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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 



Chapter 2 

42 

 

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 
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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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