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A B S T R A C T

Gelatinization of starch by NaOH is an essential stage for this depressant preparation to enhance its water sol
ubility through the reverse cationic flotation. No investigation has explored the rheology of the starch gelati
nization to demonstrate the hematite depression completeness. To fill the gap, this study examined the influence 
of a wide range of SNMRs (3:1, 5:1, 7:1, 9:1) to explore the efficiency of the gelatinization process. The main aim 
was to highlight how starch gel preparation can influence hematite depression in cationic reverse flotation. The 
steady and dynamic shear rheological measurements plus optical micrographs were assessed for the starch gel 
gelatinization process for different SNMR conditions. Various experiment outcomes indicated that through the 
starch gelatinization by SNMR>6:1, the solubilization did not occur completely (due to the presence of some 
pristine granules) and the gels exhibited solid-like behavior, as evidenced by K ʹ > Kʹ́ ,tan δ < 1, λ ≥ 94.3s, and η0 
≥ 32.0 Pa s. The incomplete release of AP macromolecules into the solution was the cause of the poor hematite 
depression efficiency. Pretreating starch by SNMR ≤5:1 indicated a full release of both AM and AP species to the 
solution since the gels showed fluid-like behavior with Kʹ < Kʹ́ , tan δ >1, λ ≤ 0.7s, and η0 ≤ 2.4 Pa s. However, 
the excessive alkalinity promoted a reduction in the hydrodynamic size of macromolecules. These findings 
explain the better efficiency of SNMR = 5:1 to depress hematite compared to SNMR = 3:1. In general, starch 
preparation with SNMR = 6:1 marked the onset of the sol-gel transition, and the gels exhibited a balance between 
fluid-like behavior and solid-like behavior.

1. Introduction

Starch is an important flotation depressant that has been used in the 
concentration of iron ores through the reverse cationic flotation sepa
ration of quartz at pH > 9.5 [1–7]. Starch is a natural biopolymer 
(polysaccharide) composed predominantly of amylose (AM) and 
amylopectin (AP) in contents that largely depend on its botanic source, 
such as corn (75% AP + 25% AM), cassava (76% AP + 24% AM), potato 
(70% AP + 30% AM) [8–12]. AM is a coiled linear structure with α-(1 → 
4) glucoside bonds and a molecular weight of 105–106 g/mol. In 

addition, AP is formed by α-D glucose units joined together with α-(1 → 
4) and α-(1 → 6) bonds in a highly branched structure exhibiting a 
molecular weight of 107–109 g/mol [1,12–17].

Since starch granules are naturally insoluble in cold water, the ore 
dressing plants usually accomplish their gelatinization with sodium 
hydroxide (NaOH) before flotation by using values of Starch:NaOH Mass 
Ratio (SNMR) varying in the range 3:1 ≤ SNMR ≤ 6:1. However, a recent 
publication indicated a higher effective hematite depression by corn 
starch prepared at SNMR = 5:1 compared to other values (3:1, 7:1, and 
9:1) [18]. This process occurred potentially due to a complete release of 
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AP and AM macromolecules into the aqueous solution, characterized by 
the lack of debris (observed solely at SNMR of 7:1 and 9:1), coupled with 
greater availability of AP macromolecules in solution to depress hema
tite. In addition, starch prepared at SNMR = 5:1 released AP macro
molecules to the solution with greater hydrodynamic diameter (dH =

411 nm) than those released by the gelatinization conducted under 
SNMR = 3:1 (dH = 353 nm). The recovery of hematite showed strong 
correlations (r = − 0.996 and R2 = 0.99) with the areas under the peaks 
related to the presence of AP in solution, indicating the higher avail
ability of AP macromolecules to adsorb onto hematite/water interface 
[18].

While AP is recognized as the starch component that can act as a 
hematite depressant [5,18–23], the role played by AM in the system is 
poorly understood. In other words, the completeness of the starch 
gelatinization mechanism and its solubilization process through hema
tite depression have been not addressed. To fill these gaps, this study 
explored the rheological behavior of starch gels to reveal the 
completeness of the process associated with the effectiveness of hema
tite depression. Steady and dynamic shear rheological measurements 
and optical micrographs were used to assess gelatinization in various 
SNMRs.

2. Theoretical background

Native starch granules are insoluble in cold water due to their 
semicrystalline structure composed of concentric rings of alternating 
lamellae of amylose (AM) and amylopectin (AP) species. The amorphous 
regions are predominantly composed of AM species associated with a 
low content of large AP molecules, whereas short AP molecules comprise 
the crystalline lamellae [8,12,22,24–26]. To release its active matter 
(AP) into the solution, starch demands chemical or thermal gelatiniza
tion before its application in flotation systems. During the gelatinization 
process, starch granules swell until rupture, resulting in the leaching of 
AM plus AP species from the granules into the aqueous solution where 
AP molecules will interact with hematite particles and deactivate 
(depress) their surfaces [22,26–29]. The dissolution of starch granules is 
directly associated with its loss of birefringence and degree of crystal
linity, which can be easily identified through optical microscopy (OM) 
with polarized light under crossed nicols. The total disappearance of 
typical structures known as “Maltese crosses” would be an indicator 
factor for the completeness of gelatinization [30–32].

2.1. DLVO theory

The prediction of starch performance to depress hematite can be 
approached by modeling the interaction of colloidal starch and hematite 
particles by DLVO theory [18,33]. This theory describes the magnitude 
and additivity of the short-range attractive Lifshitz-van der Waals (GLW) 
and the long-range attractive/repulsive double-layer electrostatic (GEL) 
interaction energies, as expressed in Eq. (1). The GLW energy always 
decays strongly with the distance, while the GEL energy can be either 
attractive or repulsive depending on the sign of the net interfacial 
electrical charge, acting in a long-range [34–36].

