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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. 

 

 



Chapter 6 

114 

 

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) 

)P).(PT∆α.(T)P.(P
2

∆β
          

)P).(PT,∆V(P)T.(T
2T

∆Cp
)T).(TT,∆S(P)T,∆G(P∆G

rr

2

r

rrr

2
r

r
rrrrr

−−+−+

−+−−−−=
  (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). 

 

 

 

 



Supercritical CO2 Induced Gelatinization of Potato Starch 

123 

 

 

 

 

 

 

 

 

 

 

 

 

 

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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