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A B S T R A C T   

Steam jet-cooking allows for efficient dissolution of cationic starch in paper production as it operates above the 
boiling point of water at elevated pressures. However, the processes involved during jet-cooking and its con
sequences on dissolution and finally paper properties have not been fully resolved so far. As cationic starch is the 
most important paper additive in the wet end, any energy or material savings during dissolution will enhance the 
ecologic and economic performance of a paper mill. Here, we address the topic of solubilization of four different 
industrially relevant cationic starches processed via steam jet-cooking. We showcase that rheology is a useful tool 
to assess the solubility state of starches. Some starches featured liquid-like rheological behavior (loss moduli, G", 
greater than storage moduli, G') in linear viscoelastic tests and anti-thixotropic behavior in hysteresis loop tests. 
In contrast, cationic corn starches exhibited gel-like behavior (G' > G′′) and negligible hysteresis directly after 
cooking. 
Hypotheses: To evaluate the decisive factors for complete dissolution of industrial cationic starches using jet- 
cooking and to correlate them to rheological properties.   

1. Introduction 

Cationic starch (CS) ethers are one of the most important additives in 
the wet-end of paper manufacturing. During paper production, they act 
as retention aids and improve dry strength of paper products (Sharma 
et al., 2020). The most crucial step in the use of cationic starches in the 
wet-end is how they can be solubilized within a short time, while using 
lowest possible amount of resources. In food industry, autoclavation has 
been proposed for native starch dissolution, resulting in potential for
mation of resistant starches and products with adjustable properties e.g., 
stickiness and texture (Dundar & Gocmen, 2013; Li, Lei, et al., 2019; Li, 
Yu, et al., 2019). For CS however, the state-of-the-art technology in 
paper industry to solubilize cationic starches is to use steam-jet-cooking. 
In such steam jet-cookers, hot steam (typically with a temperature be
tween 110 and 135 ◦C) breaks up starch granules. As this creates high 
shear forces in such devices, starches subsequently dissolve within a few 
minutes (Dintzis & Fanta, 1996) and can be operated in a continuous 

fashion. Afterwards, the solutions are diluted and applied to the pulp 
fiber slurries that contain other additives. Recently, we showed that jet- 
cooking conditions impact retention of cationic starches on pulp fibers 
(Ferstl et al., 2020). For dry cationized potato starches, for instance, a 
temperature of 115 ◦C yielded maximum retention on the pulp fibers 
(ca. 90%) while higher cooking conditions, e.g., 125 ◦C led to 80% 
retention. However, the other investigated potato starches featured the 
same trend but to a lesser extent. In a paper mill, the optimum conditions 
for the cooking process are difficult to establish and mainly rely on the 
experience of the operators and are often guided by trial and error. This 
originates from challenges to assess the solubility state of CS solutions in 
a process routine in combination with the lack of extensive scientific 
literature on this applied topic. As steam jet-cooking is an energy intense 
process, any savings in cooking conditions, have a large economic (less 
energy and/or starch needed) and subsequently also ecologic impact 
(less CO2 produced). As CS is used in large amounts in the wet-end 
(0.7–8.0% per dry pulp), the cooking procedure is an interesting 
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target to improve the economic and ecologic performance of a paper 
mill. 

Published papers on properties of jet-cooked starch solutions are 
scarce (Modig et al., 2006). Even for native starches, the scientific 
literature is not exhaustive despite the importance of steam jet-cooking 
to prepare aqueous starch solutions in different industrial context (de la 
Rosa-Millán et al., 2020; Ferng et al., 2011; Klem & Brogley, 1981). 
Depending on the conditions, degradation of the amylose/amylopectin 
backbones may occur, thereby decreasing the degree of polymerization 
(Byars, 2003). Some authors focused on cooling conditions of jet-cooked 
solutions and investigated the formation of spherulites and their inclu
sion complexes (Fanta et al., 2002). Such composites can be produced 
with a variety of materials (e.g., lipids) and have promising applications 
in different fields (Davies et al., 1980; Fanta et al., 2001; Fanta et al., 
2002; Fanta et al., 2012; Fanta & Eskins, 1995). One of the most thor
ough papers on jet-cooking cationic starch solutions was published by 
Modig et al. (2006). They used asymmetric field flow fractionation to 
investigate the properties of amylopectin-rich cationic starch solutions 
(Modig et al., 2006). They demonstrated that jet-cooking reduced molar 
mass of CS significantly when increasing temperature above 130 ◦C. 
However, the authors did not focus on the solution state of the cationic 
starches. 

