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Suitability of Flours and Gels From Crops Affected by Climate Change in Hon-
duras: Crystallinity, Thermal, Dynamic Rheological and Textural Behavior
Caleb S. Calix-Rivera1,2*, Felicidad Ronda1

Abstract: In Honduras, various tubers, roots, and cereals are cultivated as starchy crops. The current climatic  crisis affects 
these crops' productivity, leading to an increase in agricultural residue, resulting in  food insecurity. Agricultural residues 
from these crops have the potential to be processed, marketed,  and contribute to the regular diets of consumers. In 
addition to serving as an essential source of  carbohydrates, these crops provide several nutrients and health benefits. This 
study aimed to  characterize the flours and gels of Colocasia esculenta (taro), Manihot esculenta (cassava), and Zea mays 
(maize) in terms of crystallinity and thermal parameters for flours and dynamic rheological,  firmness, and color behavior of 
gels. The relative crystallinity of the selected crop samples is  reported. There were considerable variations in the thermal 
parameters among the three cultivars.  All flour suspensions at different concentrations led to gels with solid-like behavior 
(G′ > G″) at 25  °C, with the highest consistency for maize gels at the same concentration. The Avrami mathematical  model 
was effectively applied to analyze the firmness kinetics of taro, cassava, and maize gels stored  at 4 °C. All properties 
characterized suggest that flours from these crops affected by climate change  would be suitable ingredients in different 
food formulations.
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Introduction
Food security (FS) is determined by 1) the availability 

of enough quality food within the community/country at all 
times; 2) adequate economic and physical access at the 
household and individual level; 3) the utilization of this food 
within the family, as well as access to clean water and good 
sanitation conditions allowing the safe preparation of food1. 
The importance of global food security, food loss and waste 
has increased over the last few decades and was included 
in the 2015 United Nations Sustainable Development Goals 
(SDGs)2. The United Nations' Agenda 2030 emphasizes 
food security, good health and human well-being in achie-
ving sustainable development3. Therefore, the international 
agenda has dedicated certain SDGs to achieve global food 
security and, as a side effect, the mitigation of climate chan-
ge (SDGs: 2 (Zero Hunger), 3 (Good Health and Well-be-
ing), 12 (Responsible Consumption and Production) and 
13 (Climate Action)). In recent years, multiple overlapping 
challenges have emerged to global food security, including 
climate change, conflicts, and the COVID-19 pandemic, 
with inequitable impacts in low- and middle-income coun-
tries (LMICs)4. The effects of climate change in the tropics 
are expected to produce significant environmental changes, 
impacting the environment, health, well-being, and econo-
mic development of half of the planet's population by 20505. 
According to the IPCC (Intergovernmental Panel on Climate 
Change), society and natural systems in the Mesoameri-
can region are highly vulnerable to extreme climate events. 
This is due to a combination of two geographical reasons 
(confluence of various ocean currents, effects of periodic 

climate oscillations such as El Niño/La Niña) and economic 
and social factors (low social development, inequity in the 
distribution of wealth, low adaptive capacity)6.

