P. Li, B. X. Han, J. Liu, L. Gao, Z. S. Hou, T. Jiang, Z. M. Liu, X. G. Zhang, 

and J. He, Chem.-Eur. J., 8, 5593 (2002). 

20. Z. Knez, C. G. Laudani, M. Habulin, and E. Reverchon, Biotechnol. Bioeng., 97, 

1366 (2007). 

21. L. Calvo, and T. W. de Loos, Fluid Phase Equilib., 244, 179 (2006). 

22. H. G. Merkus, Laser Diffraction. In Particle Size Measurements : Fundamentals, 

Practice, and Quality, Springer: (2009). 

23. P. A. M. Steeneken, and A. J. J. Woortman, Carbohydr. Res., 343, 2278 (2008). 

24. Z. H. Chen, H. A. Schols, and A. G. J. Voragen, Carbohydr. Polym., 56, 219 

(2004). 

25. P. A. Perry, and A. M. Donald, Int. J. Biol. Macromol., 28, 31 (2000). 



Chapter 3 

66 

 

26. H. R. Tang, J. Godward, and B. Hills, Carbohydr. Polym., 43, 375 (2000). 

27. T. Hoshino, K. Nakamura, and Y. Suzuki, Biosci., Biotechnol., Biochem., 57, 1670 

(1993). 

28. K. H. J. Chen, and S. S. H. Rizvi, J. Polym. Sci., Part B : Polym. Phys., 44, 607 

(2006). 

29. H. Muljana, F. Picchioni, H. J. Heeres, and L. P. B. M. Janssen, Polym. Eng. Sci., 

Submitted,   

30. H. Muljana, F. Picchioni, H. J. Heeres, and L. P. B. M. Janssen, Modification of 

starch using supercritical carbon dioxide. In University of Groningen: 2006. 

31. J. D. Francisco, and B. Sivik, J. Supercrit. Fluids, 22, 247 (2002). 

32. H. Muljana, F. Picchioni, H. J. Heeres, and L. P. B. M. Janssen, Carbohydr. Polym., 

78, 511 (2009). 

33. B. J. Briscoe, and C. T. Kelly, Polymer, 36, 3099 (1995).



 

67 

 

Chapter 4 

Process-Product Studies on Starch Acetylation 

Reactions in Pressurised Carbon Dioxide 

 

 

 

Abstract 

An in-depth study on the effect of process conditions (pressure, temperature and type of 

catalyst) on the acetylation of starch with acetic anhydride in pressurised carbon dioxide is 

described. A total of 22 experiments were performed and the experimental data were 

analysed using non-linear multivariable regression. The highest DS value (0.46) was 

obtained using K2CO3 as the catalyst at 90 
o
C, 15 MPa pressure, and a catalyst to starch 

ratio of 0.5 mol/mol anhydroglucose (AGU) units. Important product properties of the 

acetylated starch prepared in CO2 like viscosity in water and relevant thermal properties 

were determined and compared with typical products prepared in an aqueous system.  

 

 

Keywords:  acetylation, potato starch, starch acetate, supercritical CO2 
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4.1 Introduction  

Starch acetates are commercially produced on large scale and used in many 

applications due to their favorable product properties compared to native starch[1]. 

Examples are the use as thickening agents in a variety of food products, as sizing agents 

for the textile (wrap sizing) and paper (surface sizing) industry as well as gummed tape 

adhesives [2].  

The acetylation reactions are typically carried out in water, though organic solvents 

also have shown to be effective [3-6]. The reaction is catalysed by alkaline bases, well 

known examples are sodium hydroxide (NaOH), sodium acetate (NaOAc), sodium 

carbonate (Na2CO3) or disodium hydrogen phosphate (Na2HPO4). Selectivity is a key issue 

and considerable amounts of acetic acid may be produced by the simultaneous hydrolysis 

reaction of the anhydride with water.  

An attractive alternative solvent for starch modification reactions is pressurised CO2. It 

has proven to be an excellent solvent and processing aid for polymer processing [7, 8]. 

CO2 is considered to be ‘green’, it is non-flammable, relatively non- toxic and inert. 

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

depressurization [9-11]. Furthermore, when operation at supercritical conditions is required, 

these conditions are not very extreme (Tc = 31
o
C, Pc = 7.38 MPa) and simplify 

experimental studies on lab scale and subsequent industrial processing.  

Pioneering studies on the use of CO2 for starch modifications were reported by Harris 

et al. [6]. It was demonstrated that, among others, acetylation of high amylose starch 

(Hylon RTM VII, 70% amylose content) is possible in supercritical CO2 and products with 

DS values ranging from 0.2 to 2.4 could be obtained [6]. However, systematic studies for 

the acetylation reaction, particularly for potato starch, and relevant product properties are 

not reported in this patent. We have recently reported exploratory studies on the synthesis 

of starch acetate in pressurised CO2 using acetic anhydride as the reagents and sodium 

acetate as catalyst in sub- and supercritical CO2 [12]. In addition, thermodynamic 

properties of the system starch/CO2 like CO2 solubility [13] and effects of CO2 on starch 

gelatinization [14]  have been explored. 

The present work concerns process-product studies on the base catalysed acetylation of 

starch in pressurized CO2. The effects of temperature, catalyst ratio and pressure on the 

product DS, XAAH and SSA values were quantified for a broad experimental window. The 

experimental results were modeled using non-linear multivariable regression. Important 
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product properties of the acetylated starch prepared in CO2 like viscosity in water and 

relevant thermal properties were determined and compared with typical products made in 

an aqueous system.  

 

4.2 Materials and Methods 

4.2.1 Materials 

Potato starch was kindly supplied by AVEBE (The Netherlands). The water content 

was determined by drying the potato starch in a vacuum oven at 50 
o
C until constant 

weight and was found to be 16.2 % wt/wt.  The acetylated starch products prepared in 

water (DS 0.2 and DS 0.39, synthesis at room temperature)) were also supplied by AVEBE. 

Analytical grade acetic anhydride and alkaline base salt catalysts (potassium carbonate 

(K2CO3), sodium carbonate (Na2CO3), magnesium acetate (Mg(OAc)2, sodium acetate 

(NaOAc), and disodium hydrogen phosphate(Na2HPO4)) were purchased from Merck 

(Germany). Dimethyl sulfoxide-d6 (DMSO-d6) was obtained from Aldrich. All chemicals 

were used as received without further purification. High purity CO2 ( ≥ 99.7% volume) and 

N2 ( ≥ 99.9% volume) were purchased from Hoekloos (The Netherlands).  

 

4.2.2 Experimental set-ups 

The high pressure reactor setup consists of a stirred batch reactor (Parr Instrument), an 

electrical heating element with temperature controller, a high pressure pump unit, and CO2 

and N2 storage bottles (see Fig. 4.1). The reactor has a capacity of 100 ml and may be 

operated in a temperature range from -10 
o
C to 350 

o
C and a maximum pressure of 35 MPa.  

The CO2 was supplied to the reactor using a membrane pump (Lewa) with a capacity 

of 60 kg/hr at a maximum pressure of 35 MPa. To prevent cavitation in the pump, the CO2 

is first cooled to 0 
o
C in a heat exchanger (Huber, The Netherlands). After pressurizing, a 

second heat exchanger with hot-oil is used to heat the CO2 to the desired temperature. 
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Figure 4.1. Schematic drawing of high pressure reactor set up  

 

4.2.3 Experimental Section  

4.2.3.1 Starch acetylation reactions in scCO2 

Potato starch was acetylated in the high pressure set-up by reacting native potato starch 

with AAH and an alkaline base salt as the catalyst. Native potato starch (3.53 g), AAH 

(4.35 mol/mol AGU), and the salt (0.1 - 0.5 mol/mol AGU) were charged to the reactor. 

The reactor was flushed with N2 to remove traces of air. Next, the autoclave was 

pressurized with CO2 and heated till the desired temperature. CO2 was added to increase 

the pressure to the desired level. The reaction was performed at a stirring rate of 1750 rpm. 

After reaction, the reactor was cooled to room temperature and depressurized and the solid 

products were separated from the liquid phase using a syringe. The solid product was 

washed several times with water (approximately 1.5 liter) to remove acetic acid and 

unreacted acetic anhydride, filtered, and dried in a vacuum oven (5 mbar) at 50
o
C until 

constant weight. The products were collected for further analyses. The amount of 

unreacted AAH in the liquid phase after reaction was determined using gas 

chromatography (GC).   
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4.2.4 Analytical equipment 

The product DS was determined using 
1
H-NMR measurements performed on an 

Oxford NMR AS 400 spectrometer operating at 400 MHz. The products (25 mg) were 

dissolved in DMSO-d6 (2 g). The spectra were measured at 60 
o
C with 64 scans. 

The chemical composition of the liquid phase after reaction was determined using a gas 

chromatograph (GC)  HP 5890 series II  equipped with a FID detector and HP 5 column 

(length = 30 m and I.D. = 0.25 mm).  The GC was operated at an injector temperature of 

280 
o
C, an oven temperature of 100 

o
C, a detector temperature of 300 

o
C, and an inlet 

pressure of 86 kPa. Helium was used as the carrier gas with a flow rate of 2.2 ml/min. 

TGA measurements were performed on a Perkin Elmer TGA 7 Thermogravimetric 

Analyzer. The samples were heated to 900 
o
C in an inert atmosphere with a heating rate of 

10 
o
C min

-1
. DSC analyses were performed using a TA Instrument DSC 2920. About 10 

mg of sample was placed in an aluminum pan and sealed. The samples were treated in two 

heating cycles. The first heating run was performed to erase the material thermal history. 

After that, the samples were cooled to 0
o
C and then heated again to 200 

o
C (with heating / 

cooling rate of 10 
o
C/min).   

The viscosity was measured on a RVA Super 4 instrument from Newport Scientific 

Pty. Ltd, Australia. The starch suspensions (5 g of 3 % wt/wt, dry based) were placed 

inside the canister and stirred with a paddle speed of 160 rpm. The suspensions were 

heated from 30 to 95 °C (heating rate of 5 °C/min), subsequently the temperature was 

maintained at 95 °C for 6 min, cooled to 50 °C (cooling rate of 5 °C/min) and finally 

maintained at 50 °C for 10 min.  

SEM pictures were obtained using a field emission scanning electron microscope from 

JEOL (type 6320F).  

 

4.2.5 Determination of the product DS 

The DS of the acetylated products was calculated from 
1
H-NMR spectra by comparing 

the unit area of the acetate protons (AH-ace, at δ 1.9 – 2.1 ppm) with the unit area of the 

starch protons (AH-agu, at δ 3.6 – 5.6 ppm) using the following equation [15, 16] :  

  
agu-H

ace-H

3A

7A
DS =        (4.1) 
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where AH-ace is the area of the methyl signals and AH-agu is the area of the proton signals of 

the anhydroglucose unit. 

 

4.2.6 Determination of  AAH conversion (XAAH) and product selectivity (SSA) 

The acetic anhydride conversion (XAAH) and the product selectivity (SSA) were 

calculated on the basis of the chemical composition of the liquid phase after reaction (GC 

analyses). Here, XAAH and SSA are defined as: 

 %100
n

n
%100

n

nn
X

o AAH,

reacted,AAH

o AAH,

AAHo AAH,

AAH xx =
−

=     (4.2) 

 

%100x
n

n
S

reacted,AAH

p,AAH

SA
=       (4.3) 

 

In Eq. 4.2 and Eq.4.3, nAAH,o is the initial moles of AAH, nAAH is the moles of unreacted 

AAH, and nAAH,p and nAAH, reacted  are the moles of acetate in the starch acetate product and 

the total moles of reacted AAH, respectively. 

 

4.2.7 Statistical modeling 

The output variables (DS and XAAH) were modeled using non-linear multivariable 

regression (Eq. 4.4) using the 3 independent variables (temperature, pressure and catalyst 

ratio).   

   

             

Due to singularity issues in the matrix calculations, the quadratic term of catalyst ratio 

(x3
2
) was excluded from the model. All regression coefficients (bi, bii, and bij) and the 

intercept (bo) were calculated using Mathcad
®

 (Mathsoft) software. A t-test (for statistical 

significance) was performed for regression coefficient and the non significant terms were 

deleted from the model [17]. 

 

4.3 Results and Discussion 

4.3.1 Catalyst screening experiments  

A number of basic salts were screened at standard conditions (15 MPa, 90 
o
C, catalyst 

to starch ratio of 0.1 mol/mol AGU, and 1 h reaction time) to evaluate their catalytic 
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performance. After reaction, the product was washed thoroughly with water to remove 

unreacted reagents and catalyst and dried at 50°C and 5 mbar till constant weight. After 

work-up, the products were obtained as white granular powders. The DS of the products 

was subsequently determined by 
1
H-NMR. 

K2CO3 is the best catalyst in the series and gives the highest DS and SSA values (Table 

4.1). The least active catalyst is Mg(OAc)2 with the lowest DS (0.08) and SSA (0.03) values. 

The acetic anhydride conversion was far from quantitative after 1 h reaction time and was 

between 40-47% for all catalysts.  

 

     Table 4.1. Catalyst screening for the acetylation of starch in CO2 with AAH
a 

 

 

 
 

 

 

 
 

            a. Experiments at 15 MPa, 90 oC, catalyst to starch ratio of 0.1 mol/mol AGU, and 1 h reaction   time 
           b,. basicity values at  25 oC in water, were taken from Lide,  D.R. (1998) [18]  

 

To obtain insights in catalyst structure-performance relations, the DS of the product 

was related to the pKb of the catalyst in water. Although the system under study is not an 

aqueous system, the acetylation reaction takes place in the starch matrix, which, certainly 

at the beginning of the reaction, contains considerable amounts of water. The results are 

given in Figure 4.2.  

 

 

 

 

 

 

 

 

 

 

Figure 4.2. The DS as a function of the basicity (pKb) of the catalyst for the acetylation of 

starch in pressured CO2. 

No Type of catalyst 
Basicity in 

water (pKb)
b
 DS 

SSA 

(%) 

1 K2CO3 3.66 0.39 22 

2 Na2CO3 3.66 0.35 17 

3 Na2HPO4 6.79 0.16 9 

4 NaOAc 9.24 0.29 14 

5 Mg(OAc)2 9.24 0.08 4 
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It is clear that the DS decreases with the basicity of the salt. The only exception is 

NaOAc, which gives a much higher DS than expected. A reduction of the DS at lower 

basicity of the catalyst is expected on the basis of the proposed reaction mechanism 

(Scheme 4.1)  [19-21].  

The first step in the mechanism involves the deprotonation of a starch–OH group by 

the base to form the intermediate starch alkoxide (ST-O
-
) [19-21].  This starch alkoxide 

subsequently reacts with the acetic anhydride to form the desired product (starch acetate). 

According to these sequence, it is anticipated that the rate of the acetylation reaction will 

be higher when using a stronger base catalyst, in line with our experiments. At this stage it 

remains speculative why the performance of NaOAc is much better than Mg(OAc)2 as both 

salts have a similar pKb. A possible explanation is the involvement of cation effects (Mg
2+

 

versus Na
+
).  For instance, such cation effects have been reported for the reaction of starch 

with propylene oxide [20, 22].  Further research outside the scope of this paper will be 

required to evaluate cation effects for the acteylation of starch in pressurized CO2. As the 

result from this catalyst screening study,  K2CO3 was chosen as the catalyst for the 

systematic studies reported in the next paragraph. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.1. Representative scheme of the starch acetylation reaction using AAH as 

reagent and a basic catalyst. In this scheme, NaOAc is taken as an example.  

 

4.3.2 Systematic studies on the acetylation of starch in pressurised CO2 

In a subsequent systematic study, the effect of temperature (50 – 90 
o
C), pressure (8 to 

25 MPa), and catalyst to starch ratio (0.1 – 0.5 mol/ mol AGU) on the DS and XAAH were 
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determined. The other process variables like the AAH to starch ratio (4.35 mole/mole 

AGU), starch water content (16.2% wt/wt), reaction time (1 h) and type of catalyst (K2CO3) 

were kept constant for all experiments. An overview of the experimental conditions and the 

results is given in Table 4.2.  

 

Table 4.2. Overview of experiments  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a.  taken from Muljana et al. (2010) [23]  
 b. n.d. : not determined 

 

The products were obtained as white powders. Information on particle morphology 

was obtained by SEM. Pictures of the acetylated products (Fig. 4.3) show clear difference 

in appearance as a function of the DS. At intermediate DS values (DS 0.23-0.36) granular 

fusion is relevant, at higher DS values (0.62) the granular structure is lost (Fig 4.3d).   

 

 

 

 

 

 

No T 
(oC) 

P 
(MPa) 

K2CO3 : AGU 

(mol/mol) 
K2CO3 

(g) 
DS XAAH (%) Critical region  

(MPa)a 

1 50 8 0.1 0.26 0.06 19 

9.4 – 9.8 
 

2 50 10 0.1 0.26 0.08 16 

3 50 15 0.1 0.26 0.06 9 

4 50 25 0.1 0.26 0.06 14 

5 50 8 0.5 1.28 0.13 44 

6 50 10 0.5 1.28 0.23 42 

7 50 15 0.5 1.28 0.05 31 

8 50 25 0.5 1.28 0.04 17 

9 70 9 0.3 0.77 0.16 51 

12.4 - 12.6 

10 70 12.5 0.3 0.77 0.19 52 

11 70 20 0.3 0.77 0.19 47 

12 70 9 0.3 0.77 0.14 53 

13 70 12.5 0.3 0.77 0.2 56 

14 70 20 0.3 0.77 0.18 48 

15 90 8 0.1 0.26 0.23 39 

14.5 – 14.8 

16 90 10 0.1 0.26 0.29 43 

17 90 15 0.1 0.26 0.39 40 

18 90 25 0.1 0.26 0.28 39 

19 90 8 0.5 1.28 0.24 n.d.b 

20 90 10 0.5 1.28 0.42 n.d.b 

21 90 15 0.5 1.28 0.49 n.d.b 

22 90 25 0.5 1.28 0.47 n.d.b 
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Figure 4.3.  The product morphology at various DS values (DS of 0.23 (a), DS of 0.27 (b), 

DS of 0.36 (c) and DS of 0.62 (d)). 

 

The output variables (DS, XAAH and SSA) were modeled using non-linear multivariable 

regression (Equation 4.4) based on the three independent variables (temperature, pressure 

and catalyst ratio). Good results were obtained for the DS and XAAH whereas it proved not 

possible to model the SSA values properly for the given dataset. The results for the 

regression coefficients for the DS and XAAH models are given in Table 4.3.   