Here, we aim at extending the knowledge of steam jet-cooking of 
industrial cationic starch samples in the context of rheology. In contrast 
to a previous report (Ferstl et al., 2020) where we focused on the 
retention of jet-cooked potato and corn starches on pulp fibers, here we 
assess the solubility state of these starches directly after steam jet- 
cooking and after storage. We explore the effect of temperature on the 
rheological behavior and support the results with optical microscopy 
studies. Rheology and in particular the knowledge on linear viscoelastic 
and thixotropic behavior can be employed as tools to design more effi
cient cooking procedures of CS in an industrial context. 

2. Materials and methods 

2.1. Materials 

Sodium chloride was obtained from VWR Chemicals (>99%) and 
potassium chloride was obtained from Fluka Analytical (>99%). 
Cationic starches were obtained from different commercial suppliers. 
Information related to these starches is given in Table 1. 

2.2. Preparation of starch solutions 

2.2.1. Typical procedures for jet-cooking cationic starch samples 
Cationic starch powder (adjusted to the dry weight of the respective 

starch) was transferred into a 25 L plastic container and water (5 L, ionic 
strength of 3 mM, prepared by dissolving NaCl and KCl in a 3:1 M ratio 
in deionized water) was added. The container was closed, shaken 
vigorously, and the starch slurry was transferred into the storage vessel 
(capacity 50 L) and stirred at 50 min− 1 with a EUROSTAR 20 stirrer to 
prevent sedimentation. The storage vessel was connected to a Netzsch 
Mohno pump (type NM021BY02S12B) with adjustable flow rates up to 

50 L⋅min− 1. To adjust the pressure of the slurry inlet stream, a Jordan GP 
valve was used. A hydro THERMAL M101 hydroheater reaction chamber 
was used to mix the steam with the slurry inlet stream. The steam was 
generated by a PONY GE20/04P steam generator operating at pressures 
between 0.1 and 6.0 bar. The flow rate was set to 0.6 L⋅min− 1at a pump 
frequency set to 9.7 Hz. The starch slurry was then cooked at tempera
tures between 120 and 130 ◦C. Residence time of the starch slurry in the 
heating element of the jet cooker was 90 s. Afterwards, the starch so
lutions were transferred to thermos bottles to keep heat loss as low as 
possible prior to further characterization using rheology. The solutions 
never reached a temperature below 85 ◦C. After sampling for rheology 
measurements, the solutions were placed in a drying oven in a closed 
preheated vessel overnight at 85 ◦C. 

The solid content of the solutions after cooking was determined with 
a Mettler Toledo HR73 moisture analyser. The measurement was per
formed at a drying temperature of 140 ◦C. The amylose/amylopectin 
ratio after jet-cooking was determined using iodine colorimetry (Hov
enkamp-Hermelink et al., 1988). 

2.3. Rheology 

The rheological characterization was performed on an Anton Paar 
MCR 502 (Anton Paar GmbH, Graz, Austria) rotational rheometer using 
a standard concentric cylinder measuring geometry (CC27) with a 
diameter of the inner rotating cylinder of 26.7 mm and cup diameter of 
28.92 mm, combined with a standard Peltier temperature device (C- 
PTD200). Prior to each measurement, the samples were allowed to relax 
for 10 min. The frequency sweep, strain amplitude sweep, and flow 
curve were determined in this order in a single measurement series. 
Details for each test are given below. 

2.3.1. Cooling curve 
The measurement system was preheated to 90 ◦C before the sample 

was placed on the rheometer. Prior to measurements, the starch solu
tions were allowed to relax for 10 min at 90 ◦C followed by pre-shearing 
at a constant shear rate of γ̇ = 10 s− 1 for a period of 3 min. The mea
surement was started at 90 ◦C and the final temperature (25 ◦C) was 
reached via a linear temperature ramp (− 1 ◦C⋅min− 1 at γ̇ = 25 s− 1). 