Honduras, one of the poorest countries in the Western 
Hemisphere, falls in Central America's 'Dry Corridor' area. 
The country is 'highly exposed' to major climate-change-re-
lated events, such as hurricanes, storms, and drought; 
moreover, its population is more than 50 % rural and thus 
highly dependent on the crops and natural resources that 
can be decimated by extreme weather events7. The agri-
cultural sector in Honduras employs 35% of the country’s 
economically active population. It generates almost 13% 
of the Gross Domestic Product (GDP)8, Major food crops 
(maize, beans, rice, sorghum) are rainfed, making agricultu-
ral livelihoods and food security highly dependent on stable 
climatic conditions9. Rising atmospheric temperatures, var-
ying rainfall patterns, and increasing incidence of extreme 
events characterize climate change. All these will directly 
and indirectly affect the productivity and sustainability of the 
agricultural sector and have implications for technology de-
velopment and transfer10, potentially threatening the sustai-
nability of agriculture in Honduras. Changes in crop produc-
tion cycles, yield losses, increased incidence of pests and 
diseases, failure of rainfed crops and increased need for 
irrigation, reduced soil productivity from water stress, runoff, 
nutrient leaching and erosion, loss of crop suitability at lower 
altitudes and increased food prices, food insecurity and mi-
gration flows, are some of the climate risks to agriculture 
projected for Honduras9. The effect of climate change on 
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crop production cycles in various areas of Honduras leads 
to the loss of crops, aggravating the food and nutritional se-
curity of each region and causing a large amount of waste 
or discarded products (with no market value) that causes 
innumerable economic losses to producers and the coun-
try. The production of flour suitable for human consumption 
from these crop wastes and sub-products is an idea that 
could significantly impact improving food security, adapta-
tion and mitigation of climate change, and the sustainable 
management of natural resources in these regions. Three 
crops suffering from the effects of the climatic crisis in Hon-
duras are taro or "malanga" (Colocasia esculenta), cassava 
or “yuca” (Manihot esculenta) and maize (Zea mays), which 
are considered starchy crops by botanical nature. These 
food crops affected by climate change have become unde-
rutilized, possibly due to the lack of knowledge on processa-
bility. Starchy foods contain different functional compounds 
that can promote a healthy lifestyle for consumers. Starch 
plays a major role in the processing of food products as a 
raw material or additive, which acts as a thickening agent, 
stabilizer and texture improver11. Therefore, this study ai-
med to study the crystalline and thermal properties of taro, 
cassava and maize flours and evaluate the gels' rheologi-
cal, firmness and color characteristics. Thus, expanding the 
knowledge of these properties of the different crops may 
result in introducing novel applications for the food industry, 
the development of new foods such as gel-like products, 
applications in fermented beverages, confectionery and 
bakery industries, and the non-food industry.

Materials and methods 

Materials
Various producers of the SAN R11 Bureau in El Paraí-

so, Honduras, provided agricultural residues from the crops 
(taro, cassava and maize). Flour samples evaluated were 
obtained from crops ruined and affected by climate change 
and did not meet the quality requirements for commerciali-
zation. Taro and cassava were washed, peeled, and cut into 
slices with an approximate thickness between 0.1 - 0.3 cm. 
Samples were dried at 60 °C for 7 by a dehydrator (Agro-
pec, Honduras). The dried samples were ground using a 
lab-scale grinder and subsequently sieved using a 600 µm 
mesh size. In the case of maize, grains were previously 
crushed into smaller fragments using a manual hammer mill 
(Corona, Colombia) before being dried and then subjected 
to the same procedure as the other samples. The resulting 
flours (< 600 µm) were stored in plastic packets at 4 °C for 
further assays. The moisture content determined using me-
thod 44-10 of AACC12 of the taro, cassava and maize flours 
were 7.58%, 11.2% and 11.67%, respectively. Ash content,  
measured with method 08-01 of AACC12, was 3.39%, 1.39% 
and 0.53%. Fat content was determined according to the 
official AOAC method 923.05–1923 (AOAC., 1996) of the 
taro, cassava and maize flours were 1.1%, 2.6% and 4.4%, 
respectively. Protein content was calculated from total ni-
trogen (N) evaluated by an automatic combustion method 
using a Leco CNS 928 microanalyzer (Leco Corporation, 
St. Joseph, MI. USA). They used the conversion factor 6.25 
(N × 6.25), obtaining 4.16%, 2.24% and 7.35%. Total starch 
and amylose content was determined with the optional rapid 
method for total starch described by Englyst et al. (2000)13 

using an amylose/amylopectin assay kit (Megazyme, Wic-

klow, Ireland), obtaining total starch contents of 78 ± 3, 89 ± 
13 and 87 ± 9 g/100 g dry matter basis and amylose content 
of 13 ± 1, 18.4 ± 0.5 and 23 ± 1 g/100 g starch for taro, 
cassava and maize, respectively. All the assays were con-
ducted in duplicate.

XDR Patterns of Flours
X-ray diffractograms were obtained using a Bruker-D8- 

Discover-A25 diffractometer (Bruker AXS, Rheinfelden, 
Germany), furnished with a copper tube operating at a 
voltage of 40 kV and a current of 40 mA. The instrument 
employed Cu-Kα radiation (λ = 0.154 nm). Before measure-
ment, all samples were equilibrated to 15% humidity using 
a saturated humidity ICP260 incubator (Memmert GmbH, 
Germany) at 15 °C. Equilibrated samples were scanned 
from 5◦ to 40◦ at 2θ diffraction angle, with a step size of 
0.02◦, at a rate of 1.2 ◦/min, divergence slit width of 1◦ and 
a scatter slit width of 2.92◦. Crystallinity degree was deter-
mined from diffractograms as the ratio between the reduced 
peak area assigned to the crystalline part and the total area 
using peak-fitting software DifracEVA with PDF2-2004 and 
Crystallography Open Database.