The R
2
 and R

2
adjusted values for both models were very satisfactorily (DS: R

2
 = 0.93, 

R
2

adjusted = 0.89, XAAH: R
2
 = 0.97, R

2
adjusted=  0.96), thus demonstrating that the models are a 

good representation of the experimental data. This was confirmed by parity plots for both 

models (Fig. 4.4). In addition, the relatively high R
2

PRESS values (0.78 – 0.87) indicate a 

good predictive capability of both models [17].  
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Table 4.3. Regression coefficients of the DS and XAAH models 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

       a. n.s. : non-significant terms according to the t-test evaluation 

 

 

 

 

 

 

 

 

 

 

     

 

 

Figure 4.4. Parity plot for the experimental and predicted values of the DS(a) and XAAH (b) 

 

The results of the analysis of variance (ANOVA) are given in Table 4.4. The very low 

P-values (7.027 x 10
-7

 for DS and 1.675 x 10
-8

 for XAAH) indicate that both models are 

statistically significant. 

 

 

 

 

 

 

Variables  DS XAAH 

Intercept bo 0.586 -0.011 

Temperature (x1) b1 -0.021 2.013 x 10
-3

 

Pressure (x2) b2 7.979 x 10
-4

 -2.833 x 10
-4

 

K2CO3 ratio (x3) b3 -0.079 -0.305 

x1
2
 b11 1.658 x 10

-4
 6.693 x 10

-6
 

x2
2
 b22 -6.322 x 10

-6
 n.s. 

x1x2 b12 1.792 x 10
-5

 0.013 

x1x3 b13 2.517 x 10
-3

 n.s. 

x2x3 b23 n.s.
a
 -1.23 x 10

-3
 

(a) (b) 
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Table 4.4. Analysis of variance of DS and XAAH models  

 

The predicted effects of the process variables on the DS and XAAH are illustrated in 

Figure 4.5. The temperature has by far the largest effect on the product DS. The DS 

increases with temperature for all pressures and catalyst intakes. The highest DS value 

(0.46) was obtained at a temperature of 90 
o
C, a pressure of 15 MPa and a catalyst to starch 

ratio of 0.5 mol K2CO3 /mol AGU.  

The effect of the pressure on the DS is considerably lower than the temperature, though 

still relevant. For all temperatures and catalyst intakes, the DS shows a clear maximum at a 

pressure of about 15 MPa. This pressure is the critical point of the mixture (Table 4.2) [23, 

24], a clear indication that the highest overall rates for the starch acetylation reaction are at 

or near the critical point of the mixture. Similar observations are known for a range of 

reactions carried out in supercritical CO2. For the system under study, the optimum 

pressure of 15 MPa is likely the results of two opposing effects, improved solubility of 

CO2 and associated higher mass transfer rates of AAH in the starch matrix when increasing 

the pressure and a compressive effect at higher pressures leading to a reduction in the free 

starch volume and lower mass transfer rates [13, 14, 23, 25-28].   

As expected on the basis of the chemistry, a higher catalyst intake leads to higher 

reaction rates and associated DS values. The shape of the curves is not affected by the 

catalyst intake (Figure 4.5a). 

When the starch acetylation reaction was the sole reaction occurring in the system, the 

shape and qualitative trends for the DS and the XAAH curves are expected to be similar. 

This is clearly not the case (Figure 4.5), and this is due to the occurrence of the competing 

AAH hydrolysis reaction with its own kinetic features (Scheme 4.1). In an earlier 

contribution, we have already shown that the hydrolysis reaction is considerably faster than 

the starch acetylation reaction and dominates the chemistry when water is present [23].  

 

DS 

 SS DF MS F P-value R
2
 values  

Model 0.36 7 0.051 25.00 7.027 x 10
-7

 R
2
 0.93 

Error 0.029 14 2.06x10
-3

   R
2
 adjusted 0.89 

Total 0.39 21    R
2
 PRESS 0.78 

XAAH 

 SS DF MS F P-value R
2
 values  

Model 0.38 6 0.064 73.91 3.53 x 10
-9
 R

2
 0.98 

Error 8.82x10
-3

 12 7.35x10
-4

   R
2
 adjusted 0.97 

Total 0.39 18    R
2
 PRESS 0.85 
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Figure 4.5. 3D visualization on  DS (a) and XAAH (b) as function of reaction temperature, 

pressure  and catalyst to starch ratio. 

 

With the models available, it is possible to tune the reaction conditions in such a way to 

obtain the product with the desired DS for the foreseen application. The temperature is the 

main parameter though it is also clearly possible to tune the DS with the pressure. This is a 

remarkable additional feature for DS optimization, which is not possible when performing 

the reaction in the classical aqueous systems. Within our experimental range of conditions, 

the highest starch acetylation rates and thus highest DS are achieved at 90 
o
C, 15 MPa and 

0.5 mol K2CO3 /mol AGU resulting in a DS of 0.46.  

 

4.3.3 Product properties 

The thermal properties of the starch acetates produced in pressurized CO2 with various 

DS values (0.29 – 0.96) were investigated. The acetylated product with the highest DS 

(0.96) in the range was not obtained in the set of experiments described above but prepared 

at a longer reaction time (24 h) with temperature of 90 
o
C, pressure of 15 MPa and K2CO3 

to starch ratio of 0.1 mol/mol AGU. The properties of the products will be compared with 

starch acetates produced in water (DS 0.29 and 0.39, supplied by AVEBE) 

The DSC results are shown in Figure 4.6. The glass transition temperature (Tg) of the 

acetylated products produced in pressurized CO2 are present between 166 and 175 °C.   

The Tg values are reduced when the DS increases, in agreement with available literature 

data [29, 30]. The introduction of acetyl groups in the starch granules reduces the strength 

of the intermolecular bonds and increases the chain mobility, leading to lower Tg value 

(a) (b) 
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[30]. Remarkably, the DSC spectrum for the product produced in water (DS 0.39) did not 

show a Tg value in the temperature range of the DSC analysis. A possible explanation is 

the difference in the temperature for the preparation of the samples (25 °C for water versus 

90 °C for pressurised CO2), which will likely have an effect on the extent of gelatinization 

and thus on the thermal history. 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

Figure 4.6. DSC measurements on various products prepared in scCO2 (DS 0.39 – 0.96) 

and in water (AVDS 0.39).  

 

Further insights in the thermal stability of the products were obtained from TGA 

measurements (Figure 4.7). The acetylated products in pressurised CO2 (DS range of 0.29 

– 0.96) show a decrease in the initial degradation temperature (258 – 260 
o
C) compared to 

native potato starch (270 
o
C). This effect is probably due to a reduction of molecular 

interactions such as hydrogen bonds in the starch chain when introducing acetyl groups [31, 

32].  

Although the initial degradation temperature of the products is reduced, the acetylated 

products prepared in pressurised CO2 show an increase in thermal stability compared to 

native potato starch as indicated by a broadening shoulder in the thermograms (Fig 4.7a). 

From the corresponding first derivatives (Fig. 4.7c), it is clear that this is related to the 

appearance of a second degradation step at a considerably higher temperature than native 

starch. As reported in the literature, the shoulder in the starch degradation peaks is likely 
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related to different degradation rates of the amylose and amylopectin regions within the 

starch particles [33].  

 

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. TGA measurements on acetylated products in scCO2 (DS 0.29 – 0.96) (a) and 

acetylated products in water (AVDS 0.29 – 0.39) (b) and their derivatives (c)  

 

 

(a) (b) 

(c) 
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The starch acetates produced in water showed a higher thermal stability compared to 

native starch (Figure 4.7b) [34]. Remarkable differences in thermal stability were observed 

for the products prepared in water and in pressurized CO2. The samples made in water only 

showed a single peak whereas two peaks were observed for pressurized CO2, particularly 

when the DS is higher than 0.29. The peak maximum for the samples made in water is 

intermediate between the two peaks observed in the samples made in pressurized CO2. The 

exact reasons for these differences in TGA results for the samples prepared in water and 

CO2, even at similar DS values, is not yet clear and needs further investigations.   

The viscosity profiles of two samples made in pressurized CO2 and two in water with a 

similar DS (0.29 amd 0.39) were determined using an RVA analysis and the results are 

shown in Figure 4.8. In all cases, the acetylated products show a significant decrease in the 

gelatinisation temperature and the viscosity of the pastes as compared with native potato 

starch (Fig 4.8) [3, 35, 36].  This is likely due to the introduction of the acetyl group 

leading to a disruption of H-bonds in the native starch (reducing the interactions between 

the individual macromolecules) and an increase in the starch hydrophobicity [3, 35, 36].   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8.  Viscosity profile of the acetylated products synthesized in  pressurized CO2 

(DS 0.29) and in water (AVDS 0.29) (a) and of the acetylated products with higher DS (DS 

- AVDS 0.39) (b).  

 

Moreover, a clear difference in the pasting behavior of the samples synthesized in 

pressurised CO2 (DS 0.29 - 0.39) with respect to the products synthesized in water (AVDS 

(a) (b) 
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0.29 – 0.39) was observed (Fig 4.8). All products made in pressurised CO2 have lower 

viscosities than those prepared in water. This is indicative for a higher extent of disruption 

of inter- and the intra-molecular hydrogen bonds between the starch chain for the products 

synthesized in pressurized CO2  [14, 25].   

 

4.4 Conclusions 

We performed an in-depth experimental study to evaluate the effect of process 

conditions and particularly the pressure on the acetylation of starch in pressurized CO2 

using a basic catalyst and AAH as the reagent. The experimental data of 22 experiments 

were modeled using a statistical approach to quantify the effects of process conditions on 

important reaction parameters like the DS and XAAH. The models predict a positive 

influence of temperature and catalyst ratio on the product DS, whereas an optimum is 

observed for the pressure. The highest DS value (0.49)  after 1 h for the acetylation 

reaction in scCO2 within our experimental conditions was obtained at a temperature of 90 

o
C, a pressure of 15 MPa, and at 0.5 mol K2CO3/mol AGU. A further increase to a DS of 

0.96 was possible by performing the reaction at 24 h instead of 1 h reaction time.  

Relevant product properties (viscosity, thermal stability) were determined and 

compared with samples prepared in water. Remarkable differences in thermal stability and 

viscosity profiles were observed between those made in water and pressurized CO2. The 

potential of the products prepared in pressurized CO2 and possible advantages compared to 

products made in water needs to be established in follow up application research.  
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Chapter 5 

Synthesis of Fatty Acid Starch Esters in 

Supercritical Carbon Dioxide 

 

 

 

 

Abstract 

This paper describes an exploratory study on the synthesis of fatty acid/potato starch esters 

using supercritical carbon dioxide (scCO2) as the solvent. The effects of process variables 

such as pressure (6 – 25 MPa), temperature (120 – 150 °C) and various basic catalysts and 

fatty acid derivatives (methyl and vinyl esters and anhydrides) on the degree of substitution 

(DS) were explored in a batch reactor set-up. Products with a broad range of DS values 

(0.01 - 0.31) were obtained, the actual values depending on process conditions, type of 

catalyst and the fatty acid reagent. The combination of K2CO3 and vinyl laurate gave the 

highest DS values (DS = 0.31 at 150 
o
C, 8 MPa). The introduction of the fatty acid chains 

has a profound effect on product properties like hydrophobicity and thermal behavior.  

 

 

Keywords:  potato starch, fatty acid starch esters, starch laurate, supercritical CO2 
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5.1 Introduction 

In the last decade, the synthesis of fatty acid starch esters has gained considerable 

interest from many research groups. The products have potential applications not only in 

the food but also in the non-food industry [1]. Examples of non-food applications are the 

use as reactive compounds for polyurethane resins [1] and as a substitute for oil-based 

polymers especially in the packaging industry [2-5].  

Fatty acid starch esters may be synthesized by reacting starch with carboxylic acids 

(C4-C16) [5, 6], fatty acid vinyl esters (e.g. vinyl laurate, vinyl stearate) [2, 3, 7], fatty acid 

chlorides [8, 9], or fatty acid methyl esters (e.g. methyl palmitate, methyl laurate) [1, 4] as 

reactants, and basic salts such as potassium carbonate, sodium acetate, sodium dihydrogen 

phosphate, and potassium methoxide as catalysts in organic solvents such as pyridine and 

DMSO. A schematic representation of the esterification reaction of starch with various 

fatty acid derivatives is given in Scheme 5.1.  

 

 

 

 

 

 

 

 

 

 

Scheme 5.1. Starch esterification using vinyl esters (a), methyl esters (b), and 

anhydrides (c). 

 

A major drawback of the existing synthetic methodology for fatty acid starch esters is 

the use of organic solvents such as pyridine and DMSO that have a negative environmental 

impact and may limit further commercialization of the process, particularly for food 

applications. Therefore, there is a strong incentive to develop green and environmentally 

friendly solvents for the process. A possible alternative is densified carbon dioxide, 

particularly supercritical carbon dioxide (scCO2) [10]. Supercritical CO2 is considered 

‘green’, it is non-flammable, relatively non toxic and inert. Another advantage is the ease 
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of separation of product and solvent by simple depressurization [11-13]. The supercritical 

state (Tc = 31
o
C, Pc = 7.38 MPa) of CO2 is also relatively easy to achieve experimentally.  

The application of scCO2 in polymerization reactions and polymer processing steps is 

currently receiving a great deal of attention [14]. ScCO2 has shown to be a good solvent 

and processing aid for the chemical and physical modification of polysaccharides such as 

chitin, cellulose and starch [10, 15, 16]. In recent work from our group, the performance of 

scCO2 was evaluated for starch acetylation reactions. It was found that scCO2 is a good 

solvent and allows the synthesis of products with a range of degrees of substitution (DS) 

[17].  

This paper deals with an experimental study to explore the potential of scCO2 as 

solvent for the synthesis of fatty acid starch esters. In this study, various fatty acid 

vinyl/methyl esters and fatty acid anhydrides were tested to examine their reactivity in 

scCO2. Furthermore, the effect of pressure (6 – 25 MPa), temperature (120 – 150 
o
C) and 

different basic catalysts on the (DS) was investigated. Important product properties were 

determined using contact angle measurements, Thermal Gravimetry Analysis (TGA), and 

Differential Scanning Calorimetry (DSC). 

 

5.2 Materials and Methods 

5.2.1 Materials 

Potato starch was kindly supplied by AVEBE (The Netherlands). The water content 

was determined by drying the potato starch in a vacuum oven at 50 
o
C until constant 

weight and was found to be 16.2 % wt/wt. Pure potato amylose and amylopectin were 

obtained from Sigma. Analytical grade vinyl laurate and vinyl stearate were purchased 

from Fluka (Germany) and Aldrich (Japan), respectively. Analytical grade methyl laurate, 

methyl caprylate, butyric anhydride, and technical grade methyl oleate were purchased 

from Aldrich (Germany). Analytical grade stearic anhydride was obtained from Fisher 

Scientific (England). Analytical grade salt catalysts (potassium carbonate, sodium acetate, 

disodium hydrogen phosphate) and triethylamine (TEA) were purchased from Merck 

(Germany). Dimethyl sulfoxide-d6 (DMSO-d6) and trifluoroacetic acid-d1 (TFA-d1) were 

obtained from Aldrich. Technical grade methanol was purchased from Chemproha (The 

Netherlands). All chemicals were used as received without further purification. High purity 

CO2 ( ≥ 99.7% volume) and N2 ( ≥ 99.9% volume) were purchased from Hoekloos (The 

Netherlands).  
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5.2.2 Experimental set-up 

The high pressure reactor setup consists of a stirred reactor (Parr Instrument), an 

electrical heating element with temperature controller, a high pressure pump unit, and CO2 

and N2 storage bottles (Fig. 5.1). The reactor has a capacity of 100 ml and may be operated 

with a temperature range from -10 
o
C to 350

o
C and a maximum pressure of 35 MPa.  

The CO2 is introduced to the reactor using a membrane pump (Lewa) with a capacity 

of 60 kg/hr at maximum pressure of 35 MPa. To prevent cavitation in the pump, CO2 is 

first cooled down to 0 
o
C in a heat exchanger (Huber, The Netherlands). After pressurizing, 

a heat exchanger using hot-oil is used to heat the CO2 to the desired temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

        Figure 5.1. Schematic representation of the high pressure reactor set up.  

 

5.2.3 Experimental Procedure 

The fatty acid starch esters were prepared by reacting native potato starch with a fatty 

acid vinyl or methyl esters or a fatty acid anhydride, using an alkaline base salt as the 

catalyst. Native potato starch (3.53 g), the fatty acid derivative (3 mol/mol anhydroglucose 

unit (AGU)), and the basic salt (0.1 mol/mol AGU) were charged to the batch reactor. The 

reactor was flushed with N2 to remove traces of air. Next, the autoclave was pressurized 

with CO2 and heated till the desired temperature. CO2 was added to increase the pressure to 

the desired level. After reaction, the reactor was cooled down to room temperature, 

depressurized. The solid product was separated from the liquid phase, washed several 

times with methanol (approximately 0.5 liter) according to a published procedure [2], 

filtered, and dried in a vacuum oven (5 mbar) at 70
o
C until constant weight.  
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5.2.4 Analytical equipment 

The DS of the product was determined using 
1
H-NMR on an Oxford NMR AS 400 

spectrometer operating at 400 MHz. NMR spectra were recorded (64 scans) in DMSO-d6 

or when necessary in DMSO-d6 with a small drop of TFA-d1 to improve solubility [8, 18]. 

TGA measurements were performed on a Perkin Elmer TGA 7 Thermogravimetric 

Analyzer. The samples were heated to 900 
o
C in an inert atmosphere at a heating rate of 10 

o
C min

-1
. DSC analyses were performed using a TA Instrument DSC 2920. The samples 

(about 10 mg) were placed in sealed aluminum cups. After a first heating run from room 

temperature to 200 
o
C to erase the thermal history of the material, each sample was cooled 

to 0 
o
C and then heated again to 200 

o
C (heating rate 10 

o
C/min).  

Water contact-angle measurements were carried out by the sessile drop method (at 20 

o
C) using a custom-built microscope-goniometer system. The starch ester films were 

prepared according to a literature procedure [19]. A drop (1.5 µl) of milli-Q pore water was 

placed on a freshly prepared film using a precision micro-syringe (Hamilton) and after 30 s, 

the contact angle was measured at least at six different places on the film. The reported 

values are the average of the independent measurements. 

 

 

5.2.5 Determination of the DS of the products 

The DS was calculated from 
1
H-NMR spectra of the products (Eq 5.1) by comparing 

the area of the peaks corresponding with protons attached to the fatty acid carbon atoms (at 

δ 0.8 – 1.8 ppm) (Table 5.1) to the unit area of the starch protons (at δ 3.6 – 5.6 ppm) [2]. 