2.3.2. Frequency sweep, amplitude sweep and hysteresis loop tests 
Before sample deposition, the temperature of the system was 

adjusted to 50 ◦C and kept constant for all the experiments. For the 
frequency sweep, the sample was pre-sheared at a shear rate γ̇ = 25 s− 1 

for 1 min followed by an oscillatory shear motion with a shear amplitude 
of γ0= 18% and angular frequency of ω = 100 rad⋅s− 1 for 1 min. The 
angular frequency was decreased from 200 to 0.1 rad⋅s− 1 (logarithmic 
ramp) at a constant shear strain amplitude of γ0 = 18%. For the strain 
amplitude sweep, the sample was pre-sheared at γ̇ = 0.05 s− 1 for 2 min. 
The strain amplitude was increased from 0.01 to 100% (logarithmic 
ramp) at a constant ω = rad⋅10 s− 1. The linear viscoelastic region was 
determined based on preliminary tests and the strain sweep tests were 
herein included as a confirmation thereof. For the hysteresis loop tests, 
the sample was pre-sheared at γ̇ = 0.05 s− 1 for 1 min. The shear rate was 
increased from 1 to 4950 s− 1 (logarithmic ramp) within 150 s, held at 
4950 s− 1 for 50 s and was then decreased from 4950 to 1 s− 1 (loga
rithmic ramp) within 150 s. 

The complex viscosity functions obtained during the frequency 
sweep tests have been fitted using the well-known Carreau-Yasuda, Eq. 
(1), and Power law, Eq. (2) models (Barnes et al., 1989) depending on 
whether the functions showed the existence of a zero-shear viscosity 
plateau or not: 

|η*| =
⃒
⃒η*

0

⃒
⃒(1 + λ ωa)

n− 1
a (1)  

|η*| = K ωn− 1 (2) 

Table 1 
Information on the investigated cationic starches employed in this study.  

Origin Cationization Supplier Dry 
weight 

DS ζ 
[mV] 

Sample 
ID 

Potato Wet Südstärke 85.1%  0.055 +30.1 
± 0.5 

PW 

Potato Dry Roquette 83.6%  0.045 +15.2 
± 0.2 

PD 

Corn Wet Agrana 88.4%  0.030 +22.5 
± 0.4 

CW 

Corn Dry Roquette 87.5%  0.030 +15.3 
± 0.1 

CD  
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with |η*| and |η0*| being the complex viscosity and zero-shear complex 
viscosity magnitudes, respectively, and λ, a, n, K the fit parameters of the 
respective models. 

2.4. Optical microscopy 

Optical microscopy was performed on a polarization light micro
scope from Leica (Wetzlar, Germany) equipped with a thermo- 
controllable heating stage (precision 0.5 ◦C). In a typical experiment, 
the jet-cooked starch samples were deposited on preheated (95 ◦C) cover 
glass slides (Merck, 22 × 22 mm2) and immediately covered with 
another preheated cover glass slide. Measurements were repeated by 
depositing solutions of the starches on the rheometer after storage for 
12 h. 

2.5. Zeta-potential 

The zeta potential of starch solutions (c = 1 mg⋅ml− 1, 25 ◦C) was 
determined using a Litesizer 500 using two electrode setup (Anton Paar 
GmbH, Graz, Austria). The Kalliope™ software was used for measure
ment and data evaluation. The cumulant model ISO 22,412 was used for 
the calculation of the mean hydrodynamic diameter. The analysis of the 
zeta potential was performed by applying the Smoluchowski approxi
mation with a Debye factor of 1.50. 

3. Results and discussion 

3.1. Results 

After cooking using different parameters, care was taken to avoid 
cooling of the sample below 85 ◦C as this can lead to irreversible changes 
in structure caused by retrogradation. The cooked slurries were trans
ferred to thermally insulated bottles and stored until rheological char
acterization. The solutions were placed into the preheated system before 
the measurements were performed as described in the experimental 
section. The samples were characterized by rheology directly after 
cooking as well as after a storage time of 12 h. 