Thermal properties
Differential scanning calorimetry (DSC) measurements 

of the flour samples were performed with DSC3 equipment 
(Mettler Toledo, Barcelona, Spain). Approximately 6 mg of 
flour samples were carefully measured and placed into alu-
minum pans with a volume of 40 μL. Subsequently, distilled 
water was added to achieve a ratio of 30 parts flour to 70 
parts water, after which the pans were sealed. The sealed 
pans were equilibrated for 30 minutes at room temperature 
(25 °C), after which they were subjected to scanning from 0 
to 110 °C at a rate of 5 °C/min. Indium and zinc were used 
for calibration, while an empty sealed pan was the referen-
ce. The obtained thermograms were analyzed using STARe 
evaluation software (Mettler Toledo, Barcelona, Spain). The 
enthalpy change (∆H, J/g dry basis) and the gelatinization 
temperatures [onset (TO), peak (TP), and endset (TE)] 
were recorded. Endothermic transitions of the retrograded 
starches were determined with a second scan after 7 days 
of sample storage at 4 °C, following the same procedure 
described for the gelatinization evaluation. Thermal tests 
were carried out in duplicate.

Dynamic Rheological Characteristics
The dynamic oscillatory assays were performed using 

a Kinexus Pro+ rheometer (Malvern Instruments Ltd, UK) 
with serrated parallel plate geometry (40 mm diameter) 
and a working gap of 1 mm. Dispersions of flour in water 
at five concentration levels were applied. Amounts of flour 
between 2.0 and 4.0 g (14% moisture basis) were weighed 
and mixed with 25 g of distilled water; suspenions were 
used to prepare the gels by a Rapid Visco Analyser (RVA 
4500, Perten Instruments, PerkinElmer, Sydney, Australia). 
The final concentration (w/w) values of suspensions are gi-
ven in Table 1. The suspensions were stirred at 160 revolu-
tions per minute (rpm). The process involved heating from 
50 to 95 °C at a rate of 12.2 °C/min, with a held period at 
95 °C for 2.5 minutes. After this, cooling ensued, lowering 
the temperature to 50 °C at 11.8 °C/min and maintaining it 
at 50 °C for 2 minutes (RVA, Standard 1). The resultant hot 
pastes from the RVA were quickly moved onto the parallel 
plates. The excess suspension was removed, and a thin 
layer of vaseline oil was applied to cover the exposed sam-
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ple surfaces and prevent moisture loss due to evaporation 
during the assays14. Before the measurement, the suspen-
sion was rested for 5 min to allow relaxation. The tempera-
ture was stabilized at 25 °C using a Peltier plate controller. 
Strain sweeps were conducted from a 0.1 to 1000% strain, 
maintaining a consistent frequency of 1 Hz. Through these 
sweeps, the maximum stress (τmax) was determined, re-
presenting the point at which the gel structure was broken 
(corresponding to the linear viscoelastic zone, LVR) and the 
stress at the crossover point (G′ = G″) was established. Fre-
quency sweeps were performed, scanning from 10 to 1 Hz 
while applying a consistent strain of 1%. This strain value 
fell within the linear viscoelastic region (LVR). Data obtained 
from frequency sweeps were fitted to the power law mo-
del described by Abebe & Ronda (2014)15. The coefficients 
G1′, G1″, and (tan δ)1 (G1″/ G1′) represent the elastic and 
viscous moduli and the loss tangent at 1 Hz, respectively. 
These values were derived by fitting the power law to the 
frequency sweep data ranging from 10 to 1 Hz. Moreover, 
the values a, b, and c (b-a) correspond to the exponents 
within the respective potential equations and quantify the 
dependence of the dynamic moduli on the oscillation fre-
quency. All tests were completed in duplicate.