Additionally, the intensity of GLW energy depends on a parameter 
known as the Hamaker constant (A), which governs the interaction 
between two (A131, A232) or three materials (A132) in a heterogeneous 
system. This constant depends not only on the physical properties of the 
materials (phases involved) but also on their dielectric and refractive 
properties [34,35,37,38]. Consequently, GLW energy varies depending 
on the type of system (e.g. for two infinite plates, for two spheres of 
radius a1 and a2, and sphere/plane plate interactions). As demonstrated 
by Rohem Peçanha et al. [33] and Andrade et al. [18], the A132 can be 
used to describe the attractive forces between a sphere (AP macromol
ecules) and a plane (hematite’s surface) (Eq. (2)). The A132 can be ob
tained from the individual Hamaker constants (A11, A22 and A33) for 
each phase involved (Eqs. (3) and (4)), since the indices 1, 2, and 3 are 

related to AP macromolecules, hematite particles, and water, respec
tively. Furthermore, the symmetrical Hamaker constants for starch 
(A131) and hematite (A232), both in aqueous medium, can be calculated 
using Eqs. (5) and (6), respectively [34,35,37,38]. 
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Where variables are: GTOT– total energy of interaction [J]; GLW– Lifshitz- 
van der Waals energy of interaction [J]; GEL– electrostatic energy of 
interaction [J]; a – radius of the colloidal starch particle [m]; H – the 
distance between starch particle (sphere) and hematite particle (planar 
surface) [m]; A132 – effective Hamaker constant between starch colloidal 
particles (index 1) and hematite particles (index 2) in aqueous medium 
(index 3) [J]; A131– symmetrical Hamaker constant between starch 
colloidal particles (index 1) in aqueous medium (index 3) [J]; A232 – 
symmetrical Hamaker constant between hematite particles (index 2) in 
aqueous medium (index 3) [J]; A11– individual Hamaker constant for 
starch colloidal particles in vacuum [J]; A22 – individual Hamaker 
constant for hematite particles in vacuum [J]; A33– individual Hamaker 
constant for water molecules in a vacuum [J].

2.2. Rheological properties of starch gels

The rheological behavior of starch gels can be characterized by their 
viscoelastic and flow properties since several rheologic parameters can 
be obtained from state equations fitted to experimental curves: shear 
stress (τ) versus shear rate (γ̇), apparent viscosity (η) versus shear rate 
(γ̇), storage (Gʹ) and loss (Gʹ́ ) moduli versus angular frequency (ω), etc. 
[10,24,29,39–42]. There is a well-established relationship between 
averaged molecular weight (Mw) of a polymer and its zero-shear vis
cosity (η0). The dependence of the η0 on the Mw for linear and mono
disperse polymers can be described by Eqs. (7) and (8). The critical 
molecular weight (Mc) is a point at which the molecular entanglements 
start happening, making the flow more difficult. This way, below Mc, 
polymeric molecules are not associated with others in aqueous medium. 
Accordingly, as Mw > Mc, Eq. (7) must be used, whereas Mw < Mc, Eq. 
(8) is more appropriate. In Eqs. (7) and (8), the constants K1 and K2 
depend on the polymer type and temperature. The power law exponent 
(α) takes values varying between 3.2 and 3.9 [43–51]. Although starch is 
a biopolymer with bimodal size distribution due to the coexistence of 
AM and AP macromolecules, the parameter η0 will undoubtedly provide 
an assessment of the magnitude of Mw, since Eqs. (7) and (8) reveal a 
direct proportionality between η0 and Mw. Accordingly, polymers with a 
higher molar mass show higher values of η0 [47,50]. 

η0 =K1.Mα
w (7) 

η0 =K2.Mw (8) 

Under an applied external stress/strain, starch dispersions (gels) can 
exhibit simultaneous elastic (solid-like behavior) and viscous response 
(fluid-like behavior). Solid-like behavior is the consequence of a mo
lecular network formed by a crosslinked matrix of coiled AM species, 
whereas fluid-like behavior is due to the presence of discrete AP 
colloidal species suspended in the aqueous medium [28,40]. One 
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behavior overrides another, depending on the AM content, its concen
tration in the solution [24,28,29,40], and the extent/type of the gela
tinization process [28,29,40]. It was reported that the extent of the 
gelatinization process influences the hydrodynamic diameter (dH) of the 
suspended AM (20 nm < dH < 170 nm) and AP (100 nm < dH < 1000 
nm) colloidal particles, as well as debris from unreacted matter (3000 
nm < dH < 5600 nm) [18].

Small amplitude oscillatory shear (SAOS) tests have been widely 
used to determine the sol-gel transition point and to examine the 
fundamental viscoelastic properties of polymer/biopolymer samples 
[24,29,39,42,52–55]. SAOS tests are commonly performed in the linear 
viscoelastic range for each specific material, in which a strain (γ) or 
stress (τ) is applied in the form of a sinusoidal function with variable 
angular frequency (ω) and constant oscillatory amplitude (γ0), 
measuring the resulting γ or τ [39,41,55–57]. The angular frequency (ω) 
is the number of oscillations per second, which is an indicator of the time 
scale of the experiment: short times correspond to high frequencies, 
whereas longer times are related to low frequencies. Frequency sweep 
(FS) tests provide information on the behavior and microstructure of 
gels, allowing us to assess whether they predominantly exhibit elastic or 
viscous properties, according to the profile of log-log curves where the Gʹ 

(elastic component or storage modulus) plus Gʹ́  (viscous component or 
loss modulus) are plotted against the angular frequency (ω) adopted in 
the FS tests. For a viscoelastic gel (solid-like behavior), as a crosslinked 
polymer, the storage modulus is higher than the loss modulus (G ʹ >

Gʹ́ ). Conversely, for a viscoelastic gel (fluid-like behavior), as an 
uncrosslinked polymer, the loss modulus is higher than the storage 
modulus (Gʹ́ > Gʹ). This way, the elastic component (Gʹ) is a measure of 
the energy stored by the gel during the test and subsequently released 
per cycle of deformation per unit volume. In addition, the viscous 
component (Gʹ́ ) indicates the amount of energy dissipated by internal 
friction when the gel flows. Before the accomplishment of any FS test, it 
is necessary to carry out previous strain sweep (SS) tests to ensure that 
the gel will be submitted to FS tests within its linear viscoelastic (LVE) 
region [8,29,39,43,55–57].

Another parameter commonly used to evaluate the rheological 
behavior of materials is the phase angle (δ), which is referred to as the 
loss tangent (tan δ = Gʹ́ /Gʹ). The latter is a function of the angular 
frequency (ω) and is directly related to energy lost per cycle (Gʹ́ ) divided 
by the energy stored per cycle of sinusoidal deformation (Gʹ). As tan δ <

1, the elastic properties prevail over viscous ones, and for tan δ > 1, a 
weakened structure will be found, which reveals that the viscous char
acter prevails over the elastic properties of the gel. Since 0◦ ≤ δ ≤ 90◦, 
tan δ can vary from zero to infinity. Thus, when = 0◦ (tan δ = 0), the gel 
exhibits a purely elastic response, in which the maximum stress occurs at 
the maximum strain and both stress and strain are in the phase. 
Conversely, for an ideal viscous behavior, = 90◦ (tan δ →∞), the stress 
and strain are completely out of the phase. Viscoelastic materials, such 
as starch gels, can exhibit both characteristics if elastic behavior prevails 
over viscous behavior (Gʹ > Gʹ́ ), the phase angle lay in the range of 0◦ <

δ < 45o. Conversely, if viscous behavior prevails over elastic behavior 
(Gʹ́  > Gʹ), the phase angle varies in the range 45◦ < δ < 90o. The 
condition characterized by Gʹ = Gʹ́  (or δ = 45o) is called a sol-gel point 
because it represents the transition from fluid-like behavior to solid-like 
behavior during the gelatinization process [8,29,39,43,54–57].