3.1.1. Cooking temperature of 125 ◦C 
The cooling curve (Fig. 1) for the starches cooked at 125 ◦C showed 

that the viscosity at 90 ◦C is similar for all samples (0.040–0.070 Pa⋅s). 

Upon cooling below 75 ◦C, however, distinct differences evolved. The 
CW and CD samples exhibited a strong increase in viscosity indicating 
interactions between the macromolecules and retrogradation. The PW 
and PD samples, however, showed comparatively less increase in vis
cosity during cooling which indicated that these samples may already be 
dissolved at this cooking temperature, see the discussion of the results 
ahead. 

The frequency sweep of the cationized potato and corn starch sam
ples differed significantly (Fig. 2). PD and PW are characterized by a 
viscous dominated rheological material response, with G′′ > G' at all 
angular frequencies, Fig. 2.A. This can be taken as a further indication 
that the PD/PW samples had been solubilized at 125 ◦C cooking tem
perature. Their (complex) viscosity functions are qualitatively similar, 
comprising two regions, a plateau region and a shear-thinning region. 
They are comparable in magnitude, the viscosity being slightly higher 
for PD in the low angular frequency range, i.e. towards the zero-shear 
viscosity plateau, while practically identical in the shear thinning re
gion, where conformational changes occur. In contrast, CW and CD show 
a more complex behavior. Both show a gel-like rheological response, 
with G′ > G′ ′ at lower angular frequencies indicating significant in
teractions/aggregation between the macromolecules, while at the 
higher angular frequencies G′ < G′ ′ suggesting that the gel-like inter
action was disrupted by oscillation induced macromolecular confor
mational changes. The change in rheological response (where G′ = G′ ′) 
occurred at ω≈ 9 rad⋅s− 1 for CW and ω≈ 29 rad⋅s− for CD. In addition, 
while the viscosity function of CD indicated the existence of a zero-shear 
viscosity plateau, CW showed an increase in viscosity for ω<2 rad⋅s− 1, 
suggesting the existence of a yield-stress. The testing of the solutions 12 
h after cooking is shown in Fig. 2.B,D. The PD and PW samples did not 
show any significant qualitative and quantitative changes in material 
response. In contrast, CW and CD showed significant changes in 
behavior 12 h after cooking. CW exhibited a liquid-like behavior, G′′ >

G', over the entire angular frequency range accompanied by a decrease 
in viscosity of almost 1 decade, and also exhibiting an apparent zero- 
shear viscosity plateau. CD showed a qualitatively similar behavior in 
dynamic moduli, however, with an increase in the liquid-gel transition 
(G' = G′′) to ω≈35 rad⋅s− 1. 

The strain amplitude sweep data (Fig. S1, SI) essentially confirm the 
frequency sweep data (compare datapoints with ω=10 rad s− 1 and 
γ0= 18% between the two datasets). Furthermore, all data confirms that 
the frequency sweep measurements were performed in the linear 
viscoelastic regime. 

The hysteresis loop tests are presented in Fig. 3. For all samples, the 
shear stress increase with shear rate confirms their shear thinning 
behavior, see also (Fig. S2, SI). Similar to the previous tests, negligible 
differences were recorded between PW and PD before and after cooking. 
Interestingly, the shear stresses on the downward curve (decreasing 
shear rate) are higher than on the upward curve (increasing shear rate). 
This highlights an apparent anti-thixotropic (rheopectic) behavior. 
While for thixotropic samples in hysteresis loop tests samples experience 
gradual de-structuring on the upward curve rendering the shear stress/ 
viscosities lower on the downward curve, and anti-thixotropic behavior 
implies a ‘thickening' behavior, generally attributed to the tendency of 
polymer molecules to aggregate in solution giving rise to temporary 
aggregates (Buitenhuis & Pönitsch, 2003). From molecular point of view 
this has been attributed to θ solvents, tacticity effects influencing solu
bility and linking of polymer molecules by small amounts of unknown 
contaminants, among others (Buitenhuis & Pönitsch, 2003). We have to 
also caution against other possible artefacts such as the presence of a 
complex shear history of the samples, and the highly transient condi
tions in which the thixotropic loop tests were performed. Interestingly, 
not all samples studied displayed anti-thixotropic behavior. Directly 
after cooking, CW showed almost no anti-thixotropic behavior while CD 
shows an anti-thixotropic behavior below 70 s− 1. In contrast, 12 h after 
cooking CD showed no apparent time-dependent behavior while 
exhibited anti-thixotropic behavior similar to PW and PD. These 

Fig. 1. Evolution of viscosity upon cooling (1 ◦C∙min− 1, 25 s− 1) of jet-cooked 
cationic starch solutions (125 ◦C, 3.5 wt%, I = 3 mM). 