For some products, a correction was made for the unit area of the starch protons due to 

peak overlap with the olefinic H-atoms of the fatty acid chains (δ 5.1 – 5.6 ppm) (Eq 5.3). 

 

            

 

 

 

 

 

In these equations AH-fatty is the area of the fatty acid proton signals calculated from the 

peak intensity in the range δ 0.8 – 1.8 ppm, AH-agu is the area of the proton signals of the 

(5.1) 

(5.2) 

(5.3) 
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anhydroglucose unit, n is the amount of protons in the fatty acid side chain in the range δ 

0.8 – 1.8 ppm, and y is the amount of fatty acid protons that overlap with peaks of the 

starch protons (δ 5.1 – 5.6 ppm). The values of n and y for the various fatty acid chains are 

given in Table 5.1. 

 

Table 5.1. Values of n and y used for the DS calculations  

 

 

 

 

 

 

 

 

5.3 Results and Discussion 

5.3.1 Exploratory experiments 

A number of preliminary experiments were carried out to investigate whether starch 

modification with fatty acid derivatives is indeed possible in scCO2. The exploratory 

experiments were performed with vinyl laurate (3 mol/mol AGU) as the reactant and 

K2CO3 (0.1 mol/mol AGU) as the basic catalyst at various pressures and temperatures for 

18 hours. After reaction, the product was washed thoroughly with methanol to remove 

unreacted reagents and catalyst and dried (70°C and 5 mbar) till constant weight. Reaction 

at a pressure of 15 MPa and a temperature of 140 
o
C gave a yellowish granular product 

with DS of 0.02. At higher temperature (150 
o
C) a yellowish/brown viscous paste was 

obtained with a higher DS value (0.26).  

            

5.3.2 Product characterization 

5.3.2.1 FT-IR analyses 

The presence of fatty ester groups in the products was verified by FT-IR. Figure 5.2 

shows the FT-IR spectra of native potato starch (Fig. 5.2a) and a starch laurate product 

with a DS of 0.02 (Fig 5.2b). In both spectra, the peaks between 3000 - 3600 cm
-1

 and 

2950 cm
-1 

are assigned to OH and C-H stretching modes, the peaks at 1650 cm
-1

 and 1420 

cm
-1

 to OH  and C-H bending modes [20] and the absorption bands in the range of 900 – 

1300 cm
-1

 from highly coupled C-O and C-C vibrational modes [21, 22].   

Clear differences between both spectra can be seen in the range of 2850 - 2920 cm
-1 

and at 1750 cm
-1

. These bands correspond to the C-H stretching vibrations of the alkyl 

Fatty acid chain n y 

Butyrate (C4) 5 0 

Caprylate (C8) 13 0 

Laurate (C12) 21 0 

Stearate (C18:0) 33 0 

Oleate (C18:1) 29 2 



Synthesis of Fatty Acids Starch Esters in Supercritical CO2 

93 

 

groups of the fatty ester chains and the C=O stretching vibrations of the carbonyl group, 

respectively [2, 20, 23-25]. These observations imply that the starch esterification reaction 

using scCO2 as the solvent was successful.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. FTIR spectra of native potato starch (a) and a starch laurate product with a DS 

of 0.02 (b). 

 

5.3.2.2 1H-NMR analyses 

Almost all of the starch laurate products are soluble in DMSO-d6 except for the 

products with a DS higher than 0.26. These products were only partially soluble in DMSO-

d6. To improve the solubility in DMSO-d6, one drop of TFA-d1 was added to the mixtures 

[8, 18].    

Figures 5.3a and 5.3b show the typical 
1
H-NMR spectra of native potato starch and the 

starch laurate product, respectively. The broad and overlapped peaks in the region δ 3.6 to 

5.6 ppm are assigned to the starch protons [2, 26]. The peaks at δ 0.8 – 2.5 ppm correspond 

to the aliphatic hydrogen atoms of the fatty acid chain [2, 26]. The absence of resonances 

in the olefinic region (δ 7 – 7.2 ppm) indicates that the products are free from unreacted 

vinyl laurate and that the work-up procedure involving thorough washing of the product 

with methanol was successful. 
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Figure 5.3. 
1
H-NMR spectra of native potato starch (a) and starch laurate with DS of 0.08 

(b). 

 

5.3.3 Systematic studies 

To study the effect of process conditions on the DS a number of experiments were 

performed at various pressures (8 – 25 MPa) and temperatures (120 – 150 
o
C) for 6 and 18 

hours reaction time. Furthermore, the effect of the type of fatty acid derivative 

(vinyl/methyl esters and fatty acid anhydrides) and the type of basic catalyst were explored. 

An overview of the experimental conditions and results is given in Table 5.2.  

 

Table 5.2. Overview of experiments 
a
 

 

 

 

 

No Fatty acid reagent Cn
b
 Pressure  

(MPa) 

Temperature 

(
o
C) 

t (h) 

 

Catalyst DS 

1 Vinyl laurate 12 15 120 6 K2CO3 n.d.
c
 

2 Vinyl laurate 12 15 120 18 K2CO3 0.01 

3 Vinyl laurate 12 15 150 6 K2CO3 0.05 

4 Vinyl laurate 12 15 150 18 K2CO3 0.26 
5 Vinyl laurate 12 15 150 18 TEA 0.01 

6 Vinyl laurate 12 15 150 18 Na2HPO4 0.09 
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Table 5.2.  (continued) 

 

a.All experiments were performed with a catalyst to starch ratio of 0.1 mol/mol AGU and a vinyl or methyl 
ester to starch ratio of 3 mol/mol AGU  
b. 

Number of carbon atoms in the fatty acid chain  

c. not detectable 

 

5.3.3.1 The effect of process conditions on the product DS for the esterification of 

starch with vinyl laurate 

The influence of process conditions (temperature, pressure and reaction time) on the 

product DS for the reactions of starch with vinyl laurate was probed for a range of 

conditions (Table 5.2, entries 1-19). The effect of the temperature and reaction time at a 

fixed pressure of 15 MPa is shown in Fig 5.4a. It is evident that higher temperatures and 

prolonged reaction times have a positive effect on the DS. For instance, at 150°C, the DS 

increases from 0.05 to 0.26 when going from a reaction time of 6 h to 18 h. The positive 

effect of temperature is clearly illustrated when comparing the DS at 18 h at 120 °C (DS = 

0.01) with that at 150°C (DS = 0.26). Such strong temperature effects were observed 

earlier in our group when performing starch acetylation reactions in sub-critical CO2 [17] 

and related reactions in DMSO [3].  

The effect of pressure on the DS is given in Figure 5.4b and shows a clear optimum. 

The application of pressures between 6 and 8 MPa leads to an increase in the DS. At higher 

No Fatty acid reagent Cn
b
 Pressure  

(MPa) 
Temperature 

(
o
C) 

t (h) 
 

Catalyst DS 

7 Vinyl laurate 12 15 150 18 NaOAc 0.03 

8 Vinyl laurate 12 6 140 18 K2CO3 0.08 

9 Vinyl laurate 12 8 140 18 K2CO3 0.28 
10 Vinyl laurate 12 10 140 18 K2CO3 0.03 

11 Vinyl laurate 12 15 140 18 K2CO3 0.02 

12 Vinyl laurate 12 20 140 18 K2CO3 0.01 
13 Vinyl laurate 12 25 140 18 K2CO3 0.01 

14 Vinyl laurate 12 6 150 18 K2CO3 0.18 

15 Vinyl laurate 12 8 150 18 K2CO3 0.31 

16 Vinyl laurate 12 10 150 18 K2CO3 0.28 
17 Vinyl laurate 12 15 150 18 K2CO3 0.26 

18 Vinyl laurate 12 20 150 18 K2CO3 0.15 

19 Vinyl laurate 12 25 150 18 K2CO3 0.04 
20 Methyl caprylate 8 15 150 18 K2CO3 n.d.

c
 

21 Methyl laurate 12 15 150 18 K2CO3 0.004 

22 Methyl oleate 18:1 15 150 18 K2CO3 0.003 
23 Vinyl butyrate 4 15 150 18 K2CO3 0.19 

24 Vinyl laurate 12 15 150 18 K2CO3 0.26 

25 Vinyl stearate 18:0 15 150 18 K2CO3 0.06 

26 Butyric anhydride 4 15 150 18 K2CO3 0.08 
27 Stearic anhydride 18:0 15 150 18 K2CO3 0.01 
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pressures, the DS is lowered considerably. The positive effect of pressure on the reaction at 

low pressures may be related to the plasticizing effect of scCO2 in the starch matrix [27], 

which may enhance the diffusion rate of the reactants into the starch granules, leading to 

higher DS values [28].  

A positive influence of pressure on the reaction rates may also be related to an 

increase in the kinetic constants for the chemical reactions due to an increase in the 

activation volume near the critical region of the mixtures, as reported in the literature [29]. 

However, the latter explanation likely does not hold in this case. Strong enhancements of 

the kinetic constants are expected only near the critical state of the mixture and above. It is 

very likely that at pressures below 10 MPa the reaction mixture is not yet in the 

supercritical state, as was estimated based on published data for the critical points of 

methyl laurate and CO2 mixtures [30, 31].  

The negative effect of pressure on the DS values at pressures higher than 8 MPa could 

be due to a change of the vinyl laurate distribution coefficient between the starch matrix 

and the solvent (supercritical CO2). The solubility of vinyl laurate in scCO2 is increased at 

elevated pressures [30, 31]. A higher solubility of vinyl laurate in scCO2 leads to reduction 

of the concentration of vinyl laurate at the reaction locus, i.e. in the starch matrix [32].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.The DS of starch laurate products at different temperatures (a) and pressures (b).  

 

Another possible explanation to explain the negative effect of pressure on the DS at 

values above 8 MPa is a reduction of the free volume in the starch matrix due to 

compressive effects [27]. Contrary to the plasticizing effect at low pressure, this 

(a) (b) 
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compressive effect will reduce the rate of diffusion of the reactants into the starch granules, 

thus lowering the reaction rates and leading to lower DS values. The interplay between 

plasticizing and compressive effects is likely the cause for the observed maximum DS 

value as function of pressure. 

 

5.3.3.2 Effects of the type of fatty acid derivative (esters/anhydrides) on the 

esterification reaction  

The reactivity of the three different fatty acid derivatives (methyl- and vinyl ester and 

anhydride) with various fatty acid chain lengths was compared and evaluated. The results 

are shown in Figure 5.5 and Table 5.2 (entry 20-27).  

Clearly, fatty acid vinyl esters (DS of 0.06 – 0.26) are more reactive than methyl esters 

(DS of 0.003 – 0.004) and anhydrides (DS of 0.01 – 0.08). Fatty acid methyl esters show 

the lowest reactivity among the tested fatty acid reagents.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. The effect of different types of esters reagents on the product DS 

 

The differences in the reactivity among the tested reagents are likely related to 

differences in properties of the leaving groups in the fatty acid reagents. The esterification 

of starch is expected to proceed via a nucleophilic substitution mechanism (Scheme 5.2) 

[20, 33, 34]. 
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Scheme 5.2. Proposed reaction mechanism for the starch esterification reaction. R is the 

fatty acid chain in the starch backbone. OR’
-
 is the leaving group. 

 

The nucleophilic substitution reaction involves two steps. In the first, the carbonyl 

group is reacting with the starch nucleophile (starch alkoxide, ST-O
-
, formed by the 

reaction of starch with the base), forming a tetrahedral intermediate (3). In a subsequent 

step, the OR
’
 group is eliminated and the product is formed. According to this mechanism 

[20, 33, 34] a higher reactivity is expected for better leaving groups. In this context, a 

better leaving group is a weak base, or in other words, the conjugate base of a strong acid 

[35, 36]. Indeed, the experimental results agree with this reaction mechanism. The leaving 

group when using a fatty acid anhydride (butyrate) is the base of the strongest acid in the 

range and indeed gives a higher reactivity than the fatty acid methyl esters (Table 5.3).  

 

Table 5.3. The pKa values of the leaving group of the fatty acid esters/anhydrides 

Data taken from : a. Lide (1998) [37] 
                             b.Kanicky and Shah (2002) [38] 
                             c.Bruice (2004) [35] 
                             d. not available 

Fatty acid reagent Leaving Group 
Conjugate acid of 
the leaving group pKa 

   
 

 
Butyric Acid 

(C4H8O2) 
 

Stearic Acid 
(C18H36O2) 

4.83a 
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Unfortunately, the pKa value of vinyl alcohol, being the leaving group of the fatty acid 

vinyl esters, is not available in the literature. This is not surprising as vinyl alcohol is not 

stable at ambient conditions and known to rearrange to acetaldehyde [39]. However, the 

vinyl alcohol acidity has been estimated with ab initio molecular orbital (MO) calculations 

[40] and shown to be higher than that of methanol. This suggests a higher reactivity of the 

fatty acid vinyl esters compared with fatty acid methyl esters, which is in agreement with 

the experimental results obtained in this study (see above).  

Moreover, differences in the reactivity are observed not only for the different reagents 

but also for the different fatty acid chain lengths (Figure 5.5). It can be seen that the DS 

values of the products generally tend to decrease at higher carbon numbers. The only 

exception is vinyl laurate. The DS value of the starch laurate synthesized with vinyl laurate 

(DS of 0.26) is higher than that of the product made with vinyl butyrate (DS of 0.19).  

The general trend of a reduction in the reactivity at longer carbon chain for fatty acid 

derivatives has also been reported in the literature. Junistia et al (2008) published the 

synthesis of fatty esters of starch with vinyl esters (C12-C18:0) using DMSO as the solvent. 

A decrease in the DS value from 0.9 for vinyl laurate to 0.6 for vinyl stearate was observed 

[2]. The lower reactivity at longer chain length may be caused by a lower rate of diffusion 

of the longer fatty acid carbon chains into the starch matrix [2, 41].  

However, this does not explain the relatively high DS for the reaction of vinyl laurate, 

which was actually higher than for vinyl butyrate. It may be anticipated that, especially at 

higher DS values, the starch matrix becomes more hydrophobic during reaction due to the 

presence of fatty acid chains. This is expected to have a positive effect on the accessibility 

of CO2 in the matrix. Both effects will lead to higher diffusion rates of the fatty acid 

reagents in the starch matrix [27, 42] and thus lead to higher DS values [28]. This effect is 

likely more pronounced for longer fatty acid chains.  

 

5.3.3.3 Catalyst screening 

A number of catalysts were tested for the esterification reaction of starch with vinyl 

laurate. The results are shown in Fig 5.6 and Table 5.2 (entry no 4-7). It can be seen that 

K2CO3 is more active than the other basic salts. As reported in the literature, the reactivity 

of catalysts for the esterification of starch is assumed to a function of the basicity of the 

catalyst, with stronger bases (smaller pKb value) leading to higher activity [3]. Our data are 

in agreement with these findings, except for TEA. Despite its high pKb value, the catalytic 

activity of TEA is very low.  
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Figure 5.6. The influence of different catalyst on DS for the reaction of vinyl laurate with 

starch. 

 

This may be the result of a different reaction mechanism for the TEA catalysed 

reaction [19, 35]. In this case, vinyl laurate is not the actual reagent but an amine-lauric 

acid complex, formed by a nucleophilic attack of TEA on the carbonyl group of vinyl 

laurate (1) (Scheme 5.3) [19, 35]. The amine-lauric acid complex reacts with the 

deprotonated starch alcohol group with the formation of a tetrahedral intermediate 

(Scheme 5.2). As TEA (pKb 3.25) is a strong base and thus a relatively poor leaving group, 

the elimination from the intermediate tetrahedral complex is more difficult than with 

weaker bases. This is expected to lead to a lower and thus a lower DS value, in agreement 

with the experimental results. 

 

 

 

 

 

 

Scheme 5.3. Proposed mechanism for the first step of the nucleophilic substitution reaction 

of vinyl laurate with TEA. 
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5.3.4 Product properties 

The thermal properties of the starch laurate products with various DS values (0.02 – 

0.28) were determined and the results are discussed in this section. Examples of typical 

DSC thermograms are shown in Figure 5.7a, and the results for all measurements are given 

in Table 5.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. The thermal properties of the products:  DSC results (a) TGA results (b), and 

TGA derivatives (c). 
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Changes in the transition temperatures (melting temperature (Tm) and crystallization 

temperature (Tc)) of native potato starch after the esterification were clearly observed (Fig 

5.7a). The decrease in the transition temperatures (Tm and Tc) compared with native potato 

starch suggests that the crystallinity of native potato starch is significantly reduced after the 

esterification reaction [3, 9]. This is confirmed by a lower melting enthalpy (∆Hm) and a 

lower crystallization enthalpy (∆Hc) at higher DS values (Table 5.4). 

In contrast with the trend of the enthalpy values (∆Hm, ∆Hc), the Tm (-13.7 – -13.9 
o
C) 

and Tc (1.2 – 1.8 
o
C) of the products are constant and are not influenced by the change in 

DS values [9]. The transition temperatures are not far off for those observed for pure vinyl 

laurate (Table 5.4, Tm of 5.76 
o
C and Tc of -10.72 

o
C). These findings suggest that the 

changes in the transition temperatures are mainly determined by the laurate side chains, as 

also reported in the literature [9, 43]. This assumption is further confirmed by the Tm (45.6 

o
C) and Tc (38.9 

o
C) values of starch stearate (Table 5.4) that are also close to the melting 

point of model compounds for the stearate side chain (methyl stearate, 40-42 
o
C; 

octadecane, 28-30 
o
C) [3].  

The TGA results of the starch laurate and their derivatives are shown in Fig 5.7b and 

Fig 5.7c, respectively. The thermograms of the products (DS range of 0.02 – 0.26) show a 

decrease in the initial degradation temperature (230 – 240 
o
C) compared with native potato 

starch (270 
o
C). This effect, as also observed for similar products in the literature, is 

probably due to the disintegration of the intramolecular interactions such as hydrogen 

bonds in the starch chain during the reaction [41, 44].  

Although the initial degradation temperature of the products is reduced, the overall 

thermal stability of the products are higher than native potato starch, as indicated by a 

broadening shoulder in the thermogram of our product at higher DS values (Fig 5.7b). The 

broadening shoulder is related to the appearance of two degradation steps (Fig. 5.7c) and it 

is clear that the second step (higher temperature peak in the first derivative curves) 

becomes more important at higher DS values.  