For any viscoelastic material, such as starch gels, the linear stress 
response to a sinusoidal strain input is represented as the sum of the 
elastic components (γ0Gʹ) of the stress in phase with the strain plus the 
viscous component (γ0Gʹ́ ) of the stress out-phased 90◦ with the applied 
strain, as shown in Eq. (9) [39,43,55–57]. 

τ(t) = γ0Gʹ(ω)sin ωt + γ0Gʹ́ (ω)cos ωt (9) 

Where variables are: γ0 – shear strain maximum [%]; Gʹ and Gʹ́  – storage 
and loss moduli, respectively [Pa]; ω – angular frequency [rad/s]; t – 
time [s].

3. Materials and methods

3.1. Materials

Chunks of hematite from Carajás (Pará, Brazil) were provided from 
Vale SA. The sample was crushed to − 1000μm, then dry ground to 
− 150μm and deslimed by wet screening, yielding two products: flota
tion feed (− 150 + 20 μm, d80 = 106 μm) and slimes (− 20 μm). X-ray 
Fluorescence (XRF) and X-ray diffraction (XRD) analysis (Table 1) 
indicated that the sample was predominantly composed of hematite 
(97%), followed by magnetite (3%), and traces (<0.5%) of gibbsite, 
goethite, and quartz. Commercial purity of corn starch (Amidex™ 3001) 
was supplied by Ingredion – Brazil to act as a hematite depressant. Alkyl 
ether amine acetate (Flotigam® 7100) was supplied by Clariant – Brazil 
to act as a flotation collector. Iodine (I2) and potassium iodide (KI) of 
analytical grade were provided by Neon Commercial Analytical Re
agents LTDA – Brazil to prepare Lugol’s solution used to identify AM/AP 
phases in the starch gels. Lugol’s solution was prepared by dissolving 
0.0165g I2 and 0.0565g KI in 50 mL Milli-Q® water. NaOH)supplied by 
Labsynth-Brazil) was used to gelatinize starch and set pH. Milli-Q® 
water (resistivity = 18 MΩ cm) was used in the preparation of all starch 
gels, whereas distilled water (resistivity = 2 MΩ cm) was used for the 
flotation tests.

3.2. Preparation of starch gel

Starch gel solutions based on different SNMRs (Table 2) were pre
pared at a concentration of 6.5% (w/w) by mixing 2g of dry Amidex™ 
3001 plus 29 mL of Milli-Q® water, followed by stirring for 10 min at 
room temperature. Different volumes of NaOH solution at 50% (w/w) 
were added to the starch suspension to achieve the desired SNMR and 
accomplish the gelatinization process. The suspension was stirred for 20 
min at room temperature (23 ±1◦C).

For all rheological measurements (both steady and dynamic shear 
tests), 6.5% (w/w) starch gels were used. For the flotation tests, 2% (w/ 
w) stock solutions were prepared by diluting the original 6.5% (w/w) 
starch gel with Milli-Q® water, as illustrated in Fig. 1.

3.3. Flotation tests

Batch flotation tests were performed at room temperature (23 ±1◦C) 
in a Dever sub-aerated cell (a 1.5 L stainless cell). The impeller speed 
was 1200 rpm with an airflow rate of 1.6L/min (gas holdup = 10%). For 
each test, the mineral suspension was prepared with a mass of 380 g of 
hematite and 700 mL of distilled water to obtain 35.2% (w/w) solids, 
and the pulp was stirred for 1 min. Thereafter, 175 μL of Amidex™ 3001 
(prepared at SNMR of 3:1, 5:1, 7:1, 9:1) was added to the slurry and 
conditioned for 6 min at pH = 10.5. After depressant conditioning, 7 mL 
of Flotigam™ 7100 at 1% (w/w) was added and conditioned for a 
further 1 min. The air gauge was opened, and the flotation was carried 
out for 3 min. Floated and sink products were dried and weighed for 
hematite recovery (R) (Eq. (10)) and assessment of the degree of 

Table 1 
– Mineralogical and chemical composition of the flotation feed.

XRD (Rietveld analysis) XRF analysis

Minerals Elements Grade (%)

Hematite (97%) Fe 68.90
Magnetite (3%) SiO2 0.87
Gibbsite (*) Al2O3 0.24
Goethite (*) P 0.01
Quartz (*) Mn 0.04
​ LOI(**) 0.35

(*)Traces (<0.5%).
(**)Loss on ignition.
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hematite depression (D) (Eq. (11)). 

R=

(
M1

M1 + M2

)

x 100 (10) 

D=

(
Ri − Ra

Ri

)

x 100 (11) 

Where variables are: M1 and M2 – mass of the floated and sunk products, 
respectively. Ri and Ra – flotation recoveries of hematite without starch 
and in the presence of starch, respectively.

Each flotation test was conducted four times and the Statistica 
(version 14.0.0.15, supplied by TIBCO™ Software Inc.) was used for the 
data assessment. The results are reported as the mean ± standard de
viation. The one-way analysis of variance (ANOVA) and Tukey’s HSD 
multiple comparison tests at the significance level of α = 0.05 were used 
to assess the statistically significant difference among the mean hematite 
recovery values (R). The degree of hematite depression (D) was calcu
lated from the mean value of R and error propagation was assessed by 
the OriginPro™ software (version 2024, supplied by OriginLab Corpo
ration, Northampton, MA, USA).

3.4. Optical microscopy

A drop of starch gels prepared at different SNMRs was placed on a 
glass plate and studied by transmitted light microscopy under parallel 
versus crossed nicols, at 22 ±1 ◦C (microscope Leica DMRXP equipped 
with MC190DH extended focus system camera). Starch gels were stained 
with Lugol’s solution. The adopted mass ratios of iodine/amylose, 
iodine/amylopectin, and I2/KI are in agreement with the literature, i.e., 
17–22g I2 per 100g AM, 1.05–1.25g I2 per 100g AP and 29–37g I2 per 
100g KI, respectively [58,59].