Firmness behavior of fresh and aged gels
A TA-XT2 Texture Analyser (Stable Microsystems, Su-

rrey, UK) was used to evaluate the firmness of flour gels; 
texture plots were analyzed by Texture Expert software. 
Gels were made from a 20% (w/w) suspension for taro and 
cassava flours and 12% (w/w) for maize flour (28.5 g total 
weight) by using the RVA. The suspensions were stirred 
with a rotating paddle at 960 revolutions per minute (rpm) 
for 10 seconds and kept at 160 rpm during the entire assay. 
The temperature was gradually increased from 50 to 95 °C 
at a rate of 6 °C/min and maintained at 95 °C for 15 min. 
This was succeeded by swift cooling through cold running 
water for 1 min. Subsequently, the canisters underwent ad-
ditional cooling within a water bath maintained at 4 °C for 
2 h. Following this cooling period, samples were stored in 
the same canisters (hermetically closed to prevent moisture 
loss) at (4 ± 2) °C for 0, 24, 72 and 168 h, and the evolution 
of gel firmness kinetics with time was evaluated. Gels were 
left at room temperature (20 ± 2 °C) for 30 min before the 
texture analysis. Measurements were done on gel cylinders 
of 2.2 cm diameter and 2 cm height. A double compres-
sion assay, known as "Texture Profile Analysis" (TPA), was 

conducted employing a 75 mm diameter aluminum device 
(SMSP/75). This device was utilized to compress to a depth 
of 50% at a testing speed of 1 mm/s. A 30-second interval 
was introduced between successive compressions. Firm-
ness (N) was calculated from the TPA graphs, and data was 
fitted to the Avrami model (Equation 1) (Biliaderis (2009)16):

Suitability of Flours and Gels From Crops Affected by Climate Change in Honduras: Crystallinity, Thermal, Dynamic Rheological and Textural Behavior

Table 1. Relationship between weighed flour masses and their corresponding concentrations.

A∞ is the leveling-off value of firmness at infinite time, 
A0 is the firmness at initial time, At is the firmness at any 
time t, k is a velocity constant, and n is the Avrami expo-
nent. k and n constants values were used to evaluate the 
value of half-life, t1/2 (Equation 2), this is described as the 
time needed to attain 50% of the plateau level of firmness 
(Ronda et al. (2015)17):

Half-life time gives an idea of the rate of the gel firmness 
change from its initial value, A0, to the leveling-off point, A∞. 
Each experimental sample was measured in duplicate.

Gels color
Gel color was measured at 0, 24, 72 and 168 h stora-

ges at 4 °C using the remaining samples that were utilized 
for evaluating the textural properties of the gel, described in 
Section 2.5 using a PCE-CSM5 (PCE Instruments, Mesche-
de, Germany) and CQCS software. Results were derived 
using the CIE L*a*b* color space, employing the D65 stan-
dard illuminant and the 10ᵒ standard observer. From these 
coordinates, the chroma (C*) and hue (h) were computed 
using the following equations: C* = [(a*)2 + (b*)2]1/2 and 
h = tan-1 (b*/a*). The L* component ranges between 0 (re-
presenting black) to 100 (indicating white). The hue scale 
spans from 0 ᵒ (for red), 90 ᵒ (for yellow), 180 ᵒ (for green) 
to 270 ᵒ (for blue). The chroma value offers insights into 
color purity, where a C* value near to zero corresponds to 
a color of low purity, appearing close to grey. Conversely, 
high C* values indicate colors of greater purity, approaching 
the hues of pure spectral colors15. Results are the average 
of five measurements carried out on the gels of each flour.

Statistical analysis
Statistical analyses and fitting of the Avrami equation 
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were conducted using the Statgraphics Centurion XIX sof-
tware (Statgraphics Technologies, Inc., Virginia, U.S.A.). 
The analysis of the variance (ANOVA) by the Fisher least 
significant difference (LSD) test at p-value < 0.05 was per-
formed.

Results

X-ray diffraction analysis
The X-ray diffraction patterns of taro, cassava and mai-

ze samples are shown in Fig. 1. The most commonly used 
method to determine the type and degree of crystallinity in 
flours and starches is XRD18. This method determines the 
starch long-range crystalline order related to the packing 
of amylopectin double helices19. Generally, starch displays 
three types of patterns, namely, A (cereal starches) , B (tu-
ber, amylomaize, and retrograded starch) and C (root and 
seed starches, pea and bean)20. All samples presented a 
diffraction pattern type A, characteristic of cereals, with 
peaks in 15, 17, 18, 23 and 26◦, and the reflection at 20◦, 
generally associated with V-crystallinity21,22. Taro and cas-
sava presented X-ray pattern type A, exceptions to most 
of the tubers and roots that exhibit the typical X-ray pat-
tern type B 18. This diffraction pattern agreed with that re-
ported by Jane et al. (1992)23 for taro and Oyeyinka et al. 