As reported in the literature, the shoulder in the starch degradation peak is related to 

different degradation rates of amylose and amylopectin in the starch (Fig 5.7c) [45]. This 

suggests that the two peaks observed in starch laurate are from amylopectin laurate (low 

temperature peak) and amylose laurate (higher temperature peak). To check this hypothesis, 

we have independently synthesized amylopectin laurate and amylose laurate (Fig 5.7c). 

These two samples were prepared at a temperature of 150 
o
C and a pressure of 15 MPa 

using K2CO3 as the basic catalyst.  
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The area of the peaks of the amylose laurate in the starch laurate sample at higher DS 

values is much larger than that of the amylopectine-laurate peaks (Figure 5.7c). This 

suggests that reaction in the amylose part of the starch is occurring at higher rates than in 

the amylopectine parts. A higher fatty acid substitution in the amylose region can be 

caused by a higher accessibility of the reactants in the amorphous phase (consisting of 

amylose) compared with that of the crystalline phase (consisting of amylopectin) [46, 47]. 

Moreover, in the presence of scCO2, the extent of plasticization in the amorphous region 

will be higher than in the crystalline phase, and thus leading to higher accessibility of vinyl 

laurate in this region as well [27]. 

 

Table 5.4. Hydrophobicity and thermal properties of the products 

No Products DS 
Contact 
angle Tc (

oC) 
∆Hc  

(J/glaurate) Tm (oC) 
∆Hm 

(J/glaurate) 

1 Starch laurate 0.28 90 ± 1.6 -13.8 36.6 1.8 41.6 

2 Starch laurate 0.26 94 ± 2.1 -13.8 55.8 1.2 57.8 

3 Starch laurate 0.15 104 ± 1.8 -13.9 53.9 1.3 56.1 

4 Starch laurate 0.03 102 ± 1.9 -13.9 46.3 1.5 37.3 

5 Starch laurate 0.02 96 ± 1.4 -14 99.8 1.5 97.8 

6 Starch laurate (6 h)a 0.05 n.m.c -13.7 217.2 1.4 230.9 

7 Starch stearate 0.06 n.m.c 38.9 66.1 45.1 64.8 

7 Amylose laurateb 0.1 n.m.c -11.5 73.9 1.1 73.5 

8 Amylopectin laurateb 0.15 n.m.c n.d.d 

9 Native potato  45 ± 2.1 n.d.d 

10 Vinyl Laurate   -10.72 164.4 5.76 166.1 
a. The experiment was performed at 15 MPa and 150oC for 6 h  
b.  The experiments were performed at the same conditions as starch experiments  
c.  not measured   
d.  not detectable 

 

Contact angle measurements were performed on native potato starch and the starch 

laurate samples with various DS (0.02 – 0.28). The results are shown in Figure 5.8 and also 

given in Table 5.4. Native potato starch had a contact angle of 45 
o
 which is in agreement 

with the reported values for native corn starch (43 
o
) [48].  

Clearly, all starch laurate products show higher contact angles (90 – 104
o
) compared to 

native potato starch (45 
o
), which is indicative for a higher hydrophobicity of the products 

compared to native starch [9, 41]. The hydrophobicity increases with the DS values and 

reaches a maximum at a DS of 0.26. The small reduction of hydrophobicity at higher DS 

values (0.26 – 0.28) is probably related to an internal plasticizing effect of the lauric chain 

on the starch matrices. This is expected to cause a reduction in the starch chain interactions, 

leading to higher starch chain mobility and ultimately to a lower surface hydrophobicity 

[49]. 
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Figure 5.8. Contact angle of native potato (a) and starch laurate films with DS of 0.02 (b), 

0.16 (c), 0.26 (d), and 0.28 (e). 

 

5.4  Conclusions 

This paper describes an exploratory study on the synthesis of fatty acid starch esters 

using different types of fatty acid reagents and catalysts in scCO2 as the solvent. The 

occurrence of chemical reaction and the presence of a chemically bound fatty acid chains 

was verified with 
1
H-NMR and FT-IR. The DS of the products is a function of the 

temperature, pressure and reaction time. Clearly, higher temperatures and longer reaction 

times lead to product with a higher DS. The effect of pressure on the DS is more complex 

and a maximum DS is observed at an intermediate pressure. The type of catalyst also 

affects the DS. More basic catalysts lead to higher DS values. Furthermore, the DS of the 

product is a function of the different fatty acid reagents and the chain length of the fatty 

esters. Vinyl laurate showed the highest reactivity and in combination with K2CO3 as the 

catalyst at a temperature of 150 
o
C and a pressure of 8 MPa, the highest DS value in this 

study (0.31) was obtained.  

45 
o
 

96 
o
 

104 
o
 

(b) 

(a) 

(c) 

94 
o
 (d) 

90 
o
 (e) 



Synthesis of Fatty Acids Starch Esters in Supercritical CO2 

105 

 

The thermal properties and the hydrophobicity of the products are different from that of 

native potato starch and depending on the product DS. This study not only demonstrates 

the potential of scCO2 as a solvent for the synthesis of fatty acid starch esters, but also 

shows the possibility of tuning the product’s DS by changing the processing parameters.     
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Chapter 6 

Supercritical Carbon Dioxide (scCO2) Induced 

Gelatinization of  Potato Starch 

 

 

 

Abstract 

The degree of gelatinization (DG) of potato starch after treatment with scCO2 was 

investigated. A broad range of experimental conditions was applied, including variations in 

temperature (50 - 90 
o
C), pressure (0.1 - 25 MPa), and the starch water content (16.2 % - 

40% wt/wt). Changes in the DG were observed by in situ FT-IR measurements, DSC and 

confirmed by the XRD analysis. The DG increases at higher temperatures and pressures. A 

maximum DG of about 14 % was achieved at the highest pressure (25 MPa) and 

temperature in the range (90 
o
C). A series of experiments under N2 presssure confirms that 

scCO2 plays a special role in the gelatinization process.  

 

Keywords:  gelatinization, potato starch, plasticizing effect, supercritical CO2 
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6.1  Introduction 

The application of supercritical carbon dioxide (scCO2) in polymerization reactions and 

polymer processing is rapidly expanding [1]. ScCO2 has also shown to be an attractive 

solvent and processing aid for the chemical and physical modification of polysaccharides 

such as chitin, cellulose and starch [2-4]. In recent work from our group, a comparison of 

scCO2 with common solvents like water for the acetylation of potato starch was carried out. 

It was found that scCO2 performs better than water with respect to the degree of 

substitution (DS) and acetic anhydrides selectivity [5].  

By using scCO2 as a solvent for starch modification reactions, changes in the physical 

structure of the starch macromolecules induced by the presence of CO2 have to be 

considered. We therefore have performed research on the starch gelatinization upon 

treatment with scCO2. Gelatinization is a term used to describe the irreversible changes 

occurring when disrupting the granular structure of starch [6]. Gelatinization is known to 

have a significant influence on the reaction rates for different starch modification processes. 

It generally induces higher starch reactivity [7, 8] by making starch more accessible for 

reagents and catalysts [9].   

A number of research papers have been published on the gelatinization of starch under 

high hydrostatic pressure (HHP). An overview is given in Table. 6.1. The main result of 

these studies is that starch gelatinization may be induced by a HHP treatment. A two step 

mechanism for pressure induced gelatinization, similar to thermal gelatinization, was 

proposed [10]. In the first step, the amorphous regions in starch are hydrated, resulting in 

swelling of the granules and subsequently leading to distortion of the crystalline regions. In 

the second step, the crystalline regions become more accessible for water. However, there 

are also some differences between pressure and temperature induced gelatinization. During 

high pressure gelatinization disintegration of the granules is less important, amylose 

solubilization is reduced, and swelling of the granules is limited (up to twice in diameter)  

[9, 11, 12].  

Pressure induced gelatinization of different starch sources has been typically followed 

by in situ Fourier Transform Infrared (FT-IR) experiments where the pressures were 

systematically varied from 0.1 MPa until 1000 MPa [10, 18]. Recently, conductivity 

measurements were applied and a linear relation between the degree of gelatinization (DG) 

and the conductivity of pressurized starch samples was found [21].   
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Table 6.1. Overview of studies on pressure induced gelatinization of various starches 

a
 n.a. : data are not available; rt = room temperature 

 

Although abundant information about high pressure effects on the gelatinization 

behavior of starch is available, information on the gelatinization effect of scCO2 is still 

lacking. To the best of our knowledge, the work of Francisco and Sivik (2002) and Liu et 

al. (2009) are the only papers describing scCO2 induced starch gelatinization. However, 

both studies were performed at high water contents (72%- 75% wt/wt) [33, 34]. Francisco 

and Sivik studied the gelatinization behavior of cassava, potato and wheat starch at three 

different pressures (0.1, 8, and 30 MPa) and various temperatures (50 – 70 
o
C). The 

authors propose that both the pressure as well as scCO2 affect the DG and it was assumed 

that scCO2 acts as a plasticizer [33]. Liu et al. (2009) evaluated the gelatinization of waxy 

corn starch at various pressures (until 10 MPa) and a temperature range from 25 to 110 
o
C 

by applying in situ DSC measurements. It was shown that the DG increases at elevated 

pressures [34]. So far, the effect of scCO2 on starch gelatinization at lower water content 

has not been investigated. This information is crucial to understand and model starch 

modification processes in scCO2 conducted at low water content. An example is the base-

Starch type 
Pressure 
(MPa) 

Temperature 
(oC)a 

Starch content 
(% wt/wt) 

References 

Potato 0 - 250 n.a. 0.4 [13] 

Wheat, potato smooth pea 0.1 - 400 n.a. 33.3 [14] 

Wheat, potato 200-1500 20 - 150  12.7 - 75.4 [15] 

Potato 800 - 1200 n.a. 78 - 98 [16] 

Barley 0.1 - 2.5 n.a. 66 - 90 [17] 
Rice, potato, corn, pea, tapioca 

and waxy 
0.1- 1200 rt n.a. [10] 

Rice 0.1- 1100 30-90 90 [18] 

Wheat 0.1 - 600 96 30 [19] 

Barley 400 -550 20 10 and 25 [20]  

Wheat , tapioca 0.1 - 530 29 5 [21] 

Wheat, tapioca and potato 300 rt 0.8 [11] 

Wheat 0.1 - 100 10 - 157 44 [22] 

Potato 600 20 10 [23] 

Potato, wheat, tapioca 0.1 - 700 10 - 70 5 [24] 

Maize 0.1 - 650 30 – 75 5 [25]  
Waxy corn, Hylon VII (high 

amylose corn) 
650 20 70 [26] 

Potato 600-1200 40 10 - 70 [27] 
Corn, wheat,potato, waxy 

corn, 
740 - 1100 22 - 25 80.4 - 86 [28] 

Rice, waxy rice 100 - 700 10 - 60 10 [29] 

Tapioca 600 30 - 80 25 [30] 
Dent corn, Hylon V , Hylon 

VII, Pea 
150 - 650 rt 30 [31] 

Dent corn, waxy corn 0 - 600 25 - 70 50 [32] 

Wheat 0.1 - 900 20 - 180 5-80 [9] 
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catalysed acetylation of starch with acetic anhydride in scCO2, where the amount of water 

is minimized to avoid the undesired hydrolysis of acetic anhydride. Moreover, a study on 

gelatinization at relatively low water contents is also interesting (and challenging) from a 

pure scientific point of view because it might help elucidating the role of scCO2 during 

gelatinization when the amount of water is the limiting factor for this physical transition.    

Therefore, the aim of the present work is to carry out an in-depth study on the 

gelatinization of potato starch in scCO2 at different pressures (from 0.1 to 25 MPa) and 

temperatures (from 50 to 90 
o
C) at relatively low water contents. A thermodynamical 

model for the DG was developed to quantify the effects of pressure and temperature. Two 

experimental methods were applied to gain insights in the influence of process conditions 

on the DG, on-line FT-IR and experiments in batch autoclaves followed by analysis of the 

samples by Differential Scanning Calorimetry (DSC), X-Ray Diffraction (XRD) and 

Scanning Electron Microscopy (SEM).  

 

6.2 Materials and Methods 

6.2.1 Materials 

The potato starch was kindly supplied by AVEBE (The Netherlands). The water 

content was 16.2 % wt/wt as determined by drying the potato starch in a vacuum oven at 

50
o
C until constant weight. High purity CO2 (≥ 99.7% volume) and N2 (≥ 99.9% volume) 

were used in the experiments.  

 

6.2.2 Apparatus 

In situ spectroscopic measurements were carried out with a FT-IR (Spectrum 2000, 

Perkin-Elmer, UK) ATR (attenuated total reflectance) golden gate apparatus (Graseby-

Specac Ltd, Orpington, UK) equipped with a high pressure unit. The high pressure unit 

consists of a CO2 cylinder, a high pressure syringe pump (ISCO, USA), a high pressure 

cell (volume of 1 mm
3
), and valves. This set up was previously used in our laboratory to 

characterize the interactions of CO2 with different polymeric materials under sub- and 

supercritical CO2 conditions [35]. Details about the set-up are provided in this paper.  

The high pressure reactor setup consists of a stirred batch reactor (100 ml, Parr 

Instrument), an electrical heating element with temperature controller, a high pressure 

pump unit, CO2 and N2 bottles. The temperature range is from -10 to 350 
o
C and the 

maximum pressure is 35 MPa. The high pressure pump unit is equipped with a membrane 

pump (Lewa) with a capacity of 60 kg/hr at a maximum pressure of 35 MPa. To prevent 
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cavitation in the pump, CO2 is first cooled down to 0
o
C in a heat exchanger (Huber, The 

Netherlands). The desired flow rate is controlled using a frequency converter connected to 

a mass flow meter (Danfoss, type mass 2100) and the pump. A heat exchanger with an oil 

bath is located after the pump and is used to heat up the CO2 to reach the desired 

temperature. Details about the set-up are provided in the literature [36].  

 

6.2.3 Experimental Procedures 

6.2.3.1  Fourier Transform Infrared (FT-IR) experiments 

Native potato starch granules (25 mg) were placed on the ATR crystal surface. Water 

(purified by reverse osmosis) was added to the samples to obtain a water content of 40% 

wt/wt. The high pressure cell was attached to the unit and the samples were heated to the 

desired temperature. A first spectrum was recorded in the absence of CO2. The cell was 

then flushed with CO2 for 10 min and pressurized with CO2 using a syringe pump to the 

pre-determined pressure. The system was kept under constant pressure for 1 h and an FT-

IR spectrum was recorded. The pressure was increased, the unit was again allowed to 

equilibrate for 1 h and another spectrum was taken. For each measurement, 50 scans were 

taken at a 2 cm
-1 

resolution. The absorbance spectra were recorded on a computer using the 

software (Spectrum for Windows, Perkin Elmer) provided along with the FT-IR setup. 

Peak deconvolution was performed by using the PeakFit
TM

 software. 

 

6.2.3.2 High pressure batch experiments 

The reactor was charged with native potato starch (3.5 g). The reactor was flushed with 

N2 to remove any trace of air. After that, the reactor was pressurized with CO2 (5 MPa) and 

heated till the desired temperature. When required, additional CO2 was added to obtain the 

pre-set pressure value. After 1 h, the pressure was released to atmospheric pressure. The 

solid product was collected. Part of the product was cooled in liquid N2 for 15 min and 

immediately analyzed by Differential Scanning Calorimetry (DSC). The remaining product 

was freeze dried in a Christ Alpha 2-4 LD freeze dryer at a pressure of 0.0085 bar and 

temperature of -85
o
C for 24 h. The freeze dried products were collected and stored in a 

freezer (-18 
o
C) inside air-tight sealed bags. The starch water content after a high pressure 

treatment was determined by drying the samples in a vacuum oven at 50 
o
C until constant 

weight. 
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6.2.4 Analytical equipments 

The DSC measurements were carried out with a Perkin-Elmer DSC 7 equipped with a 

PE model TAC7/DX Thermal Analysis Controller (Boston, USA). The starch sample was 

prepared according to a procedure described in the literature [37].  The sample was heated 

from 20 to 120 
o
C with a rate of 5 

o
C/min. The raw data were processed with Pyris 4 

sofware (Perkin Elmer) to obtain the enthalpy of gelatinization of the remaining crystalline 

part of the starch sample (∆Hgel,s) and important gelatinization temperatures: onset 

temperature (To), peak temperature (Tp) and end temperature (Tc). To ensure good 

reproducibility, each measurement was repeated six times. With the gelatinization enthalpy 

of native potato starch (∆Hgel,n) available, the DG of the sample can be determined using 

Eq. 6.1  [38] :   

 

 
ngel,

sel,g

∆H

∆H
1DG −=         (6.1) 

 

XRD data were obtained using a Bruker-AXS D8 Discover XRD system. The system 

was equipped with a copper target X-ray tube set to 40 kV and 40 mA. The samples were 

exposed to the X-ray beam and scanned from 5
o
 to 40

o
 (2θ) with an angular scanning 

velocity of 1
o
/min and a measurement frequency of 1 s

-1
. The diffractograms were 

smoothened with Origin 7.0 software by applying a Savitsky-Golay data smoothening 

routine. The degree of crystallinity of samples (Xc) was quantified as the ratio of the area 

of the crystalline (Ac) reflections and the overall area (At) following the method of Nara 

and Komiya (1983) [39, 40]. The relevant areas were calculated with the Origin 7.0 

software as well. The relative crystallinity (Xrc) is defined as the ratio of Xc and the degree 

of crystallinity of native starch (Xn), see Eq. 6.2 and Eq. 6.3 for details [38, 40, 41] :  

t

c
c

A

A
X =          (6.2) 

n

c
rc

X

X
X =          (6.3)  

Morphological changes were determined by comparing FESEM (field emission 

scanning electron microscope) pictures of native and pressurized starch samples. The 

FESEM pictures were recorded on a JEOL 6320F. 
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6.2.5 Thermodynamic modelling of the DG 

The pressure and temperature dependence of the DG were modelled using the 

following equations [9]: 









+

=

RT

∆G
exp1

100
DG                     (6.4) 
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r
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−−+−+
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  (6.5) 

 

where ∆G is the Gibbs energy change (J.mol
-1

) at reference pressure (Pr) and temperature 

(Tr), ∆S the corresponding entropy change (J.mol
-1

.K
-1

) at Pr and Tr, ∆Cp the heat capacity 

change (J.mol
-1

.K
-1

), ∆V the volume change (m
3
.mol

-1
) at Pr and Tr, ∆α the thermal 

expansion change (m
3
.mol

-1
.K

-1
) and ∆β the isothermal compressibility change (m

6
.mol

-1
.J

-

1
). 