3.5. Rheological measurements

Rheological measurements were conducted using a modular compact 
rheometer MCR 92 (Anton Paar GmbH, Austria), equipped with Rheo
Compass™ software. Rotational tests were used under controlled shear 
rate (CSR) mode, as well as oscillatory tests operating under controlled 
shear strain (CSD) mode. For this purpose, a concentric cylinder ge
ometry was used (Mooney-Ewart type spindle). The diameters of the 
measuring bob (spindle) and cup were 26.66 and 28.92 mm, respec
tively. The gap length of measuring bob was 39.98 mm, the angle of the 
conical surface was 120◦ and the difference of radii corresponds to 1.13 

mm. All rheological measurements were conducted using 6.5% (w/w) 
starch gels gelatinized with different SNMRs (3:1, 4:1, 5:1, 6:1, 7:1, and 
9:1). For each SNMR, the starch gel was prepared twice according to 
section 3.2, and 18mL of the gel was transferred to the cup for rheo
logical measurements at 22 ± 0.1 ◦C.

3.5.1. Steady shear flow tests
Measurements of shear stress (τ) versus shear rate (γ̇), as well as 

apparent viscosity (η) versus shear rate (γ̇) were conducted over the 
range of 0.1 ≤ γ̇ ≤ 100 s− 1. The results (τ x γ̇) were fitted using the 
“Power Law” model (Eq. (12)), whereas the results (η x γ̇) were fitted 
using the “Carreau-Yasuda” model (Eq. (13)) [60,61]. 

τ=K(γ̇)n (12) 

η= η∞ + (η0- η∞) . [1 + (λ.γ̇)a
]
n-1
a (13) 

Where variables are: τ – shear stress [Pa]; γ̇ – shear rate [s− 1]; K – 
consistency coefficient [Pa.sn]; n – power-law index [− ]; η – dynamic 
viscosity [Pa.s]; η0 and η∞ – the zero-shear viscosity and the infinite- 
shear viscosity [Pa.s]; λ – relaxation time [s] where the critical shear 
rate (γ̇ = 1/λ) marks the onset of shear-thinning; a – width of the 
transition range between Newtonian and power law behavior [− ]. For 
the general case, it holds 1 ≤ a ≤ 2, however, for the Carreau model a =
2 [62].

3.5.2. Strain sweep tests
Strain sweep (SS) tests were performed with starch gels based on 

different SNMRs. The purpose of SS tests is to determine the maximum 
strain amplitude (γmax) within the linear viscoelastic region (LVE). The 
magnitude of γmax = 10% (Fig. 2) indicated that its value is insufficient 

Table 2 
– Amount of NaOH for different SNMR.

SNMR Volume of NaOH solution (*) [μL] Moles of NaOH [x10− 3]

3:1 901 16.7
4:1 676 12.5
5:1 540 10.0
6:1 450 8.3
7:1 386 7.2
9:1 300 5.6

(*)Sodium hydroxide solution at 50% mass concentration.

Fig. 1. – Schematic illustrating the preparation process of starch gel for rheological and flotation experiments.
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Fig. 2. – Amplitude sweeps for starch gels under SNMRs of 3:1 and 7:1.
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to promote the structural breakdown of the starch gel for future FS tests. 
This way, its microstructural properties can be properly assessed.

3.5.3. Frequency sweep tests
Frequency sweep tests (FST) were carried out to evaluate the visco

elastic behavior of the starch gels for different SNMRs. They consist of 
dynamic oscillatory measurements conducted over a frequency sweep 
range of 0.1–10 (Hz) at 10% strain. The storage modulus (Gʹ) and loss 
modulus (Gʹ́ ) were plotted as a function of frequency (ω) in the log-log 
scale. The value of Gʹ represents the stiffness of the gel strength and is 
related to the Young modulus. In addition, Gʹ́  indicates the deformation 
energy that is lost by internal friction (viscous dissipation) during 
shearing. As Gʹ > Gʹ́ , the sample exhibits a solid (or solid-like) structure. 
Conversely, the sample behaves as viscoelastic fluid whenever Gʹ́  > Gʹ. 
The experimental results (Gʹ, Gʹ́  x ω) were fitted using the “Power Law” 
models (Eqs. (14) and (15)). Additionally, the parameter tan δ, another 
output of the FST test, was evaluated as a function of frequency. 

Gʹ=Kʹ(ω)
nʹ

(14) 

Gʹ́ =Kʹ́ (ω)
nʹ́

(15) 

Where variables are: Gʹ, Gʹ́ – storage and loss moduli [Pa]; ω – angular 
frequency [Hz]; Kʹ, Kʹ́ – intercepts [− ]; ń , nʹ́ – slopes [− ].

4. Results and discussion

4.1. Flotation

Flotation results (Fig. 3) for various SNMR and NaOH moles indi
cated that in the absence of starch (0 mg/L) and the presence of collector 
(100 mg/L of Flotigam®7100), hematite recovery was 35.3%. This high 
hematite floatability would be translated to the need for a depressant to 
promote the separation selectivity between quartz and hematite through 
the quartz reverse cationic flotation [1,3,20,63,64]. However, by adding 
starch, the hematite floatability decreased (hematite depressed). He
matite depression increased by changing the SNMR from 9:1 to 7:1 and 
then 5:1. Flotation outcomes showed that the minimum hematite re
covery (R = 14.8%) (corresponds to the maximum hematite depression) 

occurred when SNMR was 5:1 (corresponds to 1x10− 2 mol of NaOH 
added to the gelatinization process). The SNMR = 9:1 yielded the 
highest hematite recovery (R = 29.1%) in the presence of the depres
sant, highlighting the low depressant efficiency in this Starch:NaOH 
ratio due to the incomplete gelatinization [18]. Optical microscopy and 
rheological studies were conducted to correlate the interactions within 
starch gelatinization and its hematite depression efficiency.

4.2. Optical microscopy

To highlight the correlation between the depressant preparation by 
starch:NaOH ratio, SNMRs for the highest and lowest hematite recovery 
were considered for the optical microscopy (SNMR = 9:1 vs. 5:1) 
(Fig. 3). Micrographs taken from starch gels prepared with SNMR = 5:1 
versus SNMR = 9:1 after the accomplishment of the gelatinization 
process is depicted in Fig. 4. Micrographs related to observations con
ducted under parallel nicols indicated that gelatinization prepared with 
SNMR = 5:1 yielded a smooth and homogeneous matrix displayed 
(Fig. 4a). However, a heterogeneous mixture related to SNMR = 9:1 
demonstrated (Fig. 4b) an incomplete gelatinization process with the 
occurrence of large granules (diameter up to 20,000 nm). The large 
granules related to SNMR = 9:1 exhibited the typical Maltese Cross 
profile (Fig. 4d), indicating the pristine semi-crystalline structure pre
served by non-gelatinized starch granules. On the other hand, Fig. 4c 
shows a dark background, corroborating the homogenous matrix yiel
ded by the gelatinization process carried out with SNMR = 5:1.