M. Gabriel et al.                                                                                                                                                                                                                                 



Carbohydrate Polymers 285 (2022) 119262

4

rheological results were confirmed by optical microscopy observations 
of the starch solutions directly after cooking and after storage for 12 h. 
The PW and PD samples appear fully dissolved with hardly any particles 
visible in the microscopy images. The CW and CD samples showed a 
variety of particles in the samples, that could classify as remnants. 
Interestingly, the remnants remain for the CD sample while they 
disappear for the CW samples during storage, which is in agreement 
with rheology solubility assessment. It appears in the microscopy images 
for CW that the previously present remnant particles gelatinize and 
hardly any particles can be identified in the images after storage for 12 h 
(Fig. 4). 

3.1.2. Influence of cooking temperature 
According to the dynamic moduli in the 120 ◦C data PD and PW are 

already dissolved at 125 ◦C, therefore, higher temperatures have not 
been considered as that would lead to degradation of the cationic 
starches. However, for CD and CW, higher temperatures would be 
needed for complete dissolution, see also Fig. 2C,D. Therefore, other 
cooking temperatures (PD/PW: 120 ◦C; CD/CW: 130 ◦C) were selected. 

Fig. 5 depicts the cooling curves of the four starches cooked at 120 

(PD/PW) and 130 ◦C (CD/CW). The initial viscosity (at 90 ◦C) was 
hardly affected by the cooking temperature and is in the same order of 
magnitude as for the samples cooked at 125 ◦C. Significant differences 
occurred below 60 ◦C with CD/CW samples having lower viscosities and 
PD/PW comparable (CD) or higher than the samples cooked at 125 ◦C, 
see Fig. 1. 

While PD showed just a slight increase in viscosity at 25 ◦C (from 
0.07 to 0.9 Pa∙s), PW increased to a larger extent (from 0.15 to 0.21 
Pa∙s). The difference in PW and PD viscosities between the cooking 
temperatures can be due to a higher starting viscosity (90 ◦C) for PW 
cooked at 120 ◦C as the relative change in viscosity over the temperature 
range is very similar. Both corn starches behaved similarly with a 
reduction of viscosity at 25 ◦C from 0.30 to 0.16 Pa∙s (CD) and 0.27 to 
0.19 Pa∙s (CW). However, the cooling viscosity curves, indicating 
rearrangements during cooling (retrogradation, starting from 65 ◦C), 
remained very similar to those at 125 ◦C cooking temperature. 

The frequency sweep experiments (Fig. 6) showed that the PD and 
PW samples still featured G" > G' over the whole frequency range. 
Storage did not significantly impact the material response. Interestingly, 
the frequency sweep experiments showed that CW and CD featured G' >

(A) (B)

(C) (D)

Fig. 2. Frequency sweep tests (γ0 = 18%, 50 ◦C) of jet-cooked cationic starch solutions (125 ◦C, 3.5 wt%, I = 3 mM) directly after cooking (A, C) and after 12 h of 
storage at room temperature (B, D). The continuous lines are complex viscosity (magnitude) function fits according to Eqs. (1)–(2). 
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G′′ at low to medium angular frequencies. The transition from gel-like 
behavior occurred at approx. 20 rad s− 1 for both samples directly after 
cooking. The 12 hours storage time revealed the same characteristics as 
for the cooking experiments performed at 125 ◦C. The CW sample 
featured G" > G' over the whole angular frequency range. The CD sample 
showed G' > G′′ at low angular frequencies (<1 rad s− 1) albeit the dif
ference was rather small. From 1 to 6 rad s− 1 the dynamic moduli were 
approximately equal, whereas above 6 rad s− 1 G" > G'. 