Eq. 6.4 and Eq. 6.5 were fitted to the experimental DG values at different pressures and 

temperatures. The six parameters in Eq. 6.5 (∆G (Pr, Tr), ∆S(Pr,Tr), ∆Cp, ∆V( Pr ,Tr), ∆α, 

∆β) were estimated based on the minimization of errors (Nelder-Mead optimisation 

method) between the experimental data and the DG model by using MATLAB toolbox  

fminsearch. Ambient pressure and temperature (0.1 MPa and 298 K) were chosen as the 

reference conditions.  

 

6.3 Results and Discussion 

6.3.1 Effect of temperature and pressure on potato starch gelatinization 

To gain insights in the effects of temperature and scCO2 pressure on the DG of starch, 

in situ FT-IR measurements were performed at different pressures (0.1 – 9 MPa) and 

temperatures (50 – 90 
o
C). In addition, a number of experiments at the same temperature 

range but at higher pressures (up to 25 MPa) were conducted in a batch autoclave.  

The results of the FT-IR experiments are graphically represented in Figures 6.1a 

(temperature effect) and 1b (pressure effect). Here, the absorption bands in the range of 

900 – 1300 cm
-1

 are provided (mainly from highly coupled C-O and C-C vibrational 

modes). The intensity of some of these bands are a function of the gelatinization degree of 

starch [10, 18, 41, 42]. Of particular interest are the bands in the 1017-1022 and 1044-1047 

cm
-1

 regions, which are associated with the amorphous and ordered (crystalline) structures 
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of starch, respectively  [41, 43]. The intensity ratio of the deconvoluted absorption bands in 

the 1017 – 1022 cm
-1 

and 1044 - 1047 cm
-1

 regions are commonly used to estimate the 

degree of order in starch samples which is related to the extent of gelatinization [10, 41-43]. 

An example of a deconvoluted spectrum is depicted in Fig 6.1c. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6.1. FT-IR spectra of potato starch at different temperatures and a fixed scCO2   

pressure of 80 bar (a); at different pressures (T = 90
o
C) (b); and an example of a 

deconvoluted spectrum (R
2
 = 0.99) (c).   
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All deconvoluted spectra correctly describe the experimental spectra as is shown by the 

good R
2
 value (R

2
= 0.98 – 0.99, the adjusted R

2
 values are in the same range). This allows 

accurate calculation of the area of the two relevant absorption bands and their ratio 

(expressed as R1017/1044). The data are given in Table 6.2. It is clear that the intensity of the 

absorption bands associated with the unordered (amorphous) starch increases with both 

temperature and pressure, indicative for a lower degree of order and thus a higher DG. 

Significant changes in the R1017/1044 values are observed when going from low pressure to 

the supercritical region of CO2 (between 6 and 9 MPa). At these high pressures, the DG 

increases considerably, which is indicative for a lower ordering in the starch sample. 

Measurements carried out in N2 show no major changes in R1017/1044 values (Table 6.2) and 

imply that scCO2 plays a special role in starch gelatinization. 

 

Table 6.2. Intensity ratio for the 1017/1047 absorption bands (R1017/1044) of the treated 

potato starch samples 

Pressure 
(MPa) 

Temperature (oC) 

50 70 90 70(N2) 

0.1 0.21±0.02 0.33±0.04 0.62±0.07 0.47±0.05 

2 0.58±0.06 0.78±0.08 0.97±0.10 0.56±0.06 

4 0.93±0.10 0.86±0.09 1.77±0.18 0.43±0.05 

6 0.99±0.10 1.37±0.14 2.75±0.28 0.55±0.06 

8 1.10±0.11 1.87±0.19 4.46±0.45 n.m. a 

9 1.24±0.13 3.40±0.34 6.86±0.69 0.45±0.05 
a n.m. : not measured 

 

These observations are also confirmed by DSC measurements on samples treated with 

scCO2 in the high pressure autoclave (Table 6.3). Here, the gelatinization enthalpy (∆Hgel), 

associated with melting of the crystalline regions in starch, was determined for each 

sample and used as a measure for gelatinization [28]. The data in Table 6.3 clearly confirm 

that the scCO2 treated starch samples are partially gelatinized. The calculated DG values 

(Eq. 6.1) increase with both the temperature and pressure, in agreement with the FT-IR 

measurements (vide supra). The value of the ∆Hgel of native potato starch, which is 

required input for Eq. 6.1, was also determined and is in agreement with literature data [37, 

44, 45]. 
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Table 6.3. Gelatinization temperatures and DG of scCO2 treated starch samples  

 

 A maximum DG of 14% is achieved at a temperature of 90 
o
C and a pressure of 25 

MPa. Additional experiments with N2 instead of scCO2 were conducted in the high 

pressure reactor setup. The results are given in Table 6.2 and Figure 6.2. Clearly, the 

influence of N2 on the DG is very small and the DG is about constant at higher pressure. 

These results confirm the FT-IR experiments and clearly indicate that the changes in 

gelatinization properties are caused by the treatment with scCO2 and are not sole a 

hydrostatic pressure effect. 

The experimental results may be explained by considering an established mechanism 

for starch gelatinization [9]. The gelatinization process starts with hydration of the 

amorphous growth rings which can be initiated either by increasing temperature or 

pressure [9, 18]. The adsorption of water leads to the swelling of the amorphous growth 

rings. Since starch granules are composed of alternating amorphous and semicrystalline 

growth rings (the latter consist of amorphous and crystalline lamellae) [9, 45], the swelled 

amorphous domains will disrupt the semicrystalline growth rings and lead to a reduction in 

crystallinity of the starch granules. In an excess water environment, the crystalline domains 

are completely distorted by the swelling process (full gelatinization) [9]. 

 

 

 

Temp (oC) Gas Pressure 
(MPa) 

To (
oC) Tc (

oC) Tp (
oC) ∆Hgel(J/g) DG 

(%) 

Native Potato starch   57.6 ± 0.38 66.2 ± 0.44 61.2 ± 0.38 17.8 ± 0.4   

 
 

50  CO2 

8 58.0 ± 0.19 66.9 ± 0.15 61.5 ± 0.13 17.5 ± 0.27 1.7 
9.8 57.5 ± 0.09 66.1 ± 0.25 61.0 ± 0.18 17.4 ± 0.03  2.2 
15 57.4 ± 0.09 66.0 ± 0.09 60.7 ± 0.17 17.3 ± 0.21  2.8 
20 57.4 ± 0.07 65.5 ± 0.07 60.9 ± 0.05 17.3 ± 0.4  2.8 
25 57.3 ± 0.11 65.9 ± 0.32 60.8 ± 0.08 17.0 ± 0.14 4.5 

70 CO2 

8 57.0 ± 0.30 66.3 ± 0.30 60.6 ± 0.22 17.6 ± 0.39 1.1 
 9.8 56.9 ± 0.11 65.9 ± 0.16 60.5 ± 0.16 17.4 ± 0.18  2.2 

15 56.9 ± 0.11 66.1 ± 0.12 60.5 ± 0.14 17.0 ± 0.12  4.5 
20 56.8 ± 0.15 65.9 ± 0.29 60.6 ± 0.17 17.0 ± 0.45 4.5 
25 56.6 ± 0.14 65.5 ± 0.25 60.1 ± 0.12 16.6 ± 0.12 6.7 

 
 

90   CO2 

8 55.9 ± 0.17 66.2 ± 0.27 59.9 ± 0.20 16.4 ± 0.14  7.9 
9.8 55.9 ± 0.13 65.8 ± 0.19 59.7 ± 0.26 16.3 ± 0.45  8.4 
15  56.1 ± 0.2 65.9 ± 0.25 59.6 ± 0.25 16.2 ± 0.29 9.0 
20 55.6 ± 0.07 66.2 ± 0.18 59.7 ± 0.05 15.6 ± 0.32 12.4 
25 54.9 ± 0.18 65.5 ± 0.19 59.3 ± 0.10 15.3 ± 0.23 14.0 

90  N2 

8 56.6 ± 0.34 68.7 ± 0.18 61.8 ± 0.14 17.1 ± 0.36 3.9 
9.8 56.8 ± 0.26 68.7 ± 0.47 61.7 ± 0.08 17.1 ± 0.52 3.9 
15 56.6 ± 0.34 68.9 ± 0.13 61.6 ± 0.29 17.2 ± 0.26 3.4 
20 56.8 ± 0.29 68.7 ± 0.30 61.8 ± 0.26 17.1 ± 0.23 3.9 
25 56.6 ± 0.03 68.8 ± 0.17 61.8 ± 0.22 17.1 ± 0.27 3.9 
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Figure 6.2. Degree of gelatinization at various pressures and temperatures (DSC 

measurements).  

 

In our system, the water content is low and high temperature and pressures are required 

for complete gelatinization [9].  This is also clearly expressed by the experiments using 

nitrogen gas. The maximum DG with N2 is 3.9 % at the most extreme conditions (Table 

6.3.), which is far from quantitative. In the literature, it is reported that extremely high 

pressures of about 1200 MPa (at 40 
o
C, 40% wt/wt water content) are required to gelatinize 

40% of the crystalline part of potato starch [27].   When the starch samples are treated with 

scCO2, the DG is much higher than for N2 gas, even at otherwise similar condition. Thus, 

there is an additional effect of scCO2 on gelatinization. It is well possible that the scCO2 

partly dissolves in the starch matrix, as often observed for polymers [46, 47]; [48] and 

causes gelatinization. The dissolved CO2 is expected to induce swelling of the amorphous 

growth rings and subsequently will lead to a reduction of the size of the crystalline 

domains (vide supra). Besides this “direct” influence on starch gelatinization, it is also 

possible that the dissolved CO2 will induce plasticization of the amorphous growth rings. 

This will result in longer average inter-chain distances and higher segmental mobility. The 

latter phenomena might accelerate the diffusion of water into the amorphous matrices and 

thus the destruction of the crystalline regions.  

The “plasticizing” effect of scCO2 on starch and its influence on the gelatinization 

properties can also be observed from the changes in the onset gelatinization temperature 

(To). The To reflects the initiation of the glass transition of the amorphous phase which 
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always occurs before the crystalline melting transition [28]. As shown in Table 6.3, the To 

from the pressurized starch samples with scCO2 are lower than the To value of native 

potato starch. Although a decrease of To was also observed for the pressurized N2-samples, 

the magnitude of the effect is less prominent than for scCO2. In addition, To values of N2 

treated samples are constant at higher pressure (56.6 – 56.8 
o
C), which is in contrast with 

the reduction of To values of scCO2 treated samples (from 56.1 to 54.9 
o
C). These 

observations suggest an active role of scCO2 in starch gelatinization. 

 

6.3.2 X-ray diffraction (XRD) analysis 

 XRD analysis was applied to evaluate the change of the degree of crystallinity (DG) in 

the scCO2 treated starch samples. The XRD pattern for the untreated native potato starch 

used in our experiments (Fig. 6.3) is in agreement with literature data [41, 49].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.  X-ray diffraction patterns of scCO2 treated potato starch samples at different 

pressure (T = 90
o
C), Aa is the amorphous region, and Ac is the crystalline region. 

 

Native potato starch shows a typical B-type diffraction pattern with a strong diffraction 

peak at a 2θ value of 17
o
 and a few small peaks at 20

o
, 22

o
 and 24

o
. The amorphous part is 

visible as a broad peak in a wide 2θ range with an area Aa. As depicted in Fig. 6.3, the 

diffraction pattern for scCO2 treated starch samples at 90
o
C are similar to native starch, 

with the main exception that the area of the amorphous region (Aa) has increased at 

elevated pressures. It is reasonable to assume that this effect is related to partial 
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gelatinization of the starch crystalline regions and therefore to a reduced degree of 

crystallinity. 

The degree of crystallinity of the samples may be determined using Eq 6.2 and 6.3 and 

the results are given in Table 6.4. Clearly, the crystallinity of the scCO2 treated samples is 

reduced compared to native starch. In addition, it is also clear that higher pressures lead to 

lower degrees of crystallinity. At higher pressures, the solubility of scCO2 in starch is 

increased, leading to an enhanced plasticizing effect. Thus the XRD spectra confirm the 

FT-IR and DSC measurements that scCO2 induces gelatinization of starch.  

 

Table  6.4.  Degree of crystallinity and relative crystallinity of scCO2 treated potato starch 

samples as a function of scCO2 pressure (T= at 90
o
C) 

 

P (bar) 
Degree of crystallinity 

(% Xc) 
Relative crystallinity 

(Xrc) 

Native 13.2 1.00 

80 12.5 0.94 

150 10.8 0.82 

250 10.2 0.77 

 

 

6.3.3 Morphology of the starch granules 

Native and pressurized starch granules (at 25 MPa and 90 
o
C) were examined with 

SEM to investigate the morphological changes due to the scCO2 treatment. Visually, there 

are no major differences between native and treated starches (Fig 6.4).  

The granules are still intact and, contrary to classical HHP treatment [28, 50], no 

observable changes on the starch surface and shape are visible. The granular sizes are 

similar to native starch granules, an indication that a scCO2 treatment does not lead to 

significant swelling. These results indicate that a pressure treatment with scCO2 (until 25 

MPa) leading to a product with a relatively low DG (max. 14 %) does not significantly 

alter the morphology.  
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Figure 6.4. SEM images of native starch (a) scCO2 treated starch at 25 MPa (b) and (c). 

All experiments were performed at 90
o
C. 

 

6.3.4 Thermodynamic Modeling 

To correlate and to quantify starch gelatinization (in terms of DG) with processing 

conditions (pressure and temperature), a phenomenological thermodynamic approach was 

used [9]. The corresponding model assumes that the kinetics of the gelatinization process 

are driven by the thermodynamics of the transition [9, 12, 18]. Eq. 6.4 and 6.5 (see 

experimental part), originally developed to model protein denaturation at extreme 

conditions of pressure and temperature [18, 51], are commonly used to model starch 

gelatinization. The experimental data are fitted to the model [9] to obtain the values of the 

thermodynamic parameters (∆G, ∆S, ∆V, ∆α, ∆β, ∆Cp). In our case the model correctly 

describes the experimental data as shown by the good R
2
 value (R

2
= 0.96) and the 

corresponding parity plot (Figure 6.5). 
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Figure 6.5. Parity plot of predicted DG with the thermodynamical model and experimental 

data. 

 

The values for the thermodynamic parameters are given in Table 6.5 together with 

values from the literature for other starch sources. It should be stressed that these data are 

for high static pressure experiments and that data for scCO2 treated sample are not 

available in the literature.  

 

Table 6.5. Estimated thermodynamic parameters for various starch types 

 Ricea Wheatc Wheatc Wheatc Exp results 

Water content 
(%wt/wt) 

n.ab 95% 70% 40% 16.2% 

∆G  (J.mol-1) 7.29 -7.88 x 103 -1.05 x 103 3.99 x 103 18.32 x 103 

∆S  (J.mol-1.K-1) 0.11 4.63 x 102 2.79 x 102 0.97 x 102 1.52 x 102 

∆V (m3.mol-1) -1.73x10-8 -1.78 x 10-4 -0.42 x 10-4 -0.13 x 10-4 -3.01 10-4 

∆α (m3.mol-1.K-1) 2.46 x 10-10 2.45 x  10-6 -0.32 x 10-6 -0.19 x  10-6 2.84 x 10-6 

∆β  (m6.mol-1.J-1) 3.35 x 10-18 -0.62 x 10-12 -0.06 x 10-12 -0.04 x 10-12 0.023 x 10-12 

∆Cp (J.mol-1.K-1) 1.3 x 10-8 0.47 x 104 1.22 x 104 0.21 x 104 1.9 x 10-5 
a Rubens and Heremans, 2000 
 b n.a. : not available 
 c Baks, T., et al. 2008  

 

The model estimates a ∆G value of about 18 kJ/mol, which is close to the value 

obtained for wheat starch at 40% water. A positive value was found for ∆S, in line with all 

other studies and indicating that gelatinization in scCO2 occurs spontaneously. 

Furthermore, a negative ∆V value was found, suggesting that gelatinization is favored at 
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higher pressures [12, 52]. The change in heat capacity (∆Cp) is rather low and may be 

caused by the low water content of the samples [53, 54]. 

We applied the thermodynamic model to construct pressure-temperature phase 

diagrams, as depicted in Fig 6.6.  Phase diagrams for starch gelatinization in the pressure-

temperature plane often show a downward trend [9, 12, 18, 55]. This means that when 

going to higher temperatures, the pressure has to be reduced to obtain products with a 

similar degree of gelatinization. A similar effect was indeed observed for the scCO2/potato 

starch system described in this paper. The phase diagrams may be used to determine the 

required pressure and temperature to obtain a product with a pre-defined DG.   

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. Predicted phase transition lines of starch gelatinization in scCO2 at water 

content of 16.2 % wt/wt.  

 

6.4  Conclusions 

This work describes an in depth study on the degree of gelatinisation of potato starch 

by scCO2 treatment at elevated temperatures and pressures. In situ FT-IR measurements 

allowed us to observe the changes in degree of order, which was confirmed by XRD and 

DSC measurements on samples after a scCO2 treatment. Quantification of the DG by DSC 

measurements indicated that starch gelatinization is induced by both temperature and 

pressure. A maximum DG of 14% was achieved at the highest pressure (25 MPa) and the 

highest temperature (90
o
C) in the range. It is well possible that scCO2 acts as a plasticizer 

for the amorphous regions of starch and induces swelling. This will favor water penetration 

in such swollen regions and lead to gelatinization. Irrespective of the mechanism, it is clear 

that scCO2 may be used as a processing aid to induce starch gelatinization. Moreover, from 
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a product technology point of view the use of scCO2 represents a clear advantage over 

more general pressure driven gelatinization processes as the morphology and appearance 

of the starch granules after gelatinization is not affected by the process. 
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Chapter 7 

Experimental and Modeling studies on the 

Solubility of Sub- and Supercritical Carbon 

Dioxide (scCO2) in Potato Starch and Derivatives 

 

 

 

Abstract 

The solubility of CO2 in native potato starch (NPS) and potato starch acetate (SA) at two 

different temperatures (50 
o
C and 120 

o
C) and various pressures (up to 25 MPa) was 

determined using a magnetic suspension balance (MSB). Within the experimental window, 

a maximum solubility of 31 mg CO2/gsample for NPS and 79.4 mg CO2/gsample for SA was 

obtained. The CO2 sorption behavior is highly depending on the temperature and pressure. 

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

The swelling (Sw) values, as predicted using the S-L EOS, were relatively small and a 

maximum value of 6.1% was obtained for starch acetate at 25 MPa and 120 °C.   