Since the reactions between iodine and starch components (AM, AP) 
yield complexes typically exhibiting either blue (iodine-AM) or purple 
(iodine-AP) colors [58,65], staining caused by those reactions can be 
used to characterize the distribution of AM and AP phases in starch gels 
prepared with SNMR = 5:1 versus 9:1. The large granules (Fig. 4f) 
related to non-gelatinized starch (SNMR = 9:1) are entrapping AP spe
cies. They contrasted with a background matrix composed of abundant 
blue color complexes addressed to the dominance of AM species. AM 
species are promptly leached from the granules in the early stages of the 
gelatinization process, regardless of the SNMR used in the system. The 
gelatinization conducted with SNMR = 5:1 (Fig. 4e) indicated a com
plete disintegration of pristine starch granules liberating both AM and 
AP species to the solution, where AP species are evenly distributed in the 
system [65,66]. It was also reported that since AP molecules (and not 
AM species) are responsible for hematite depression [5,19–23], greater 
availability of AP species in gels prepared with SNMR = 5:1 versus 
SNMR = 9:1 endorsed the most efficient hematite depression (Fig. 3).

4.3. Rheological properties

4.3.1. Flow behavior
Shear stress (τ) versus shear rate (γ̇), and apparent viscosity (η) versus 

shear rate (γ̇) obtained from starch gels containing 6.5% (w/w) of solids 
and conditioned with different SNMR (3:1, 4:1, 5:1, 6:1, 7:1 and 9:1) are 
depicted in Fig. 5a and b, respectively. These results revealed a shear- 
thinning behavior for all starch gels since all of them flow more defi
nitely while the shear rate increased. Similar trends were reported in 
other investigations while the starch gels containing up to 30% (w/w) of 
solids [28,67–72]. Experimental results also indicated (Fig. 5a) that the 
Power Law model (Eq. (12)) fitted the provided points (R2 ≥ 0.997), 
which is considered the simplest model to describe the rheological 
behavior of non-Newtonian fluids at moderate shear rates [61,73,74]. 
The model outcomes (Table 3) showed that as SNMR increased from 3:1 
to 9:1, the consistency index (K) increased from 1.03 to 7.57 Pa.sn, 
whereas the fluid behavior index (n) decreased from 0.79 to 0.50. 
Regardless of the SNMR, as n is below 1, the yielded gels could be 
classified as pseudoplastic (shear-thinning) fluids, since the gel becomes 
less resistant to flow as the shear rate increases.

Starch degradation during the gelatinization process can also pro
vide insights to better understand the rheological behavior of gels 

Fig. 3. – Recovery of hematite as a function of NaOH moles at pH 10.5. 
Averaged values accompanied by different letters are significantly different (p 
< 0.05).
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prepared with different SNMRs. Andrade et al. [18] indicated that AM 
degradation due to excessive NaOH added to the gelatinization process. 
The hydrodynamic diameter (dH) of AM molecules in aqueous gels 
decreased from 98 (SNMR = 9:1) to 54 nm (SNMR = 3:1) [18]. 
Considering that more alkaline solutions promote starch decomposition 
[22,75,76], gels prepared with lower SNMR (3:1) would show less 
effective entanglements between AM coiled chains than gels prepared 
with higher SNMR (9:1). Those entanglements can be considered the 
cause for a higher resistance posed by the gel to shear flow [46,71,77]. 
Such a behavior could be reflected in the magnitude of the parameter K 
(consistency index) (Table 3), which increased as the SNMR increased 
from 3:1 to 9:1. In addition, the n magnitude decreased as the SNMR 
increased from 3:1 to 9:1, which showed the gels exhibit an increasingly 
pseudoplastic (shear-thinning) behavior.

Moreover, experimental results (Fig. 5b) indicated that plotted 
points (η x γ̇) were fitted very well (R2 = 1.00) in the Carreau-Yasuda 
model (Eq. (13)) (Table 3). These parameters (zero-shear viscosity 
(η0), infinite-shear viscosity (η∞), relaxation time (λ), and critical shear 
rate (γ̇crit)) are useful to reveal the structural properties and flow 

behavior of starch gels gelatinized with different SNMR. The value of η0 
increased continually when the NaOH in the gelatinization process was 
decreased, indicating starch degradation increased as SNMR decreased 
from 9:1 to 3:1. It was well understood that the rationale provided by 
Eqs. (7) and (8) show a direct proportionality between η0 and polymer 
molar mass (Mw): polymers with higher molar mass will show higher 
values of η0 [43–51]. Values of η0 displayed in Table 3 can be ordered in 
the following SNMR sequential order: 9:1 (η0 = 84.8 Pa s) > 7:1(η0 =

32.0 Pa s) > 6:1(η0 = 2.7 Pa s) > 5:1(η0 = 2.4 Pa s) > 4:1(η0 = 1.9 Pa s) 
> 3:1(η0 = 1.8 Pa s). Since high values of η0 ± errors are associated with 
the elastic-solid behavior [48], it is possible to probe that starch gels 
exhibited the highest values when SNMR was higher (7:1 and 9:1). The 
abrupt increase in η0 for SNMRs = 7:1 and 9:1 can be attributed to 
incomplete gelatinization, as the presence of debris was observed in 
these starch dispersions (Fig. 4b and f), consistent with the findings of 
Andrade et al. [18]. This suggests a more pronounced solid-viscoelastic 
behavior compared to those prepared with lower SNMRs (6:1, 5:1, 4:1 
and 3:1), as will be discussed in section 4.3.2. Unlike η0, η∞ does not 
provide information on polymer molecular weight, because it is 

Fig. 4. – OM micrographs at 200× magnification of starch gels prepared in different SNMRs under parallel versus crossed nicols and iodine staining from top to 
bottom: (a), (c) and (e) for SNMR = 5:1; and (b), (d) and (f) for SNMR = 9:1.
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determined at shear rates (γ̇ ≥ 103s− 1), in which the fluid has already 
reached its minimum flow resistance [48,49,52].