The corresponding amplitude sweeps (Fig. S3, SI) showed similar 
profiles as the samples cooked at 125 ◦C and essentially confirm the 
frequency sweep data both qualitatively and quantitatively. Also simi
larly, Furthermore, all data confirms that the frequency sweep mea
surements were performed in the linear viscoelastic regime. 

The hysteresis loop tests showing the influence of cooking temper
ature are presented in Fig. 7. Similarly to the data in Fig. 3, the shear 
stress variation with increasing shear rate confirms their shear thinning 
behavior, see also (Fig. S4, SI). The differences between PW and PD 
directly after cooking and 12 h after cooking continued to be negligible. 
As for the PW and PD samples cooked at 125 ◦C, Fig. 3, the hysteresis 
loop tests show an apparent anti-thixotropic behavior. Interestingly, 

increasing the cooking temperature to 130 ◦C caused CW to become 
thixotropic while CD showed almost no hysteresis directly after cooking. 
In contrast, 12 h after cooking the CW and CD behavior at 130 ◦C is very 
similar to 125 ◦C with CW showing anti-thixotropic behavior and CD 
showing almost identical shear stresses on the upward and downward 
curves. 

3.2. Discussion 

Steam jet-cooking is a very peculiar form of solubilization of starch. 
In contrast to heating starches on a hot plate or in batch cookers, steam is 
not only heating the slurry to temperatures above 100 ◦C but is also 
penetrating the granules at high speed (pressure: 2–3 bar in our exper
iments) causing mechanical stress (Ferng et al., 2011). Disintegration of 
the granules is therefore more effective (Fig. 8) and proceeds within a 
few minutes. 

In our case, the residence time of the cationic starches in the cooker 
was 90 s before the solutions were collected. As heating proceeds fast, 
disintegration may also immediately affect the crystalline domains 
(cleavage of hydrogen bonds, helix unwinding), while diffusion 

                             (A)                                                                        (B)

                             (C)                                                                        (D)

Fig. 3. Hysteresis loop flow curves (50 ◦C) of jet-cooked cationic starch solutions (125 ◦C, 3.5 wt%, I = 3 mM) directly after cooking (A, C) and after 12 h of storage 
at room temperature (B, D). 
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processes (e.g. of water into amorphous domains), important in con
ventional gelatinization to swell the granules, play a minor role (Jenna 
et al., 2018; Ritota et al., 2008). In the case of jet-cooking, enthalpic 
contributions may dominate as the system cannot relax under pressure 
and high shear. The arrangement of the helices and their accessibility to 
water inside the crystal structure therefore largely affects the dissolution 
of the starches (Fig. 9). A-type, monoclinic starches for instance feature 
densely packed helices with hardly any space between the helices for 
water. B-type hexagonally packed starches on the other hand have a 
large cavity, where much more water can be intercalated than in A-type 
starches (Le Corre et al., 2010). We speculate here whether this is one of 
the reasons why the CD and CW (A-type) feature a worse solubility 
behavior than the PW/PD (B-type) samples. 

Model studies with defined non-charged starches showed that the 
transition from ordered-to-disordered regime required much higher 
temperatures for A-type than for B-type starches (Crochet et al., 2005). 
Using rheology, we were able to track the differences between the 
cationic starches during steam jet-cooking. A summary of several 
representative rheological parameters is presented in Fig. 10. We 
observed that the shear viscosity at room temperature generally 
decreased by increasing the cooking temperature, compare Figs. 1 and 5. 
This indicated less interactions between molecules either by solvation 
or, to some extent, by cleavage of glycosidic bonds as described in 

Fig. 4. Optical microscopy images (50×) of the different starch samples jet-cooked at 125 ◦C (I = 3 mM, c = 3.5 wt%). The freshly prepared solutions were applied to 
hot cover slides. Images were acquired at 95 ◦C. 

