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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].  

 



Studies on the Solubility of Sub- and Supercritical CO2 in Potato Starch and Derivatives 

 

133 

 

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.  

 

 

 



Chapter 7 

134 

 

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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