4.3.2. Viscoelastic properties
The mechanical spectra (0.1 ≤ ω ≤ 10Hz) of starch gels containing 

6.5% solids w/w and gelatinized with different SNMR are shown in 
Fig. 6. Curves related to the elastic (Gʹ) and viscous (Gʹ́ ) components 
versus ω were fitted by the Power Law model (R2 ≥ 0.992) and its 
intercept-values (Kʹ, Kʹ́ ) as well as slopes-values (nʹ, nʹ́ ) are shown in 
Table 4. For gels prepared with 3:1 ≤ SNMR ≤ 5:1, the viscous 
component was always higher than the elastic component (Gʹ́  >Gʹ), 

revealing a fluid-viscoelastic behavior within the explored frequency 
range. Conversely, for gels prepared with SNMR ≥ 7:1, Gʹ prevailed over 
Gʹ́  (Gʹ >Gʹ́ ), characterizing a solid-viscoelastic behavior. In addition, the 
SNMR = 6:1 showed an overlap of the Gʹ and Gʹ́  (Gʹ ≈ Gʹ́ ), revealing a 
transition point from liquid-like to solid-like behaviors. These results are 
in agreement with the parameter tan δ, which is the ratio between the 
dissipated (Gʹ́ ) and stored (Gʹ) energies [29,39,55,78,79]. Plots of tan δ 
versus ω for gels prepared with 3:1 ≤ SNMR ≤ 9:1 (Fig. 6) indicated that 
for the SNMR range between 3:1 to 5:1, the mean values of tan δ were 
greater than one (1.2 ≤ tan δ ≤ 1.4), meaning the predominance of 
viscous properties were over elastic properties. On the other hand, for 
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7:1 ≤ SNMR ≤ 9:1 the mean values of tan δ were lower than 1 (0.8 ≤ tan 
δ ≤ 0.9) pointing out that the predominance of elastic properties was 
over viscous properties. Additionally, the gel prepared with SNMR = 6:1 
showed a fair balance (Gʹ≈ Gʹ́ , tan δ = 1.0) between elastic and viscous 
properties.

Based on these outcomes (Table 4), gels prepared with 3:1 ≤ SNMR 
≤ 5:1 exhibited Kʹ́ > Kʹ (the viscous character prevails over the elastic 
character), indicating that starch gels revealed a predominant fluid-like 
behavior properly associated with a higher complete dissolution of 
starch grains (as illustrated by Fig. 4a and e). Conversely, since gels 
prepared with 6:1 ≤ SNMR ≤ 9:1 exhibited Kʹ > Kʹ́  (the elastic character 
prevails over the viscous character), signalizing an incomplete dissolu
tion of starch granules (Fig. 4b and f). It has to be noticed that for SNMR 
= 6:1, Kʹ (6.43 Pa.sn) was slightly higher than Kʹ́  (6.40 Pa.sn), which 
indicated the onset of solid-viscoelastic behavior (Figs. 6 and 7). In 
Table 4, the slopes nʹ and nʹ́  are related to the gel’s oscillating shear 
behavior, in which values of nʹ and nʹ́  greater than zero indicated a 
dependency of Gʹ and Gʹ́  with the frequency (ω), while those values are 
very close or equal to zero, indicating that Gʹ and Gʹ́  are independent of 
the applied frequencies. In addition, the value of the slope nʹ showed 
whether a gel was sufficiently strong to be independent of the applied 
frequency (ń  tending to zero), such as those gels that exhibited a three- 
dimensional crosslinked molecular network. Contrarily, greater values 
of nʹ characterize weak gels, whose Gʹ and Gʹ́  depend on the applied 
frequency [39,41,72,80]. Model outcomes also demonstrated (Fig. 6) 
that curves Gʹ(ω) and Gʹ́ (ω) related to gels prepared under different 

Table 3 
– Fit parameters ±standard errors of the Carreau-Yasuda and Power Law models for aqueous starch dispersions gelatinized with different SNMRs.

SNMR Carreau-Yasuda (*) Power Law

η0 [Pa.s] η∞ [Pa.s] λ [s] γ̇ crit (**) [s− 1] R2 K [Pa.sn] n [− ] R2

3:1 1.82 ± 0.07 0.30 ± 0.01 0.69 ± 0.08 1.46 ± 0.16 1.00 1.03 ± 0.04 0.79 ± 0.01 0.99
4:1 1.95 ± 0.07 0.33 ± 0.01 0.66 ± 0.07 1.52 ± 0.16 1.00 1.11 ± 0.04 0.79 ± 0.01 0.99
5:1 2.37 ± 0.08 0.35 ± 0.01 0.74 ± 0.08 1.35 ± 0.12 1.00 1.35 ± 0.04 0.77 ± 0.01 0.99
6:1 2.69 ± 0.06 0.33 ± 0.01 0.77 ± 0.05 1.30 ± 0.09 1.00 1.76 ± 0.05 0.73 ± 0.01 0.99
7:1 31.98 ± 12.14E+3 0.34 ± 0.01 94.34 ± 69.13E+3 0.01 ± 7.77 1.00 2.34 ± 0.03 0.70 ± 0.00 0.99
9:1 84.83 ± 10.44E+4 0.02 ± 0.04 167.10 ± 424.24E+3 0.01 ± 15.19 1.00 7.57 ± 0.08 0.50 ± 0.00 0.99

(*)The interaction algorithm used was Orthogonal Distance Regression with a maximum interaction performed = 315. The parameter a was set to a value of 2 and 
parameter n was not shown due to its low accuracy.
(**)For γ̇ crit, the standard error was estimated using the Propagation of Error App in OriginPro™ software.
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Fig. 6. – Dynamic frequency sweep data for starch gels at 6.5% (w/w) gelati
nized in different SNMRs. Each condition was tested two times and a mean 
curve was obtained.

Table 4 
– Fit parameters ±standard errors of the Power Law model for the Gʹ and Gʹ́  

curves and mean values for tan δ of the starch dispersions gelatinized under 
different SNMRs.