Fig. 5. Evolution of viscosity upon cooling of jet-cooked cationic starch solu
tions (3.5 wt%, I = 3 mM) at 120 ◦C (PW/PD) and 130 ◦C (CW/CD). 
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another report (Modig et al., 2006). The corn cationic starches CW and 
CD featured some form of retrogradation during the cooling of the 
sample in the rheometer, indicated by a sharp increase in viscosity at 
60–65 ◦C. Retrogradation is a diffusion-controlled process as amylose 
and amylopectin molecules tend to reassemble into single and double 
helices, respectively, followed by further aggregation phenomena (e.g., 
crosslinking of crystallites) (Lu et al., 2011). Typically, the time scale of 
this process is hours (amylose) to even days (amylopectin) (Kovrlija & 
Rondeau-Mouro, 2017). This is much longer than the time we allowed 
the system to relax as we used a cooling ramp of 1 ◦C min− 1, i.e. the 
solutions reached a temperature of 60 ◦C after ca. 30 min, which is 
rather short to develop significant retrogradation. However, we 
observed aggregation during cooling for both corn starches. There are 
several factors which can enhance retrogradation (minor acidity, 
increasing fat content, impurities and polyvalent ions, amylose rich 
starches) (Smits et al., 2003). Probably, the presence of remnants, often 
also called ghost particles (Derek et al., 1992; Zhang et al., 2017), is 
responsible for the retrogradation of the CW and CD samples. While the 
CD samples remained relatively unchanged upon storage, the rheolog
ical properties of the wet-cationized corn starch, CW, sample showed 

remarkable alterations, compare Figs. 2 and 6, (B,D), both quantitatively 
and qualitatively. Thus, the complex viscosity decreased by almost two 
orders of magnitude at low angular frequencies 12 h after cooking for 
both 125 ◦C and 130 ◦C, see e.g., K in Fig. 9. Furthermore, while directly 
after cooking the dynamic moduli indicate a gel-like behavior (G' > G′′) 
up to approximately 9 rad s− 1 for the sample cooked at 125 ◦C and 20 
rad s− 1 for the sample cooked at 130 ◦C, 12 h after cooking the CW 
shows a liquid-like behavior (G" > G') for the entire frequency range, see 
the crossover frequency ω|G′=G′′ in Fig. 10. We could not find a similar 
case for jet-cooked samples in literature. A potential explanation in
volves the dissolution of some remnants, which remained in the solu
tions after jet-cooking. As mentioned above, jet-cooking uses strong 
forces to disintegrate the granules. If a few of such granules remained 
partially intact, they may start to swell during storage for 12 h, and 
finally lead to gelatinized samples by applying shear during the rheo
logical experiments. This would then result in the observed phenomenon 
of G" > G' in both frequency and amplitude sweep experiments. It is 
interesting that even at a cooking temperature of 135 ◦C, the CW sample 
(data not shown) showed the same rheological behavior (after cooking: 
G' > G′′; after storage for 12 h: G" > G'). 

(A) (B)

(C) (D)

Fig. 6. Frequency sweep experiment (γ0 = 18%, 50 ◦C) of jet-cooked cationic starch solutions (PD, PW: 120 ◦C, CD, CW: 130 ◦C, 3.5 wt%, I = 3 mM) directly after 
cooking (A, C) and after 12 h of storage at room temperature (B, D). The continuous lines are complex viscosity (magnitude) function fits according to Eqs. (1)–(2). 
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The thixotropic behavior also produced intriguing results. Indepen
dent of the cooking temperature, PW and PD showed anti-thixotropic 
flow curves. Such behavior has previously been associated to flow- 
induced gel-network formation or to the dynamics of an existing 
network (Buitenhuis & Pönitsch, 2003; Buitenhuis & Springer, 2003; 

Eliassaf et al., 1955; Ohoya et al., 2000; Quadrat, 1985; Quadrat et al., 
1992). For both hypotheses, the molecular origins of the behavior has 
yet to be elucidated (Buitenhuis & Pönitsch, 2003; Buitenhuis & 
Springer, 2003). In the context of the present study, the anti-thixotropic 
behavior has to be related to the solubility of the starches. Considering 

                             (A)                                                                        (B)

                             (C)                                                                        (D)

Fig. 7. Hysteresis loop flow curves (50 ◦C) of jet-cooked cationic starch solutions (PD, PW: 120 ◦C, CD, CW: 130 ◦C, 3.5 wt%, I = 3 mM) directly after cooking (A, C) 
and after 12 h of storage at room temperature (B, D). 