 

 

 

Keywords:  solubility, potato starch, potato starch acetate, supercritical CO2 
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7.1  Introduction 

The unique properties of supercritical fluids (e.g. gas like diffusivity and liquid like 

density) have rendered supercritical technology a very attractive alternative for 

conventional ones and have led to a boost in research activities [1]. Among the 

supercritical solvents, supercritical CO2 (scCO2) has been used in a broad range of 

applications including the use as an alternative solvent and processing aid in 

polymerization reactions and polymer processing [2, 3]. ScCO2, obtainable at relatively 

mild critical condition (Tc = 31 
o
C, Pc = 7.38 MPa), is considered to be ‘green’, it is non-

flammable, relatively non toxic and inert. Another advantage is the ease of separation of 

the product from the solvent by depressurization [4-6].  

Recent publications have also shown the potential use of scCO2 for the chemical and 

physical modification of polysaccharides such as chitin, cellulose, and starch [7-10]. In 

recent work from our group, the use of scCO2 for the acetylation of potato starch was 

investigated and good results were obtained with respect to the degree of substitution (DS) 

and reaction selectivity [10].   

When using scCO2 as a solvent for starch modifications, the extent of the physical and 

chemical reactions is expected to be affected by the amount of dissolved CO2 in the starch 

matrix [3, 11-14]. Therefore, fundamental knowledge on the solubility of CO2 in native 

starch is required not only to explain the observed trends of process conditions on 

important output variables like the DS, but also to develop reactor engineering models and 

to aid in further process development activities.  

Despite the importance of solubility data, experimentally determined solubilities of 

CO2 in native starch samples for a wide range of conditions are limited. To the best of our 

knowledge, the work of  Hoshino, T et al [15], Singh, B et al. [16], and Chen and Rizvi [17] 

are the only papers concerning to the solubility of CO2 in the starch. Hoshino et al. studied 

the adsorption of CO2 in dried corn starch (water content of 3.8 % wt/wt) at two different 

temperatures (40 – 50 
o
C) and of dried potato starch (water content of 4.3 % wt/wt) at a 

temperature of 40 
o
C in a pressure range of 0 – 29.4 MPa by a gravimetric method [15]. 

The authors reported a decrease in the solubility with temperatures and observed a 

maximum solubility near the critical region of CO2 followed by a sharp decrease at higher 

pressures [15]. Chen and Rizvi [17] measured the solubility of CO2 in pregelatinized-corn 

starch (water content of 40 % wt/wt) at a temperature of 50 
o
C and various pressures (up to 

16 MPa) by a pressure decay method. In their work, the swelling of the starch samples was 

predicted with the Sanchez-Lacombe equation of state (S-L EOS) and it was shown that 
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both the CO2 solubility and the sample swelling increase with pressure [17]. The same 

pressure trends were also reported by Singh, B et al. [16]. These authors observed an 

increase of the solubility of CO2 in the gelatinized corn starch irrespective of the water 

content at elevated pressure (up to 11.7 MPa) [16]. 

Thus, experimental data for the solubility of CO2 in potato starch are only reported for 

dried potato starch at 40 
o
C and are absent for native potato starch in a larger temperature 

window. In addition, the sorption of CO2 in important starch derivatives like potato starch 

acetate is unknown. This information is of vital importance to elucidate the role of scCO2 

in important starch modification reactions like the base-catalysed acetylation of starch 

using acetic anhydride in scCO2 [10].  

Therefore, the aim of the present work is to determine the solubility of CO2 in native 

potato starch (NPS) and potato starch acetate (SA, with a typical DS of 0.5) by using a 

magnetic suspension balance (MSB) at different pressures (from 2 to 25 MPa) and two 

different temperatures (50 and 120 
o
C). The solubility calculations include a buoyancy 

correction for the swelling of the materials upon treatment with CO2 [1, 17, 18]. A 

thermodynamic model (the Sanchez-Lacombe equation of state, S-L- EOS) was applied for 

this purpose [17, 18]. This equation of state was also employed to model the experimental 

solubility data. In addition, in situ Fourier Transform Infrared (FT-IR) was applied to gain 

insights in the intermolecular interactions between CO2 and the starch matrix. 

 

7.2 Materials and Methods 

7.2.1 Materials 

The potato starch was kindly supplied by AVEBE (The Netherlands). The water 

content (16.2 % wt/wt) was determined by drying the potato starch in a vacuum oven at 50 

o
C until constant weight. Potato starch acetate (DS of 0.5) was prepared according to a 

procedure described in section 7.2.3.1.  

 

7.2.2 Experimental set-ups 

The solubility of CO2 in both native and potato starch acetate was measured with a 

magnetic suspension balance (MSB-Rubotherm). A MSB consists of a suspension magnet 

(including a measuring load, a sensor core, and a permanent magnet) and an external 

microbalance. The sample was placed in the sample basket and the measured weight was 

transmitted on-line by a magnetic suspension coupling to the microbalance A detailed 

description of the equipment and the working procedure can be found in the literature [1, 
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19]. The maximum temperature and pressure for the MSB balance used in this study was 

200 
o
C and 50 MPa.  

In situ FT-IR measurements were carried out with a FT-IR (Spectrum 2000, Perkin-

Elmer, UK) ATR (attenuated total reflectance) golden gate apparatus (Graseby-Specac Ltd, 

Orpington, UK) equipped with a high-pressure unit. The latter consists of a high-pressure 

cell (volume of 1 mm
3
) with a sample holder, details are provided in the literature [20].  

 

7.2.3 Experimental procedures 

7.2.3.1 Preparation of potato starch acetate 

Acetylated potato starch was prepared by reacting native potato starch with acetic 

anhydride (AAH) and sodium acetate (NaOAc) as catalyst in sCO2 . Native starch (3 g), 

AAH (4.35 mole/mole AGU) and NaOAc (0.1 mole/mole AGU) were added to the high-

pressure reactor. Details about the set-up are provided elsewhere [14]. The reactor was 

flushed with the N2 to remove traces of air. The autoclave was pressurized with CO2 and 

heated to the desired reaction temperature. If required, additional CO2 was added to reach 

the pre-determined reaction pressure. After reaction, the reactor was cooled to room 

temperature, depressurized and the liquid phase was separated from the solid product. The 

solid product was thoroughly washed with water (1.5 liter), filtered and dried in a vacuum 

oven (5 mbar) at 50
o
C until constant weight. 

1
H- NMR analyses using a published protocol 

indicated that the DS of the sample was 0.5 [21-23].  

 

7.2.3.2 Sorption experiments 

The sample was placed in the corresponding basket and exposed to vacuum (~10
-5

 

mbar), for 1 hr at a predetermined temperature. An initial reading was then recorded. This 

was followed by addition of CO2 in the chamber to reach the pre-determined pressure. The 

system was kept under constant pressure until it attained the sorption equilibrium (in terms 

of weight invariance) and the final reading was recorded. Subsequently, the pressure was 

increased, the system was again allowed to equilibrate and a new reading was taken. In this 

way, sorption isotherms as a function of pressure were obtained.  

The solubility (S) of CO2 in the samples was calculated by employing Eqs. 7.1 and 7.2  

[19, 24, 25].  
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sm

W
S

CO2=                   (7.1) 

)VV(Vρ∆WW SPBCOCO +++=
22

      (7.2) 

where ms is the initial amount of the sample (g),
2COW is the amount of CO2 dissolved in 

the sample, ∆W the weight difference between a CO2 equilibrated sample and the sample 

without CO2 (g), 
2CO

ρ is the density of CO2 (g/cm
3
), VB is the volume of the sample basket 

(cm
3
), VP is the volume of the pure polymer sample (cm

3
), and VS is the total swollen 

volume of the sample due to the presence of dissolved CO2 (cm
3
). The second term in Eq. 

7.2 is a buoyancy correction term, where the swelling of the starch by the action of CO2 

has to be taken into account (Vs). A S-L EOS model was applied to predict the swelling 

degree (Sw) of starch-CO2 mixtures at equilibrium conditions (Eqs 7.3 and 7.4) [17, 26].  

)(P,T,υ

(P,T,S)S)υ(
S

j

ij

w
0

1+
=         (7.3) 

)(SVV wps 1+=         (7.4) 

Here, jυ  is the specific volume of the pure polymer (cm
3
/g), and ijυ is the specific volume 

of the polymer-CO2 mixture (cm
3
/g). 

 

7.2.3.3 Fourier Transform Infrared (FT-IR) experiments 

The starch sample (25 mg) was placed on the ATR crystal surface inside the high 

pressure IR cell. Water (purified by reverse osmosis) was added to the sample to obtain a 

water content of 40% wt/wt. The high-pressure cell was attached to the FT-IR unit and the 

sample was heated to the desired temperature. A first spectrum was recorded in the 

absence of CO2. The cell was then flushed with CO2 for 10 min and pressurized with CO2 

using a syringe pump to the pre-determined pressure. The system was kept under constant 

pressure for 1 h and an FT-IR spectrum was recorded. Afterwards, the pressure was 

increased, the unit was again allowed to equilibrate for 1 h and another spectrum was taken. 

For each measurement, 50 scans were taken at a 2 cm
-1 

resolution. The absorbance spectra 

were recorded on a computer using the software (Spectrum for Windows, Perkin Elmer) 

provided with the FT-IR setup.  
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7.2.4 Solubility modeling using the Sanchez-Lacombe equation of state (S-L EOS) 

A thermodynamic model based on the lattice theory (S-L EOS) was applied to predict 

the solubility at different conditions. The S-L EOS model involves the following equations 

[1]:   

[ ] 0~11~1ln
~~~ 2 =−+−++ ρ)r()ρ(TPρ       (7.5) 

ρυ ~1~ =           (7.6) 

where ρ~  is the reduced density, υ~  is the reduced specific volume, P
~

 is the reduced  

pressure, T
~

 is the reduced temperature and r is the number of the lattice sites occupied by 

a molecule. The reduced parameters are given by:  

*ρρρ~ =      *υυυ~ =      *~
PPP =        (7.7) 

*~
TTT =      *** ρRTMPr =  

where ρ*
,υ*

,
 
P

*
, and T

*
 are characteristics parameters for each component [1, 27].  

The latter are obtained by fitting experimental PVT data of pure components to Eqs 

7.5 – 7.7 [1]. The PVT data of potato starch and potato starch acetate at various pressures 

(up to 200 MPa) and various temperatures (30 – 150 
o
C) were obtained using a high-

pressure GNOMIX PVT apparatus (measurements by DatapointLabs, USA). The PVT data 

of CO2 were obtained from the Span and Wagner EOS [28]. 

The PVT data of the pure components were successfully modeled with the S-L EOS 

(R
2
 of 0.99 for all models). As an example, the densities are given in Figure 7.1. The 

characteristics parameters of pure CO2 are in line with the ones reported in the literature. 

Those for NPS and SA are not yet available in the literature. An overview of the data is 

given in Table 7.1. 

 

Table 7.1.  Characteristics component parameters obtained with the S-L EOS model 

Component 

P* 

(MPa) 

T* 

( 
o
C) 

ρ* 

(kg/m
3
) 

Mw 

(g/mol) 

CO2 442.4 63 1419.9 44.02 

NPS 616.8 684 1372.7 1 x 10
8 a

 

SA (DS = 0.5) 271.6 809 1212.3 1 x 10
8 b

 
 a. Zobel, H.F., 1988. [29] 
 b. Assumed to be the same as the Mw of native potato starch 
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Figure 7.1. Densities of CO2 (a), NPS (b), SA (c) and the modeled values using the S-L 

EOS.  

 

The characteristics parameters for a mixture were determined using the following 

mixing rules [1].  

∑∑=
i j

jiji PP
** φφ          (7.8) 

5.0***
))(1( jiijij PPkP −=         (7.9) 

∑=
i

iii PTPT
**0**

)(φ                   (7.10) 

**0
υrυr iii =                      (7.11) 

∑=
i

ii

*0*
υυ φ                                 (7.12) 

(a) (b) 

(c) 
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where φ and w represent the volume and weight fraction of components in two phases, 

respectively. Superscript ‘0’ denotes the pure state of a component.  In addition to the 

equations above (7.5 – 7.15), a phase equilibrium relation is required to solve the overall 

system of equations. Such relation is derived by assuming that the chemical potential (µ) of 

each component (in the present case only CO2 is used, see below) in both solid and gas 

phases are equal at equilibrium (Eq 7.16). 

polymer

ii

gas
µµ =                   (7.16) 

The chemical potential of CO2 in the gas phase and in the solid phase is calculated 

with Eq 7.17 and Eq 7.18, respectively. It is assumed that no solid starch or starch acetate 

is present in the gas phase.  

 

RTrTPTr
iiiiiiiiiiii

gas
])~ln(~)~1ln()~1(

~~~~~[ ρρρρρρµ +−−++−=            (7.17) 

                    (7.18) 

 

 

By applying Eqs 7.3-7.18 and varying the adjustable binary interaction parameters (kij), 

the solubility values, and thus Sw, can be predicted. All equations were solved using a 

minimization of errors method (Nelder-Mead optimisation) by using the MATLAB 

toolbox fminsearch for the experimental and predicted solubility data as well as the 

chemical potential in the solid and gas phase.  

The modeled Sw values are given in Figure 7.2 and Table 7.2. The Sw values at 50 
o
C 

(Fig. 7.2a) display a different trend compared with the ones at 120 
o
C (Fig. 7.2b) for both 

NPS and SA. At 50 
o
C, the Sw increases at higher pressure and reaches a maximum value 

at 8.2 – 8.3 MPa and decreases afterwards with pressure. On the other hand, at 120 
o
C the 

Sw values increase with pressure, with no detectable maximum.  

The S-L EOS (Eqs 7.3 and 7.4) has been previously employed not only for the Sw 

prediction of starch-water mixtures under scCO2 [17] but also for other semi-crystalline 

polymer like polypropylene [26]. Chen and Rizvy (2006) reported an increase in Sw values 
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with pressure at 50 
o
C for 50% wt/wt native starch – pregelatinized starch mixtures. The 

maximum Sw value for this study was 4.1%. In the current study we observe a maximum 

swelling of 2.8% at 8.2-8.3 MPa and then a decrease at higher pressure [17]. The higher Sw 

values in native starch – pregelatinized starch mixtures is likely due to the higher amount 

of amorphous regions (contributed by the pregelatinized starch) in this system, which is 

expected to enhance CO2 sorption and thus leads to higher swelling levels. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2. The predicted Sw of NPS and SA at 50 
o
C (a) and 120 

o
C (b). Lines for 

illustrative purposes only.  

 

7.3 Results and Discussion 

The CO2 sorption behavior in NPS and SA was experimentally determined by 

performing a series of measurements with a MSB at two temperatures (50 and 120 
o
C) and 

various pressures (from 2 to 25 MPa). Two temperatures were selected to gain insights in 

the influence of the degree of gelatinization (DG) on the CO2 sorption behavior [14]. A 

detailed overview of the experimental conditions and experimentally determined solubility 

values are given in Table 7.2. The effects of temperature and pressure on the solubility data 

will be discussed in the following sections. The differences in the CO2 sorption behavior 

between NPS and SA will be compared and the specific intermolecular interactions 

between CO2 and the samples will also be discussed.    

 

 

 

(a) (b) 
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7.3.1 The effect of temperature and pressure on CO2 solubility in native potato 

starch (NPS). 

The solubility data are given in Table 7.2 and illustrated in Fig. 7.3. At 50°C, the 

solubility of CO2 in NPS is a clear function of the CO2 pressure. At pressures below 8.2 

MPa, the CO2 sorption increases with pressure and reaches a maximum of 31 mg 

CO2/gsample at 8.2 MPa. A further increase in the pressure leads to a strong reduction in the 

solubility and the solubility at 12 MPa is actually lower than at 2 MPa.  For comparison, 

the data reported by Hoshino et al. [15] for potato starch at 40 °C are also provided (Fig. 

7.3a). Here, a similar trend was observed though the maximum is more pronounced than 

for our data at 50°C. The occurrence of a maximum in the CO2 solubility as a function of 

the pressure has been reported for other types of polymers as well [15, 30].  

This peculiar behavior may be explained by considering two opposing effects. At low 

pressure values (from 2 – 8.2 MPa), the dissolved CO2 acts as a plasticizer for the 

amorphous growth rings of the starch [13, 14]. This leads to longer average inter-chain 

distances and higher segmental mobility. As a result, the free volume of the starch 

increases, thus favoring swelling and leading to a higher CO2 solubility [13, 14].  However, 

at higher pressure, the compressive effect starts to dominate. This leads to a reduction the 

solubility due to a decrease in the free volume of the starch matrices, hindering in turn the 

sorption of CO2  [30]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3. The CO2 sorption data for potato starch and potato starch acetate at 50 
o
C (a) 

and 120 
o
C (b). NPS 40 

o
C data are form Hoshino., T. et al. [15]. Lines are for illustrative 

purposes only.  

(a) (b) 
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Table 7.2. Solubility data of CO2 in NPS and SA 
 T  

(oC) 
P  

(MPa) 
Suncorrected 

a 
(mg CO2/ g sample) 

S b 
(mg CO2/ g sample) 

Sw  
(%) 

NPS 

50 

2 6.2 6.4 0.8 
4.1 13.1 13.9 1.5 
5.1 15 16.3 1.6 
6.1 23.5 26 2.5 
8.3 24.9 29.4 2.6 
9.3 20.5 25.4 2.2 
11 10.8 15.3 1.2 

12.1 4.6 7.1 0.6 

120 

2.0 9.1 9.4 1.3 
3.1 11.2 11.7 1.5 
4.1 13 13.7 1.7 
5.1 14.7 15.8 1.9 
6.3 16.3 17.7 2.1 
7.7 18.1 20.1 2.2 
8.3 19 21.2 2.3 
9.0 22.3 25 2.6 

10.6 21.5 24.7 2.5 
11.1 21.9 25.5 2.6 
12.0 23.1 27.1 2.7 
13.1 24.2 28.9 2.8 
14.3 25.5 31 2.9 

SA 

50 

2.1 6.7 7 1.0 
3.1 11.1 11.8 1.4 
4.0 15.4 16.7 1.9 
5.0 19.4 21.5 2.3 
6.3 33.8 38.1 3.6 
7.5 36.5 43 4.0 
8.2 37.3 45.4 4.0 
9.1 36.2 45.9 3.8 

10.1 35.7 49.1 3.8 
13.2 29 46 3.1 
15.1 26.4 43.2 2.8 

120 

2.3 13.4 14.2 2.6 
3.1 17.2 18.2 2.9 
4.1 22 23.8 3.3 
5.1 24.3 26.7 3.6 
6.5 27.1 30.4 3.8 
7.0 29.7 33.5 4.1 
8.5 31.7 36.7 4.3 
9.1 32.4 37.8 4.3 

10.6 38.1 45.6 4.9 
11.0 39 47.1 5.0 
15.1 45.5 58.2 5.3 
17.1 48.7 65.1 5.8 
21.0 50.8 72.2 6.0 
25.1 53.1 79.4 6.1 

a. Uncorrected solubility data as recorded with the MSB. 
b. Solubility data with a correction for swelling according to the S-L EOS model.  