SNMR Gʹ (Storage modulus) Gʹ́  (Loss modulus) tan δ = Gʹ́/Gʹ 

[− ]
Kʹ [Pa. 
sn]

ń  [− ] R2 Kʹ́  [Pa. 
sn]

nʹ́  

[− ]
R2

3:1 2.70 ±
0.05

0.48 
±

0.01

0.99 3.57 ±
0.02

0.61 
±

0.00

0.99 1.41 ± 0.19

4:1 3.00 ±
0.06

0.46 
±

0.01

0.99 3.73 ±
0.02

0.59 
±

0.00

0.99 1.32 ± 0.18

5:1 4.07 ±
0.05

0.47 
±

0.01

0.99 4.62 ±
0.03

0.56 
±

0.00

0.99 1.18 ± 0.12

6:1 6.43 ±
0.07

0.44 
±

0.01

0.99 6.40 ±
0.03

0.50 
±

0.00

0.99 1.03 ± 0.06

7:1 10.18 
± 0.10

0.42 
±

0.01

0.99 9.01 ±
0.04

0.44 
±

0.00

0.99 0.91 ± 0.05

9:1 18.71 
± 0.23

0.37 
±

0.01

0.99 15.20 
± 0.04

0.34 
±

0.00

0.99 0.83 ± 0.06
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Fig. 7. – Loss tangent (tan δ) as a function of frequency for starch gels at 6.5% 
(w/w) gelatinized in different SNMRs.
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SNMR (from 3:1 to 9:1) had a high dependence on frequency within the 
range 0.1–10 Hz since 0.4 ≤ nʹ ≤ 0.5 and 0.3 ≤ nʹ́  ≤ 0.6. This type of 
spectrum was linked to weak gels even for the conditions in which Gʹ 

>Gʹ́  (SNMR = 7:1 and 9:1), because ń  equals 0.4 (nʹ = 0.4), as displayed 
in Table 4.

Moreover, modeling outcomes (Table 4) indicated that the magni
tude of η∞ is probably influenced only by the intensity of the fluid 
pseudoplastic behavior, since the parameter n (from the Power Law 
model) and also η∞ (from Carreau-Yasuda model) were practically 
constant in the range from SNMR = 3:1 (n = 0.8, η∞ = 0.3 Pa s) to SNMR 
= 7:1 (n = 0.7, η∞ = 0.3 Pa s), but they decreased abruptly at SNMR =
9:1 (n = 0.5, η∞ = 0.02 Pa s). After the cessation of an external strain/ 
stress applied to a gel, the time taken by viscoelastic materials to reach 
the steady state at the molecular level is known as relaxation time (λ). 
This way, low values of λ are related to fluid-like behavior, whereas 
higher values of λ are addressed to solid-like behavior [43,52,55]. 
Regarding the experimental results displayed in Table 3, the lowest 
values of relaxation time (λ ≤ 0.8s) observed for 3:1 ≤ SNMR ≤ 6:1 
indicated that those starch gels exhibit a predominant fluid-like 
behavior. Conversely, starch gels prepared with SNMR = 7:1 (λ =
94.3s) and 9:1 (λ = 167.1s) show a predominantly solid-like behavior. 
On the other hand, the transition from Newtonian to pseudoplastic 
behavior is marked by the critical shear rate (γ̇crit). According to values 
displayed in Table, 3, gels prepared with SNMR ≥ 7:1 show pseudo
plastic behavior even under very low shear rates (0.01s− 1), whereas gels 
prepared with SNMR<7:1 exhibit γ̇crit varying from 1.3 to 1.5 s− 1. This 
trend is corroborated by the magnitude of the parameter n of the Power 
Law model, approached before in this section.

4.4. Micro and macro variables

Outcomes of rheological experiments (Figs. 6 and 7) indirectly 
showed that the amount of NaOH added to the gelatinization process 
greatly influenced the viscoelastic properties of starch gels. It was well 
understood that the alkalinity of aqueous solutions plus dissolved oxy
gen promotes oxidative reactions, can decompose starch [22,28,71,75,
76], and eventually, influencing its interaction with hematite [81,82]. 
Since the amount of NaOH added to the gelatinization process increased 
(the SNMR decreased), it would be expected that starch decomposition 
was more intensive as the gelatinization process was accomplished with 
lower values of SNMRs.

As mentioned (section 4.3.1), the parameter zero-shear viscosity (η0) 
represents the weighted arithmetic mean of the molecular weight (Mw) 
of a polymer and it decreases with the alkalinity of the system. This 
behavior showed a correlation (Fig. 8) between starch rheology pa
rameters and its depression effect, where η0 strictly decreased with the 
amount of NaOH added to the gelatinization process. This trend was 
corroborated by the values of dAM (Table 5) related to starch gels pre
pared in the range 3:1 ≤ SNMR ≤ 9:1. To account for the interactions 
between starch colloidal particles (index 1) suspended in the aqueous 
medium (index 3), Andrade et al. [18] also determined the magnitude of 
the Hamaker constant (A131) related to gels prepared with different 
SNMRs. They indicated that the Hamaker constant of the starch/wa
ter/hematite system (2.9 × 10− 20 J < A132 < 3.3 × 10− 20 J).

Modeling results (Table 5) also showed that A131 increased with 
SNMR, which eventually influenced the rheological behavior (tan δ) of 
the starch gels. Based on Eq. (16), the independent variables dAM, dAP, 
and A131 were strongly correlated (Table 6) to the rheological behavior 
(tan δ) of the starch gels approached. The results of the multiple 
regression analysis (Table 6) indicated that the model has statistical 
significance since the F-test (ANOVA) presents a p-value smaller than 
0.05 (p < 0.001). Thus, the null hypothesis (H0) was rejected, and the 
alternative hypothesis (H1) was accepted in which at least one of the 
coefficients was not zero. Additionally, a high coefficient of determi
nation (R2 = 0.947) was obtained, indicating that the independent micro 

variables (dAM, dAP, and A131) could explain 94.7% of the variation in the 
value of tan δ (macro variable). Accounting for the magnitude of the 
standardized regression coefficients, the coefficient of micro variable 
dAM shows by far the highest absolute value, |-0.71|, followed by the 
coefficients related to the A131 and dAP variables with values of 0.53 and 
0.45, respectively, suggesting that dAM is the most important of the three 
independent variables. Thus, the major influence exerted by the hy
drodynamic diameter of AM species (dAM) on the rheological behavior of 
starch gels (tan δ) was probably due to its effective self-entanglement in 
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Fig. 8. – Zero-shear viscosity versus moles of NaOH added to the gelatiniza
tion process.

Table 5 
– The influence of the amount of NaOH added to the gelatinization process on 
the hydrodynamic diameter of AM (dAM) and AP (dAP) molecules, Hamaker 
constant of starch-starch molecular interactions in aqueous medium (A131), and 
gel rheology (tan δ).

Moles of 
NaOH 
[x10− 3]

SNMR dAM (*) 
[x10− 8m]

dAP (*) 
[x10− 8m]

A131 (*) 
[x10− 21J]

tan δ = Gʹ́/Gʹ 

[− ]

16.7 3:1 5.4 ± 0.1 35.3 ± 0.6 11.4 ± 0.3 1.4 ± 0.2
10.0 5:1 7.5 ± 0.1 41.1 ± 0.1 9.2 ± 0.1 1.2 ± 0.1
7.2 7:1 8.5 ± 0.6 38.0 ± 0.6 9.0 ± 0.3 0.9 ± 0.1

(*)Andrade et al. [18].