(2019)24 for cassava. Higher crystallinity was observed in 
the cassava flour (55.4%) and maize (52.3%), whereas taro 
exhibited lower crystallinity (51.2%). It was indicated that 
cassava flour contained more ordered double helical struc-
tures25. The crystallinity of starch is mainly associated with 
amylopectin and not with amylose, which, although linear, 
has a conformation that makes its regular association with 
other chains difficult26; this is in agreement with the results 
obtained in the compositional analysis (Section 2.1); where 
taro presented the highest values of amylose content and 
therefore lower amylopectin content, showing a lower crys-
tallinity. The crystallinity of taro and cassava samples was 
more elevated than Hoover (2001) reported18 (taro 45% and 
cassava 38%). The difference was attributed to the different 
genotypes from various botanical origins.

Thermal characteristics
The gelatinization, retrogradation, and amylose-lipid 

complex data of taro, cassava and maize flours were deter-
mined by DSC. Thermal properties and DSC thermograms 
of studied flours are shown in Table 2 and Fig 2. Gelatini-
zation characteristics could determine the purity or impurity 
of starch in the industry27 and provide new insights into the 
nature of gelatinization and granule structure16. Taro flour 
reported a single peak at (74.4 ± 0.1) °C with a transition 
enthalpy of (12.1 ± 0.1) J/g of flour dry basis, lacking the 

Figure 1. X-ray diffraction patterns of taro (black), cassava (blue) and maize (green) (all samples were equilibrated in 
a saturated humidity chamber until 15 ± 0.5 % MC). Crystalline peaks and percentage relative crystallinity of individual 
samples are shown. Data have been offset for clarity.

Table 2. Thermal properties of flours studied.
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characteristic rise of the lipid amylose complex; these re-
sults are in agreement with findings by Aboubakar et al. 
(2008)28 and Himeda et al. (2014)29. Cassava flour showed 
two differentiated peaks at (74.1 ± 0.1) °C and (99.3 ± 0.1) 
°C with transition enthalpies of (13.7 ± 0.2) J/g of flour dry 
basis and (0.44 ± 0.05) J/g of flour dry basis respectively, 
lower values such as observed here had earlier been repor-
ted in cassava starch by Oyeyinka et al. (2019)24 due to the 
presence of non-starch components (mucilage) in cassava 
flour23. In contrast, Ayetigbo et al. (2018)27 reported similar 
TO, TP and ∆H values in cassava flours of Indonesian ori-
gin compared to this study. Maize flour had the first peak 
at the lowest temperature, (71.8 ± 0.1) °C, and a transition 
enthalpy of (9.3 ± 0.2) J/g of flour dry basis, and the second 
peak at a lower temperature to the cassava flour (96.9 ± 
0.6) °C, with a higher transition enthalpy of (1.02 ± 0.03) J/g 
of flour dry basis. The starch gelatinization property mani-
fests an irreversible dissociation of amylopectin molecular 
order involving the melt of crystallite and double helical or-
ders30,31. The different flour samples showed significant 
differences in gelatinization enthalpy (∆Hgel); cassava 
and taro samples presented the highest values (13.7 and 
12.1 J/g of solids, respectively), while maize presented the 
lowest (9.3 J/g of solids).

Higher values of ∆Hgel are indicative of a better-packed 
starch structure requiring more energy to fully gelatinize32, 
and the lower value of gelatinization enthalpy is related to 
the small granule size of starch that decreases the length 
of amylopectin double helices, causing them to disorganize 
with minimum energy33. The differences observed in enthal-
py gelatinization may be attributed to differences in several 
aspects such as starch botanical source, size, shape and 
distribution of starch granules in the flours, amylose/amylo-
pectin ratio, the internal organization of starch fractions 
within granules, variations in protein fractions, presence of 
electrolytes and the interaction between starch, protein and 
lipids34,35. The gelatinization transition temperatures (TO 
(onset), TP (mid-point), TE (endset)) and showed significant 
differences. The differences observed could also be explai-
ned by the degree of interaction between starch crystallites 
and the interactions between crystalline and amorphous 
components27. Taro presented the highest value of onset 
temperature (TO) (68.6 °C), followed by cassava (66.9 °C) 