 

The experimental solubility data at 120°C (Fig 7.3b) show a different trend with 

respect to pressure and a monotonous increase in solubility was observed when going from 

2 to 14.3 MPa. The highest solubility was for NPS (31.1 mg CO2/gsample), which is actually 
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as high as the highest value at 50°C, though the latter was observed at a lower pressure (8 

MPa). 

The difference in the solubility between the two temperatures at higher pressure (> 8.2 

MPa) may be due to differences in the degree of gelatinization. We have previously shown 

that the gelatinization degree increases with temperature at a given pressure [14]. In 

addition to our previous work, the DG value of the potato starch pressurized with CO2 (P = 

25 MPa) at 120 
o
C was also determined experimentally. This value is indeed considerably 

higher than the DG at 50 
o
C at the same pressure (Table 7.3). The higher DG at 120 

o
C is 

indicative for a higher fraction of the amorphous region in the samples [14], which in turn 

is expected to lead to a higher affinity for CO2 and thus to a higher CO2 solubility [26, 27, 

31]. Thus, apparently the compressive effect at higher pressures leading to a reduction in 

solubility is counterbalanced by a higher solubility due to a reduction of the crystalline 

fraction in the starch matrix.  

 

Table 7.3. The degree of gelatinization (DG) of NPS in CO2 versus temperature 

 

P 

(MPa) T (
o
C) ∆Hgel(J/g) 

DG 

(%) 

25 50 17.0 ± 0.14 4.5
a
 

25 70 16.6 ± 0.12 6.7
a
 

25 90 15.3 ± 0.23 14
a
 

25 120 13.2 ± 0.14 25.7 
                 a.Muljana et al (2009)[14] 

 

In addition, the CO2 sorption in the starch matrix is relatively low compared to other 

semi-crystalline polymers at the similar temperature and pressure range (Table 7.4). The 

differences in the CO2 sorption of NPS compared with other materials may be due to 

differences in the physical properties (such as glass transition temperature (Tg) and melting 

temperature (Tm)), morphological characteristics (such as the degree of crystallinity, 

swelling of the polymers) and also the occurrence of intermolecular interaction between 

CO2 and the functional groups present in the polymers [18, 20, 26, 27, 32].  
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Table 7.4. The solubility of CO2 in various semicrystalline polymers  

Polymer Pressure Temperature Solubility References 

 (MPa) (
o
C) (mg CO2/g sample)  

Polystyrene (PS) 0 - 9.5  40 30.9 – 134 [18] 

 2 - 19.8 100 12.7 - 121.8 [18] 

Poly(ethylene terephthalate)(PET) 0- 39.5 80 0 – 38 [33] 

 0 - 39.5 120 0 - 32.5 [33] 

 5 - 30 120 9.1 - 37.2 [34] 

Polypropylene (PP)  5 - 10 40 29.9 - 54.2 [26] 

  5 - 10 120 22.6 - 43.8 [26] 

Poly(butylenes succinate)(PBS) 1 - 9.9 50 9.8 – 73 [35] 

 2.3 - 19.9 120 21.7 - 176.1 [35] 

Polycaprolactone (PCL)  8 - 20 50 29.3 - 1637.9 [36] 

Poly(L-lactide)(PLLA) 10.73 - 29.9 50 190 - 699.5 [37] 

     

 

Despite these differences it must be stressed that the solubility of CO2 in NPS (around 

30 mg CO2/g sample at 50ºC  and 8.3 MPa, around 30 mg CO2/g sample at 120ºC  and 14.3 

MPa) compares well with the ones in PP, PET, and PBS while it is basically lower than 

those reported for PS, PCL and PLLA. In this case a more favorable interaction, on a 

molecular level, of CO2 with ester and aromatic groups [20] as opposed to –OH groups (in 

starch) might be hold responsible for the observed behavior. 

 

7.3.2 The effect of temperature and pressure on CO2 solubility in potato starch 

acetate (SA) 

The solubility of CO2 as a function of the temperature and pressure for SA is given in 

Figure 7.3. At 50 
o
C, a similar trend was observed as for NPS, the CO2 sorption reaches a 

maximum value and decreases at higher pressures. Furthermore, it can be concluded that 

the solubility of CO2 in SA is higher than in NPS at all pressure values. The difference in 

the CO2 solubility between NPS and SA may be related to a reduction in the crystallinity 

after the acetylation reaction (vide supra) [38, 39] and favorable intermolecular interaction 

between CO2 and SA due to the presence of the carbonyl group (C=O) in the starch acetate 

matrix [32, 40, 41] (see section 7.3.3).  
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7.3.3 In situ FT-IR studies 

In the previous paragraph, it was shown that the solubility of CO2 in SA is higher than 

in NPS. To gain insights in the interactions between CO2 and SA (DS = 0.5), in situ high 

pressure FT-IR studies were performed. The FT-IR spectra of SA and NPS as a reference 

in the absence of CO2 are depicted in Figure 7.4. The main difference between both spectra 

is the presence of a strong absorption band at 1732 cm
-1 

in SA arising from the acetyl 

group (C = O stretching vibration) [42].  

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4. FT-IR spectra of NPS (a) and SA (b). 

 

In previous research, we have shown that CO2 may interact with carbonyl groups of 

polymers [20]. Here CO2 acts as a Lewis acid and weak Lewis acid-base interactions 

between CO2 and the carbonyl groups are observed which is expected to have a positive 

effect on the CO2 solubility [20]. Figure 7.5 shows part of the FT-IR spectra and 

particularly the region of the stretching vibrations of the carbonyl group (C=O) in SA 

exposed to different CO2 pressures at 90 
o
C. The wave number of the carbonyl stretching 

vibrations are shifted to higher value from 1732 cm
-1

 at ambient pressure to 1738 cm
-1

 at 9 

MPa. Similar FT-IR measurements carried out in N2 instead of CO2 do not show a shift in 

the stretching vibrations of carbonyl group (Fig 7.5). Obviously, such shifts are solely 

caused by intermolecular interactions between SA and CO2.  
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Figure 7.5. FT-IR spectra of the stretching vibrations of the carbonyl group in SA at 

different CO2 and N2 pressures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6. FT-IR spectra of the bending mode vibration (v2) of CO2 in contact with NPS 

and SA at different pressures. 

 

In addition, the interaction between CO2 and the carbonyl groups can also be visualized 

by considering the position of the bending vibration of CO2 [20, 40]. As can be seen in Fig. 

7.6, an absorption band, corresponding to the CO2 bending mode vibration is observed at 

668 cm
-1

 [40]. At higher CO2 pressures (9 MPa), an additional absorption band at 663 cm
-1

 

and a small shoulder at 655 cm
-1

 is observed for SA, while these bands are not visible for 
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NPS at the same pressure (9 MPa). The presence of these two bands is indicative for an 

interaction between CO2 and the carbonyl group of SA [40]. Such splitting has also been 

observed for other polymers with carbonyl groups like poly(methyl-methacrylate) [40, 43].  

These observations indicate the presence of intermolecular interaction between CO2 

and the carbonyl group which contributes to a positive effect on solubility of CO2 in SA 

[20, 32].  

 

7.3.4 Modeling of CO2 sorption in NPS and SA using the S-L EOS model  

The experimental solubility data for both NPS and SA were modelled with the S-L 

EOS model. Eqs. 7.3 – 7.18 were solved iteratively using the characteristics parameters 

determined from the PVT data of the pure components (Table 7.1). The binary interaction 

parameters (kij) from this iteration sequence are given in Table 7.5. The values are clearly 

different for both samples (NPS and SA), whereas the effect of temperature (50 and 120 
o
C) 

is less pronounced. 

 

Table 7.5. Binary interaction parameters (kij) values for NPS and SA as a function of 

temperature 

 

Sample T (
o
C) kij 

NPS 
50 0.30 

120 0.29 

SA 
50 0.57 

120 0.59 

 

The kij values for SA are considerably higher than for NPS suggesting a more 

prominent SA-CO2 interaction for the former [35]. This findings are in agreement with the 

FT-IR results (vide supra). The S-L EOS model properly describes the experimental data 

as demonstrated by a good R
2
 value (0.98) and the corresponding parity plot (Fig. 7.7). 

This indicates that the S-L EOS equation of state may be used successfully to model the 

CO2 solubility in starch and starch derivatives.  
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Figure 7.7. Parity plot for measured and predicted solubility of CO2 in NPS and SA with 

the S-L EOS model. 

 

7.4 Conclusions 

The solubility of CO2 in native potato starch (NPS) and potato starch acetate (SA) at 

two different temperatures (50 and 120 
o
C) and various pressures (up to 25 MPa) were 

determined experimentally. The maximum solubility within the experimental range were 

31 mg CO2/gsample for NPS and 79.4 mg CO2/gsample for SA. It is shown that the 

experimental CO2 sorption data for NPS and SA can be correctly modeled using the S-L 

EOS equation of state. The higher solubility of CO2 in SA compare to NPS is attributed to 

favorable interactions between CO2 and the acetyl carbonyl groups, as was experimentally 

demonstrated using in situ high pressure IR studies.    

The solubility data provided in this paper is useful input for reactor models explaining 

the effect of process conditions on the acetylation of starch in sub- and supercritical CO2. 

In addition, the CO2 solubility data for NPS can also be of use for starch modification 

reactions in SCO2 in general and may be valuable input for process research and design 

activities.   
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Summary 

 

 

This thesis describes an exploratory study to determine the potential of supercritical 

carbon dioxide (scCO2) as a solvent for chemical modification reactions of starch. The 

emphasis is on the acetylation of potato starch with acetic anhydride (AAH) and the 

esterification with fatty acid esters as reactants.  

Acetylated starches are important commercial products. The common synthetic 

methodology involves the reaction of starch with AAH in water in the presence of an 

alkaline base like sodium acetate (NaOAc) as the catalyst (Scheme A). An undesired side 

reaction is the hydrolysis of AAH to form acetic acid (AA) (Scheme A.3). In conventional 

processes, only a relatively low starch concentration (between 35 and 42% wt/wt) is 

possible to avoid mixing problems and as a result the hydrolysis reaction also takes place 

to a considerable extent (Scheme A.3). Another serious drawback of the use of water is the 

high costs of water removal after reaction in the work-up/drying section of the process. To 

improve the selectivity, organic solvents such as pyridine and DMSO can be used. 

However, these solvents have a much higher environmental impact than water and are also 

difficult to separate from the product due to their relatively low volatility.   

Fatty acid starch esters are accessible by reacting starch with carboxylic acids (C4-C16), 

fatty acid vinyl esters (i.e. vinyl laurate, vinyl stearate), fatty acid chlorides, or fatty acid 

methyl esters (i.e. methyl palmitate, methyl laurate) and basic salts as catalysts. Typically 

organic solvents such as pyridine or DMSO are applied. The use of these organic solvents 

is a serious drawback for further up-scaling of the process. Thus, for both starch 
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modification reactions, the development and application of environmentally benign 

solvents is of prime importance (Chapter 1).   

 

 

 

 

 

 

 

 

 

Scheme A. Representative scheme of starch acetylation using AAH as the reagent and 

NaOAc as a base catalyst. 

 

Among the various green solvents, scCO2 is considered a very promising option. It is 

not toxic, relatively inert and is known to have a positive effect on reaction rates and 

selectivities (Chapter 1). The goal of this project is to assess the application of 

supercritical carbon dioxide (scCO2) as a solvent for the modification reactions of starch. 

The present research not only covers in-depth experimental and modeling studies on starch 

modification (Chapters 2, 3, 4, and 5) but also provides insights on a fundamental level on 

starch-CO2 interactions (Chapters 6 and 7).  

The acetylation of potato starch with acetic anhydride (AAH) and a number of base 

catalysts in a batch reactor set-up is described in Chapter 2, 3, and 4. The acetylation 

reaction was initially studied at relatively low pressures (6 – 9.8 MPa) (Chapter 2). Later 

studies revealed that these experiments were actually performed in the sub-critical state. At 
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these conditions, acetylated potato starch with a range of degree of substitutions (DS) (0.01 

- 0.46) were obtained. Other important reaction parameters such as the anhydride 

conversion (XAAH) (10 % - 80%), and the selectivity of the reaction (SSA) (2 % –18 %) 

were also determined. Statistically adequate (R
2
 and R

2
adj of 0.9 – 0.98) models correlating 

the effect of the process variables to the DS, XAAH and SSA were developed. The models 

indicate that the temperature, water content and NaOAc to starch ratio play a significant 

role while the effect of pressure within the experimental window (6 – 9.8 MPa) is rather 

limited. To evaluate the performance of CO2, a number of experiments were performed in 

water and the results confirm that densified CO2 is a good solvent for starch acetylation.  

When employing a broader CO2 pressure range (8 - 25 MPa) at a temperature of 90 
o
C 

and a NaOAc to starch ratio of 4.35 mole/mole AGU (Chapter 3), the pressure has a 

profound effect on the DS, XAAH, and SSA values. This implies that pressure is a suitable 

process parameter to tune the DS to the desired value for a given application. The highest 

DS values (0.29) were found near the critical point of the mixture (15 MPa). This value 

was determined by parallel experiments using a high pressure view cell. Furthermore, 

additional experiments with a range of starch particles sizes showed a clear relation 

between the DS and the particle size. This implies that mass transfer inside the particle is 

limiting the overall conversion rates and is more important than intrinsic kinetic effects. 

Further studies are required to quantify the complex interaction between intra-particle mass 

transfer and the acetylation kinetics.  

In Chapter 4, a systematic study was performed to quantify the effects of process 

conditions and particularly the effect of pressure on the acetylation of starch in pressurized 

CO2 using various basic catalysts and AAH as the reagent. The highest DS value (0.49) 

was obtained using potassium carbonate (K2CO3) as the catalyst at 90 
o
C, 15 MPa pressure, 

and a catalyst to starch ratio of 0.5 mole/mole AGU. The experimental data of 22 
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experiments were analysed using non-linear multivariable regression to quantify the effects 

of process conditions on important reaction parameters like the DS and XAAH. The models 

predict a positive influence of temperature and catalyst ratio on the product DS, whereas an 

optimum is observed for the pressure. Important product properties of the products 

prepared in CO2 (viscosity in water and relevant thermal properties) were determined and 

compared with the typical products prepared in water. The results show remarkable 

differences both in thermal stability and viscosity profiles.  

Chapter 5 describes an experimental study on a novel synthetic method for fatty 

acids/potato starch esters using supercritical carbon dioxide (scCO2) in a broad pressure 

range (6 – 25 MPa), temperatures between 120 and 150 °C and various basic catalysts and 

fatty acid derivatives (methyl and vinyl esters and anhydrides). Products with a broad 

range of DS values (0.01 - 0.31) were obtained, the actual values depending on process 

conditions, type of catalyst and the fatty acid reagent. The combination of K2CO3 and vinyl 

laurate gave the highest DS values (DS = 0.31 at 150 
o
C, 8 MPa). The DS of the products 

is a clear function of the temperature and pressure. While the DS increases with 

temperature, a maximum DS value is obtained at 8 MPa (Chapter 5). Apparently, two 

opposing effects play a role here. In the low pressure range (below 8 MPa), a higher 

pressure leads to a higher solubility of CO2 in the starch matrix and thus enhances the rate 

of diffusion of the reactants, ultimately leading to higher DS values. However in the high 

pressure regime (above 8 MPa), a compressive effect dominates which leads to lower 

diffusion rates of the reactants into the starch granules. Relevant product properties were 

determined and evaluated and it was shown that the introduction of fatty acid chains on the 

starch backbone has a profound effect on product properties like hydrophobicity and 

thermal behavior. 
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 An in depth study on the degree of gelatinization of potato starch by a scCO2 treatment 

at elevated temperatures (from 50 to 90 
o
C) and pressures (from 0.1 to 25 MPa) at 

relatively low water contents is reported in Chapter 6. Upon treatment with CO2, starch 

granules are plasticized, swelled and gelatinized as observed by in situ FT-IR, XRD, and 

DSC measurements. A series of experiments under N2 pressure confirms that scCO2 plays 

a special role in the gelatinization process. Quantification of the degree of gelatinization 

(DG) by DSC measurements indicates that starch gelatinization is induced by both 

temperature and pressure (Chapter 6).   

The solubility of CO2 in native potato starch (NPS) and potato starch acetate (SA) at 

two different temperatures (50 
o
C and 120 

o
C) and various pressures (up to 25 MPa) was 

determined experimentally using a magnetic suspension balance (MSB) (Chapter 7). The 

CO2 sorption behavior is highly depending on the temperature and pressure. In this 

thermodynamic study, it is shown that the DG and the CO2 sorption in the starch granules 

are correlated. The extent of DG is a function of the amount of CO2 present in the starch 

matrix and vice versa, a higher DG will also increase the accessibility of CO2 inside the 

starch matrix (Chapters 6 and 7). Another important finding is the existence of the 

specific intermolecular interaction between the carbonyl group of starch acetate (SA) and 

CO2 as established by FT-IR. This favorable interaction may explain the higher CO2 

solubility in SA compared to NPS. In addition, the experimental solubility data and the 

degree of swelling (Sw) for both native potato starch and SA were successfully modeled 

using the Sanchez Lacombe equation of state (S-L EOS) (Chapter 7). 
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Samenvatting  

 

In dit proefschrift wordt een oriënterende studie naar het potentieel van superkritisch 

kooldioxide (scCO2) als oplosmiddel voor de chemische modificatie van zetmeel 

beschreven. De nadruk ligt op de acetylering van aardappelzetmeel met azijnzuuranhydride 

(AAH) en de verestering van dit type zetmeel met vetzuur derivaten als reactanten.  