Fig. 8. Schematic representation of disintegration and solubilization of cationic starch during jet-cooking.  
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the well-solubilized (B-type in Fig. 9) PW and PD, they both disclose a 
clear and storage-independent anti-thixotropic behavior, irrespective of 
the investigated cooking temperature. Considering that in dynamic 
frequency sweep tests both exhibit liquid-like behavior (G" > G') pre
sumes the absence of a starting gelled network in the hysteresis loop 
tests and therefore it could be inferred that a shear-induced gelled 
network could be formed. In contrast, CW had negligible time- 
dependence while CD is significantly influenced by the storage time 
and cooking temperature. When cooked at 125 ◦C, CW showed hardly 

any time-dependence directly after cooking while 12 h thereafter it 
showed anti-thixotropic behavior. Increasing the cooking temperature 
to 130 ◦C, showed a clear thixotropic behavior directly after cooking 
whereas 12 h after cooking there was again a clear anti-thixotropic 
behavior, similar to PW and PD. This further supports the premise that 
some of the granules may remain partially intact in CD and CW after 
cooking. 

The amylose/amylopectin ratio (Fig. S5, SI) determined by iodine 
colorimetry showed two remarkable properties of the starches. Prior to 

Fig. 9. Arrangement of helixes in the crystalline starch domains. 
Reproduced from (Le Corre et al., 2010) with permission of the American Chemical Society. 

(A)                                                       (B)                                               (C)

Fig. 10. Summary of characteristic rheological parameters, i.e. fitting parameters from Eqs. (1)–(2) and the crossover frequency, ω|G′=G′′, comparing data from 
cationic starches cooked at (A) 120 ◦C – PW, PD (B) 125 ◦C and (C) 130 ◦C – CW, CD. Filled bars corresponds to the tests directly after cooking while hollow bars 
correspond to tests 12 h after cooking. 
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jet-cooking, the amylose contents for the dry cationized samples are 
higher than for the corresponding wet cationized ones (PD 34.6% vs. PW 
27.5%; CD: 30.6% vs. 22.5%). The ratio changed after jet-cooking 
(125 ◦C, 3.5 wt%) to lower but similar levels ranging from 16.9 ±
0.8% (CW) to 21.2 ± 0.1% (PD). In literature, alterations of amylose/ 
amylopectin ratios determined by iodine colorimetry have been 
assigned to a variety of factors (Vilaplana et al., 2012), with the disso
lution technique being explicitly mentioned (Mahmood et al., 2007). In 
the course of steam jet-cooking, the liberation of internal lipids from the 
starches may interfere with the formation of the amylose-iodine com
plexes, leading to lower effective amylose contents (Morrison & 
Laignelet, 1983). 

Retrogradation of the other samples during storage is retarded as the 
cationic charges (zeta potentials between +15 to +30 mV) lead to 
repulsion of the macromolecules. As at the present ionic strength (3 mM) 
there is already some screening of the charges between cationic seg
ments on the macromolecule backbone, CD, PD and PW solutions did not 
show any signs of aggregation upon storage for 12 h and CW even 
proceeded to liquid like state during storage. 

4. Conclusion 

The solubilization of starch is a complex process as many parameters 
are non-linearly linked, making the interpretation of results as well as 
the design of experiments difficult. Here, we focused on the effect of jet- 
cooking on the rheological properties of industrial cationic starch sam
ples by screening four different samples at several temperatures and 
constant ionic strength at a concentration of 3.5 wt%. We chose 
rheology because it is an excellent tool to study properties of polymeric 
systems in the solution state that yields data on macromolecular as
sembly which is hardly accessible by other techniques. We showed that 
at 120 and 125 ◦C cooking temperature all the potato starches have been 
solubilized while the corn starches still have a few insoluble parts (CW) 
or are not fully dissolved (CD) at the studied cooking temperatures. 
Probably, this is due to the different crystalline arrangement of helices 
leading to differences in accessibility between the corn and potato 
starches, respectively. Temperature has an effect but even at 135 ◦C the 
CW sample for instance still featured remnants while in addition, 
degradation may come into play as well. Further studies are required to 
fully assess more parameters that influence the outcome of the jet- 
cooking, such as change in starch concentration or variation of ionic 
strength, which would have gone beyond the scope of this paper. 
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