and, lastly, maize (65.5 °C). Peak temperature (TP), where 
the endothermic transition reaches a maximum, presented 
the highest value in taro flour (74.4 °C), while the lowest 
values were recorded in maize flour (71.8 °C). The higher 
values of TP indicate the requirement of more thermal ener-
gy to start gelatinization33. Lower TO, TP and TE values re-
flect the presence of abundant short amylopectin chains36 
and higher amylose content, which means more amorphous 
region and less crystalline region37. This is consistent with 
the values of amylose content in the analyzed samples pre-
sented in section 2.1. The differences in transition tempera-
tures between the different flours may be attributed to the 
differences in the degree of crystallinity. High transition tem-
peratures have been reported to result from a high degree 
of crystallinity, which provides structural stability and makes 
the granule more resistant to gelatinization37. The width of 
the gelatinization temperature range (∆T = TE-TO) was the 
highest in cassava (14.7 °C), followed by maize (12.1 °C), 
a sample statistically equal to that of taro flour (11.4 °C). 
Lower values of the gelatinization peak width indicate hi-
gher starch crystallite homogeneity and a better organized 
granular structure, requiring a shorter temperature range to 
hydrate32 fully. Gelatinization temperatures of samples may 
be influenced by the cultivation season, location of the culti-
var, environmental factors and gene-associated factors.

When discussing the gelatinization temperature as an 
aspect of food processing, the starches or flours have lower 
gelatinization temperatures more preferable in foods con-
taining heat-sensitive ingredients, and it could reduce the ti-
me-consuming and energy expenditure during processing11. 
The Enthalpy determined for the second peak obtained in 
the first scan (ΔHam-lip) corresponds to the amylose-lipid 
complex dissociation38. The amylose-lipid complex is des-
cribed as a helical inclusion complex with amylose forming 
a helix around the hydrophobic chain of the ligand38,39. The 
Taro sample did not show an amylose-lipid complex tran-
sition, probably due to the low lipid content16. At the same 
time, maize flour presented a higher amylose-lipid complex 
Enthalpy than the cassava sample. The differences obser-
ved may be attributed to the presence of internal monoacyl 
lipids. In the case of rice starch, these lipids tend to create 
complexes with amylose during heating. This exothermic 
reaction reduces the apparent Enthalpy associated with 

Figure 2. Thermograms of the samples analyzed. Black lines represent taro, blue lines represent cassava, and green 
lines represent maize. A) First scan (gelatinization) and B) Second scan after 7 days at 4 °C (retrogradation).
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gelatinizing the starch crystallites40. The retrogradation 
properties of samples were investigated by re-scanning the 
samples after 7 days of storage at 4 °C (Table 2.). Retro-
gradation is related to the rapid gelation of amylose and 
recrystallization of amylopectin fractions41 and is a major 
factor in the staling of bread and other bakery products16. 
In thermograms (second run (Fig. 2B)), taro flour did not 
present a peak, cassava flour showed a single peak and 
maize flour reported two peaks. For cassava and maize, the 
first peak appeared at around 38 °C, corresponding to the 
melting of recrystallized amylopectin (∆Hret). In the case of 
the maize sample, the second peak corresponded to the 
reversible amylose–lipid complex dissociation peak (∆Ham-
lip-ret)42. Higher ∆Hret values (p < 0.05) were shown in 
maize flour than in cassava flour, indicating that maize flour 
had a higher ability of amylopectin to reassociate after ge-
latinization. The retrogradation behavior of the taro sample 
indicates that this flour is suitable for preparing low-intensity 
taro flour products with a low retrogradation in the food in-
dustry. ∆Ham-lip in maize sample presented higher values 
in the second scan (retrogradation) than those determined 
in the first one (gelatinization), which may be attributed to 
the better conditions for complex formation after first hea-
ting following amylose leaking from starch granules that can 
occur at temperatures above the gelatinization temperature 
range32,39,42.

Dynamic rheological behavior
The viscoelastic behavior of pastes formed from taro, 