Geacetyleerde zetmelen zijn belangrijke commerciële producten. Ze worden in het 

algemeen gemaakt door zetmeel te laten reageren met AAH in water in de aanwezigheid 

van een basische katalysator zoals natriumacetaat (NaOAc) (Schema A). Een ongewenste 

nevenreactie is de hydrolyse van AAH tot azijnzuur (AA) (Schema A.3). In conventionele 

processen wordt gewerkt met relatief lage zetmeelconcentraties (tussen 35 en 42% wt/wt) 

om mengproblemen te vermijden. De hydrolyse reactie moet dan met geavanceerde AAH 

dosering methoden onderdrukt worden (Schema A.3).  

Een ander groot nadeel van het gebruik van water zijn de hoge kosten van 

waterverwijdering na de reactie in de droogsectie van het proces. Om de selectiviteit te 

verbeteren kunnen organische oplosmiddelen zoals pyridine en DMSO worden gebruikt. 

Deze oplosmiddelen hebben een veel hogere milieu belasting dan water en zijn ook 

moeilijk van het product te scheiden als gevolg van hun lage vluchtigheid. 

Zetmeel esters van lange vetzuren zijn te bereiden door zetmeel met vetzuur derivaten 

als vinylesters (bv. vinyllauraat, vinylstearaat), vetzuurchloriden, of vetzure methylesters 

(bv. methylpalmitaat, methyllauraat) te laten reageren in de aanwezigheid van basische 

zouten als katalysator. Normaliter worden organische oplosmiddelen zoals pyridine of 

DMSO gebruikt. Het gebruik van deze organische oplosmiddelen vormt een groot 

probleem voor het verder opschalen van het proces. Dit geeft aan dat het van groot belang 
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is om voor beide zetmeel modificatie reacties milieuvriendelijke oplosmiddelen te 

ontwikkelen en toe te passen (Hoofdstuk 1).  

 

 

 

 

 

 

 

 

 

Schema A. Zetmeel acetylering met AAH als reactant en NaOAc als basische katalysator. 

 

Van de diverse groene oplosmiddelen wordt scCO2 als een zeer veelbelovende optie 

beschouwd. Het is niet giftig, in het algemeen inert en het is bekend dat het een positief 

effect kan hebben op reactie snelheden en selectiviteiten (Hoofdstuk 1). Het doel van dit 

promotie onderzoek is om na te gaan of superkritisch kooldioxide (scCO2) een geschikt 

oplosmiddel is voor de verestering van zetmeel. In dit kader zijn er experimentele en 

modellering studies naar zetmeel modificatie reacties uitgevoerd (Hoofdstukken 2, 3, 4, 

en 5) en tevens is de interactie tussen zetmeel en CO2 op fundamenteel niveau bestudeerd 

(Hoofdstukken 6 en 7).  

De acetylering van aardappelzetmeel met azijnzuuranhydride (AAH) en een aantal 

basische katalysatoren worden in Hoofdstuk 2, 3, en 4 beschreven. De acetylering reactie 

werd aanvankelijk bij vrij lage druk (6 - 9.8 MPa) bestudeerd (Hoofdstuk 2). In latere 

studies bleek dat de experimenten beschreven in dit hoofdstuk onder subkritisch 
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omstandigheden zijn uitgevoerd. Onder deze condities wordt geacetyleerd 

aardappelzetmeel met een substitutiegraad (DS) tussen de 0.01 en 0.46 verkregen. Andere 

belangrijke reactieparameters zoals de anhydride conversie (XAAH) (10 % - 80 %), en de 

selectiviteit van de reactie (SSA) (2% - 18%) zijn ook bepaald. De experimentele resultaten 

zijn gemodelleerd en hebben geleid tot statistisch relevante modellen (R
2
 en R

2
adj van 0.9 - 

0.98) die het effect van de procesvariabelen op de DS, XAAH en SSA kwantificeren. De 

modellen geven aan dat de temperatuur, het water gehalte van het gebruikte zetmeel en de 

NaOAc/zetmeel verhouding een significante rol spelen, terwijl het effect van druk (tussen 

6 - 9.8 MPa) beperkt is. Ter vergelijk werden een aantal experimenten uitgevoerd in water 

en de resultaten bevestigen dat CO2 een goed oplosmiddel is voor de acetylering van 

zetmeel.  

Wanneer de reacties bij een hogere CO2 druk (8 – 25 MPa, 90 ºC en een 

NaOAc/zetmeel ratio van 4.35 mol/mol AGU) worden uitgevoerd (Hoofdstuk 3), heeft de 

druk een groter effect op de DS,  XAAH, en SSA. Dit impliceert dat de druk een geschikte 

procesparameter is om de DS te sturen. De hoogste DS waarde (0.29) werd dicht bij het 

kritische punt van het mengsel (15 MPa) gevonden. Dit kritische punt werd bepaald door 

experimenten uit te voeren in een hoge druk kijkcel. Voorts toonden experimenten met 

variatie aan zetmeel korrelgroottes aan dat er een duidelijke correlatie bestaat tussen de DS 

en de korrelgrootte. Dit impliceert dat de massaoverdracht binnen de korrel de overall 

reactiesnelheid beperkt en dat massatransport in de korrel belangrijker is dan de intrinsieke 

kinetiek van de reacties. Verdere studies zijn nodig om de complexe interactie tussen 

massaoverdracht in de korrel en de acetylerings kinetiek te kwantificeren.  

In Hoofdstuk 4 wordt een systematische studie beschreven naar de effecten van 

procesparameters op de DS voor de acetylering van zetmeel onder hoge druk CO2 met 

diverse basische katalysatoren en AAH als reactant. De hoogste DS waarde (0.49) werd 
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verkregen met kaliumcarbonaat (K2CO3) als katalysator, bij een temperatuur van 90 ºC, 

een druk van 15 MPa en een katalysator/zetmeel verhouding van 0.5 mol/mol AGU. De 

experimentele gegevens van 22 experimenten zijn met niet-lineaire multivariabele 

regressie geanalyseerd om de effecten van de proces parameters op de DS en XAAH te 

kwantificeren. In overeenkomst met de experimenten laten de  modellen een positieve 

invloed van temperatuur en katalysator/zetmeel verhouding op de DS van het product zien, 

terwijl voor de druk een optimum wordt waargenomen. Belangrijke product eigenschappen 

(viscositeit in water en relevante thermische eigenschappen) zijn bepaald en vergeleken 

met typische producten die in water zijn bereid. De resultaten laten opmerkelijke 

verschillen zien wat betreft thermische stabiliteit en viscositeit profielen.  

Hoofdstuk 5 beschrijft een experimentele studie naar het gebruik van scCO2 voor de 

synthese van vetzure esters van aardappelzetmeel. De reacties zijn uitgevoerd in een breed 

drukgebied (6 - 25 MPa), bij temperaturen tussen 120 en 150 °C en met diverse basisch 

katalysatoren en vetzuurderivaten (methylesters, vinylesters en anhydrides). Er zijn 

producten gemaakt met DS waarden van 0.01 tot 0.31, afhankelijk van de procescondities, 

het type katalysator en het vetzuur reagens. De combinatie van K2CO3 en vinyl lauraat gaf 

de hoogste DS (DS = 0.31 bij 150 ºC, 8 MPa). De DS van de producten is sterk afhankelijk 

van de temperatuur en de druk. De DS neemt toe bij hogere temperaturen, terwijl er een 

maximum DS wordt waargenomen bij een druk van 8 MPa (Hoofdstuk 5). Klaarblijkelijk 

spelen er twee tegenovergestelde effecten een rol. In het lage drukgebied (onder 8 MPa) 

neemt de oplosbaarheid van CO2 toe in de zetmeel matrix bij hogere drukken. Dit verhoogt 

de snelheid van diffusie van de reactanten en leidt uiteindelijk tot hogere DS waarden. In 

het hoge drukgebied (boven 8 MPa) overheerst een compressie effect als gevolg van de 

hoge druk op de zetmeel korrel. Dit leidt tot lagere diffusie snelheden van de reactanten in 

de zetmeel korrels en een lagere DS. De relevante producteigenschappen zijn bepaald en 
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geëvalueerd. De apolaire vetzuur ketens blijken een groot effect te hebben op belangrijke 

producteigenschappen zoals hydrofobiciteit en thermisch gedrag. 

Een diepgaande studie naar de mate van gelatinisering van aardappelzetmeel door een 

behandeling met scCO2 wordt in Hoofdstuk 6 beschreven. In de aanwezigheid van CO2 

zwellen, plastificeren en gelatiniseren de zetmeel korrels (in situ FT-IR, XRD, en DSC 

analyses). Een reeks experimenten onder N2 druk bevestigen dat scCO2 een bijzondere rol 

in het gelatiniserings proces speelt. Kwantificering van de graad van gelatinisering (DG) 

door DSC analyse toont aan dat zetmeel gelatinisering door zowel temperatuur als druk 

wordt veroorzaakt (Hoofdstuk 6).   

De oplosbaarheid van CO2 in puur aardappelzetmeel (NPS) en aardappelzetmeelacetaat 

(SA) bij twee verschillende temperaturen (50 ºC en 120 ºC) en verschillende druk (tot 25 

MPa) is experimenteel bepaald met een magnetisch suspensie balans (Hoofdstuk 7). Het 

oplosbaarheids gedrag van CO2 in zetmeel is zeer sterk afhankelijk van de temperatuur en 

de druk. Deze thermodynamische studie toont aan dat de DG en de oplosbaarheid van CO2 

in de zetmeel korrels gecorreleerd zijn. De mate van DG is een functie van de hoeveelheid 

CO2 in de zetmeel matrix en vice versa, een hoger DG zal ook de toegankelijkheid van 

CO2 in de zetmeel matrix verhogen (Hoofdstukken 6 en 7). Een andere belangrijke 

vinding is de aanwezigheid van specifieke inter-moleculaire interacties tussen de carbonyl 

groep van zetmeelacetaat (SA) en CO2 (FT-IR studies). Deze gunstige interactie kan de 

hogere oplosbaarheid van CO2 in SA, in vergelijking met NPS, verklaren. Bovendien zijn 

de experimentele oplosbaarheden van CO2 in zetmeel en de zwellinggraad voor zowel puur 

aardappelzetmeel als SA succesvol gemodelleerd met de Sanchez Lacombe 

toestandsvergelijking (S-L EOS) (Hoofdstuk 7). 

 

 



 

 



 

161 

 

Acknowledgements 

 

 

Kunt u mij helpen? This thesis would never have been finalized and all the research 

would never have been conducted without the countless support of so many people.  

First of all, I would like to express my deepest gratitude to my promotores, Prof Leon 

Janssen, Prof Erik Heeres, and Prof Francesco Picchioni. Thank you Leon and Erik for 

giving me the opportunity to do this PhD project in the first place. Your email on the day 

before Christmas in 2004 in which you offered me this PhD position was really a blessing 

in the sky for me. Leon, thank you so much for your guidance, for the continuous support 

and help throughout the research project so I could manage to finalize this thesis and finish 

my study in Groningen. Thank you also Leon, for your hospitality and for your kindness to 

my family. Erik, this thesis would never have reached its final shape without consistent 

support from you. Thank you very much, Erik, for your ideas, for the fruitful discussions, 

for your continuous efforts to improve my writing skills and for all your kind assistance 

and time to arrange so many things when I was in Indonesia. Francesco, thank you very 

much for your willingness to participate in the project, to help me to finalize this thesis and 

to be there as a friend to encourage me in the “good and bad” times in my PhD period.  

I also would like to give my deep appreciation to the members of my reading 

committee Prof A.A. Broekhuis, Prof L. Mosiscki, and Prof K.U Loos for their valuable 

time to read this manuscript and for providing me with their comments and suggestions 

which improved the quality of this thesis. 

My special thanks to Dr Johan Hopman (AVEBE), and Dr. Michael Polhuis (AVEBE) 

for providing me with the starch for my experiments, for the RVA analysis and also for the 

constructive discussions. I would like to acknowledge Dr Peter Steeneken (TNO) for 

giving me more insights in starch surface modification experiments. I would like to thank 

Prof Zeljko Knez (University of Maribor) for his valuable inputs on the phase behavior 

studies. Also thanks to Jos Winkelman for his valuable time to discuss the kinetic of the 

acetylation of starch in scCO2. I would like to thank Sebastian Noel for the discussion 

about organic chemistry topics. 

I am deeply in debt for those who helped me with my experimental studies. Thank you 

very much, Anne Appeldoorn, Marcel de Vries, Erwin Wilbers, and Laurens Bosgra for 

building and maintaining my experimental set-up and with your assistance to solve 



Acknowledgements 

162 

 

technical problems. For Marcel, special thanks for your encouraging words. Werken aan 

de grenzen van het weten, that is what you always told me when I was facing difficulties 

with my research.  Thank you so much, Jan Henk Marsman, Peter Evers, Leon Rorbach, 

Erik Dinkla, Fitna Adham, Tatiana Landaluce, Harry Nijland, Gert Alberda van Ekenstein, 

Paul Hagedoorn, Wim Kruizinga, and Hans van der Velde for analytical assistance. Many 

thanks also to Sameer Nalawade, Anna Nizniowska, and Vincent Nieborgh who were 

willing to share their knowledge and experience and for introducing me with the ‘scCO2 

world' during the first year of my PhD project. I would like to thank Sjoerd van der Knoop 

(my master student) and Danielle Keijzer for input and support in the starch fatty acid ester 

synthesis project, this joint research has been included in this thesis. For Raymond Roepers, 

and Stephan Neijenhuis, my bachelor students, thank you so much for your enthusiasm. I 

enjoyed very much working with both of you.   

I also want to thank all colleagues in the Chemical Engineering Department. In 

particular, I thank Marya van der Duin-de Jonge for her hospitality and help in 

administrative matters, Prof Brian Roffel and Dr. Ignacio Melian Carbrera for all support 

during my study. Special thanks to Nidal Hammoud Hasan for helping me with the Dutch 

summary and Henk van de Bovenkamp for being my paranimph. I want to thank Prof 

M.W.M. Boesten, Inge Noordegraaf, Olga Polushkin, Anant Samdani, Youchun Zhang, 

Claudio Toncelli, Mas Chalid, Iqbal, Joost van Bennekom, Petit Wiranggalih, Wahyudin, 

Abdul Osman, Chunai Dai, Ria Abdillah, Jusuf Abduh, Ratna, Aniek, Camiel Janssen, 

Marcel Wiegman, Jaap Bosma, Boelo Schuur, Jelle Wildschut, Jan Willem Miel, Arjan 

Kloekhorst, Bilal Niazi, Farchad Mahfud, Francesca Fallani, Hans Heeres, Gerard Kraai, 

Boy Arief Facri, Lidia Lopez Perez, Diego Wiever, Nadia Gozali, Siti Maemunah, Bernard 

Huisman, Oscar Rojas, Diana Santangelo, Iker Aquirrezabal, and Robert Wilting for the 

wonderful friendships during my stay in Groningen.  

I am also grateful to Buana Girisuta and Rina, Asaf Sugih and Tresna, Wisnumurti and 

Yuli, Bima, Poppy and Henk, Fesia and Vincent Nieborgh, Ibu Ida, CB Rasrendra, Ibu 

Judy Retti Witono, Mba Tita, Connie and Marcel, Asal Hamarneh and Jos Pasop, Agnes 

Ardiyanti (my paranimph) and Goedhart, Laura Junistia, Erna Subroto, Louis Daniel, 

Teddy and Yeny, Tante Smith and family, Tante Ietje Kailola, Tante Caroline, Tante Alma 

and Tante Oppie, not only as my friends but also as my family in Groningen. Thank you all 

so much for your kindness,  attention and support for me, Dita, and Clairine.   

I am blessed to have you, Dita, as my wife and also Clairine as my daughter. Thank 

you for your endless support, for your patience and understanding, for always providing 



Acknowledgements 

 

 163

me with such lovely smiles and for all encouragement that you gave me during the hard 

times of my study period. My parents (papi, papi in law, mami, and mami in law), my 

brothers (Hendrik and Yos), my sisters (Erna, Christi, Fanny) and my nephew (Nael, 

Hansel) thank you all so much for everything.  

Thank you very much God, for your blessing and for leading me in every step of my 

life.  

 

 

Bandung, 06 April 2010   

 

 



 

 



 

165 

 

List of Publications 

 
 
1. Muljana, H., Heeres, H. J., & Janssen, L. P. B. M. (2007). Green starch conversions : 

Studies on starch acetylation in supercritical CO2. In European Congress of Chemical 

Engineering 6.(pp. 1045-1046). Copenhagen, Denmark (oral presentation). 

2. Muljana, H., Picchioni, F., Heeres, H. J., & Janssen, L. P. B. M. (2008). Green starch 

conversions : Studies on starch acetylation in supercritical CO2.In International 

Symposium on Chemical Reaction Engineering 20.(pp. 26-28). Kyoto, Japan (oral 

presentation). 

3. Muljana, H., Picchioni, F., Heeres, H. J., & Janssen, L. P. B. M. (2009). Supercritical 

carbon dioxide (scCO2) induced gelatinization of potato starch. Carbohydrate Polymers, 

78, 511-519. 

4. Muljana, H., Picchioni, F., Heeres, H. J., & Janssen, L. P. B. M. Green starch 

conversions : Studies on starch acetylation in densified CO2. Carbohydrate Polymers, 

Submitted. 

5. Muljana, H., Picchioni, F., Heeres, H. J., & Janssen, L. P. B. M. Experimental and 

modeling studies on the solubility of sub- and supercritical carbon dioxide (scCO2) in 

potato starch and derivatives. Polymer Engineering and Science, Submitted. 

6. Muljana, H., van der Knoop, S., Picchioni, F., Heeres, H. J., & Janssen, L. P. B. M. 

Synthesis of fatty acid starch esters in supercritical carbon dioxide. Carbohydrate 

Polymers, Submitted. 

7. Muljana, H., Picchioni, F., Heeres, H. J., & Janssen, L. P. B. M. Process-product studies 

on starch acetylation reactions in pressurised carbon  dioxide. Starch, Submitted. 

8. Muljana, H., Picchioni, F., Knez, Z., Heeres, H. J., & Janssen, L. P. B. M. Insights in 

starch acetylation reactions in sub- and supercritical carbon dioxide Biomacromolecules, 

Submitted. 

9. Muljana, H., van der Knoop, S., Picchioni, F., Heeres, H. J., & Janssen, L. P. B. M. 

(2010). Synthesis of fatty acid starch esters in supercritical CO2. In International 

Conference Polymer Processing and Characterization- 2010 (ICPPC). Kottayam, Kerala, 

India (oral presentation).  

10. Muljana, H., Picchioni, F., Heeres, H. J., & Janssen, L. P. B. M. (2010). Acetylation of 

starch in supercritical CO2. In Starch Convention. Detmold, Germany  (oral presentation). 