Table 6 
– Multiple regression summary for the dependent variable tan δ versus inde
pendent variables dAM(*), dAP(*) and A131(*).

Variables Standardized 
coefficients

Standard 
errors

t- 
values

p- 
values

Multiple 
correlation 
coefficient (R) 
(**)

Intercept 
= − 0.45

– – − 0.26 0.81 –

dAM − 0.71 0.39 − 1.83 0.13 − 0.94
dAP 0.45 0.19 2.33 0.07 − 0.40
A131 0.53 0.48 1.11 0.32 0.86
tan δ – – – – 1.00

(*)N = 9, R = 0.97332781, R2 = 0.94736702, Adjusted R2 = 0.91578724; F-test: 
F(3,5) = 29.999, p < 0.00127, standard error of estimate = 0.06232, where N =
9 refers to the number of samples used for the statistical test, specifically three 
average values for dAM, dAP, and A131.
(**)Relative to tan δ versus any independent variable.
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solution, making starch gels more elastic and stronger [71,83,84]. 

tan δ=Gʹ́/Gʹ = – 0.45 – 0.71dAM + 0.45dAP + 0.53A131 (16) 

Gao et al. [85] reported that increasing amounts of NaOH added to 
the gelatinization process could decrease the entanglement and strength 
of starch gels by weakening van der Waals forces and breaking hydrogen 
bonds between molecules. Consequently, based on the modeling out
comes (Table 3: consistency index, K, and Table 4: tan δ or Kʹ,Kʹ́  in
tercepts) as the amount of NaOH added to the gelatinization process 
increased from 5.6x10− 3 mol (SNMR = 9:1) to 1.7x10− 2 mol (SNMR =
3:1), starch gels offered less resistance to flow (ever-decreasing values of 
K) and became more viscous and less elastic, since values of Kʹ́  tend to be 
higher than Kʹ and tan δ >1.

4.5. Rheology versus gelatinization

Starch gels prepared with SNMR<6:1 exhibited a homogeneous and 
smooth matrix (Fig. 4a and e). They also showed tan δ >1, as well as the 
lowest values of relaxation times (λ ≤ 0.7s) plus zero-shear viscosities 
(η0 ≤ 2.4 Pa.s). All those characteristics highlighted a complete gelati
nization process, cast by a dominant fluid-like behavior. Conversely, as 
SNMR>6:1, starch gels showed a heterogenous matrix formed by 
evident non-gelatinized matter (starch granules) (Fig. 4d and f), in 
which AP species are entrapped within the granules and AM molecules 
are released to the solution. Those gels also indicated tan δ <1, as well as 
the highest values of relaxation times (λ ≥ 94.3 s) plus zero-shear vis
cosities (η0 ≥ 32.0 Pa s), casting a prevailing solid-like behavior. As the 
gelatinization process was carried out with SNMR = 6:1, the yielded gel 
tended to exhibit a fair balance between fluid-like versus solid-like 
behavior, since tan δ = 1.

Analyzing the data also showed (Fig. 9), the fluid-like behavior 
(tan δ > 1) exhibited by the starch gels prepared with SNMR<6:1, 
promoted the highest degree of hematite depression at SNMR = 5:1 
(58% of depression). The complete gelatinization (SNMR<6:1) certainly 
assisted in dissolving the starch pristine granules and released AP spe
cies to the aqueous solution to depress hematite. However, Andrade 
et al. [18] documented that the most effective depression (SNMR = 5:1) 
was attained as the Lifshitz-van der Waals component (GLW) of the free 
energy of interaction between hematite particles and AP nano molecules 
was higher for SNMR = 5:1 compared to SNMR = 3:1. Accordingly, a 
compromise between AP molecular size (dAP) and the effective Hamaker 
constant (A132) of the interaction between starch (index 1) and hematite 
(index 2) immersed in the aqueous medium (index 3) found with SNMR 
= 5:1 offer better conditions to depress hematite than SNMR = 3:1, in 
spite both gels exhibit a fluid-like behavior. Self-entanglement of bigger 
and easily released AM molecules from the starch granules, when there 
was a lack of NaOH in the gelatinization process, provoked the solid-like 
gel behavior which demonstrated incomplete gelatinization and poor 
hematite depression.

5. Conclusion

The rheological behavior of starch gels prepared under a wide range 
of SNMR (3:1 ≤ SNMR ≤ 9:1) had been used to identify the completeness 
of the gelatinization process, to understand the role played by AM and 
AP species in the system, and to improve the knowledge on starch 
preparation to maximize hematite depression through the cationic 
reverse flotation aiming at concentrating iron ore. Investigation out
comes highlighted deeper analyses such as FTIR and SEM can enhance 
the rheology studies which indicated: 

• Starch gels exhibited shear-thinning behavior (n < 1) across SNMR 
values between 3:1 and 9:1, becoming less resistant to flow as the 
shear rate increased. As the SNMR increased from 3:1 to 9:1, stronger 
and more pseudoplastic gels were formed, since a continuous 

reduction in NaOH resulted in incomplete gelatinization with the 
presence of debris at higher SNMRs (7:1 and 9:1), causing solid- 
viscoelastic behavior to prevail over liquid-viscoelastic behavior.

• Gels with SNMR >6:1 showed solid-like behavior due to excess 
amylose (AM), while SNMR ≤5:1 resulted in liquid-like behavior, 
influenced by higher alkalinity and reduced AM macromolecule size.

• A model linking rheological behavior to molecular variables showed 
that AM size (dAM) had the greatest impact, followed by the Hamaker 
constant (A131) and AP size (dAP).

• The most effective hematite depression was achieved at SNMR = 5:1 
and not SNMR = 3:1, since the excessive decrease of dAP by NaOH 
yielded by SNMR = 3:1 reduces the magnitude of the Lifshitz-van der 
Waals interaction energy (GLW) between AP molecules and hematite 
surface. Conversely, SNMR = 5:1 offers a better combination of AP 
molecular size (dAP) and the effective Hamaker constant (A132) 
which favors hematite depression, despite both gels exhibiting a 
fluid-like behavior.
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Thermal and viscoelastic properties of starch gels from maize varieties. J Sci Food 
Agric 2006;86:1078–86. https://doi.org/10.1002/jsfa.2461.
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