cassava and maize flour dispersions with different concen-
trations (Table 1) measured at 25 °C are depicted in Table 3. 
Viscoelastic properties were analyzed by dynamic oscilla-
tory assays (frequency and strain sweeps). Table 3 shows 
the coefficients G1′, G1″, and (tan δ)1 (G1″/ G1′) and the ex-
ponents a, b, and c (b - a), obtained from frequency sweeps 
and the maximum stress (τmax) within the linear viscoelas-
tic region (LVR) and the stress at the crossover point (G1′ = 
G1″, tan δ = 1) obtained from the strain sweeps42. The LVR 
varied notably (p < 0.05) depending on the concentration 
and the type of flour. The maximum stress (τmax) applica-
ble within LVR, beyond which the gel structure was broken, 
increased with the gel concentration; similar trends were re-
ported by Acevedo et al. (2013)34 for different legume flour 
gels and Deriu et al. 202232 for different cereal flour gels. 
In general, maize gels presented higher τmax values than 
cassava and taro flours in all concentrations. This means 
higher stability against shear, as they need higher stress to 
destroy their structure and achieve a predominantly viscous 
behavior. The strain sweep assays also provided the stress 
at which the gels passed from a solid-like to a liquid-like be-
havior (crossover point), which presented a similar trend at 
τmax varying in parallel. The coefficients G1′, G1″, and (tan 
δ)1 and the exponents a, b, and c were obtained by fitting 
the power law model to experimental data obtained from 
frequency sweeps data ranging between 1 and 10 Hz. The 
R2 values (0.953 - 0.999) demonstrate how well the model 
was adjusted to the system studied (data not shown). The 
storage modulus (G′) reflects the solid (elastic) characte-
ristics and shows the amount of energy retained during the 
deformation of the samples. In contrast, loss modulus (G′′) 
measures the viscous property during shear and reveals 
the viscous nature of the samples43. Taro gels showed elas-
tic and viscous moduli markedly lower than cassava and 
maize gels, denoting a weaker consistency of the former. 
Both moduli increased significantly (p < 0.05) when the flour 

concentration increased in all samples. However, the rate of 
increase varied depending on the type of flour. In the case 
of taro flour gels, the increase in elastic moduli was not so 
marked at the higher concentrations. The marked differen-
ces in gel rheological properties of the different flours could 
be attributed to differences in protein, starch, lipid, and non-
starch polysaccharide types and their contents15. For all dis-
persions, G1′ > G1″, therefore (tan δ)1 <1, which suggests 
a solid elastic-like behavior. Similar trends were reported by 
Kapri & Bhattacharya (2008), Acevedo et al. (2013), Abebe 
& Ronda (2014), and Deriu et al. (2022)15,32,34,44 in gels from 
different sources. The effect of concentration and the type 
of flour were statistically significant (p < 0.05) (Table 3). In 
all samples, the value of (tan δ)1 or loss tangent decreased 
with increasing flour concentration. This performance re-
veals a strengthening of their structure with concentration32 

and a stronger gel behavior. The lowest values of the a and 
b exponents were shown for maize gels, decreased with 
increasing flour concentration in pastes, reaching reduction 
percentages from the lowest to the highest concentration 
studied (6.4 - 11.9 w/w) of 66% and 23% for exponents a 
and b respectively. This means that the G1 and G1″ were 
not dependent on the frequency for this sample, indicating 
the gels' structural stability of the gels15,34. In contrast, the 
increase of the exponent, mainly observed at the highest 
concentrations, implies a higher dependency of the stora-
ge modulus on the frequency of taro gel flours. Furthermo-
re, the greater values of the b exponent in taro samples 
indicate a higher dependency of the loss modulus on the 
frequency. The value of the exponent c decreased as the 
gel concentration increased. This indicates that G1″ (loss 
modulus) and G1′ (storage modulus) exhibited a reduced 
frequency dependence at higher gel concentrations34. The 
high dependence of elastic and viscous modulus on con-
centration can offer insights into the gelation effectiveness 
and the underlying particle network structure of the gel15. 
This behavior can be adjusted to the power law model (As 
seen in Fig 3). Power-law functions between concentration 
and G1′ and G1″ were obtained for the dispersions: G1′ = 
m*Cn and G1″ = p*Cq, where m and p represent the G1′ 
and G1″ moduli values at a gel concentration of 1% and a 
frequency of 1 Hz, and n and q, the exponents, quantify the 
dependence degree of the viscoelastic moduli to the con-
centration and reflect the nature of the association behavior 
in the gel and its network structure32. Experimental data fit-
ted the potential model well with R2 ranging between 0.900 
– 0.999 (See Table 4). Several studies have reported the 
power law function between G′ and concentration; (Renke-
ma & Vliet (2004))45 (Soybean protein isolates); (Avanza et 
al. (2005))46 (amaranth protein isolates); (Abebe & Ronda 
(2014))15 (tef); (Acevedo et al. (2013))34 (pigeon pea, doli-
chos bean and jack bean); (Deriu et al. (2022))32 (fonio). In 
the case of maize, the evolution of the elastic modulus with 
concentration would also be compatible with a linear model 
(G1′ = a*C + b) with R2 = 0.983 (Data not shown). Similar 
to the linear correlations between G′ and concentration for 
potato, wheat, corn and rice starch gels reported by Biliade-
ris & Juliano (1993)14. However, the potential equation was 
chosen to allow comparison among the samples analyzed 
to model the evolution of all flour gels' viscoelastic moduli 
versus concentration. The different variations of G1′ with 
the concentration among the gels of the flour samples could 
be mainly attributed to the relative differences in starches 
and proteins present within these flours15. Taro and cas-
sava gels presented n values of 2.4 ± 0.1 and 2.65 ± 0.01, 
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respectively. Lower values than maize flour gels (3.1 ± 0.1) 
reflect the formation of a less ordered gel matrix. This deno-
tes a higher increase in maize gels’ viscoelastic moduli with 
flour concentration and a higher modulation capacity of the 
gel’s viscoelasticity by varying its concentration than taro 
and cassava gels. Furthermore, their viscoelastic moduli at 
low concentrations (obtained by the m and p coefficients) 
for maize samples were higher than those obtained for taro 
and cassava.

In general the combination of a high consistency at low 
concentrations (compared to tef (Abebe & Ronda (2014)15) 
and pigeon pea, dolichos bean and jack bean (Acevedo et 
al. (2013)34)) and a high increase in consistency with in-
creasing concentration (compared to rice (Abebe & Ron-
da (2014); Deriu et al. (2022)15,32)) makes at taro, cassava 
and maize exciting ingredients for the production of different 
products of gel-like nature.

Gel Firmness kinetics
The firmness, the force necessary to attain a given 

deformation, was obtained from the peak force value co-
rresponding to the first two successive compressions47. The 
evolution of the firmness of the gels from taro, cassava and 
maize flours stored at 4 °C between 0 h and 168 h (7 days) 
is depicted in Fig. 4. The retrogradation of flour gels mainly 
causes the flour gel firmness. This process is linked to the 
release of water and the crystallization of amylopectin, re-
sulting in gels characterized by increased firmness48. The 

presence of protein, lipids, and fiber can also impact this 
phenomenon. The Avrami model is a mathematical model 
for studying the crystallization kinetics of starch49. The mo-
deling of the firmness kinetics was effectively accomplished 
by applying the Avrami equation to the gathered data, as 
depicted by the continuous lines in Fig. 4. The high R2 va-
lues (ranging from 0.999 to 1) obtained demonstrate the 
excellent adjustment of the gels studied to this mathematic 
model. The values of the Avrami equation parameters (A∞, 
A0, k, n) were (3.98 ± 0.30) N, (2.74 ± 0.29) N, (0.006 ± 
0.008) h-n, 1.06 ± 0.11 for taro gels, (5.64 ± 0.31) N, (3.88 ± 
0.31) N, (0.06 ± 0.08) h-n, 0.65 ± 0.4 for cassava gels and 
(4.75 ± 0.28) N, (3.14 ± 0.30) N, (0.007 ± 0.009) h-n, 1.04 ± 
0.09 for maize gels.

Cassava gels showed A0 (initial firmness) values mar-
kedly higher than maize and taro gels. In addition, the firm-
ness kinetics at refrigeration temperature (4 °C) was faster 
for the cassava gels than for the taro and maize; this can 
be concluded from the Avrami constant, k, which was ten 
times higher for cassava than taro and maize. A∞ (gel leve-
ling-off firmness), presented the following order: taro < mai-
ze < cassava. This behavior was probably due to faster and 
more extensive amylopectin recrystallization in cassava 
than in maize and taro gels34,46. Half-life time (t1/2) values 
were 40, 88 and 90 h for cassava, maize and taro. This 
means cassava gel took much less time to reach 50% of 
the leveling-off firmness than the maize and taro. This indi-
cates that the firmness of gel products from cassava could 

Table 3. Rheological properties of samples analyzed at different concentrations.

Table 4. Parameters obtained from fitting to the power-law model the experimental G' and G" data in function of the flour 
concentration in the gels (G1' = m · Cn; G1" = p · Cq).
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stabilize faster than taro and maize flour gels at the concen-
trations analyzed. The taro and cassava gels were made 
at 20% w/w to be compared with the maize gels (12%); at 
lower concentrations, these gels were fragile and collapsed 
when removed from the canisters.

Evolution of color in gels
Color is an essential organoleptic quality attribute that 

typically relates to the acceptability, marketability and whole-
someness of foods50, and is the first attribute that affects the 
consumer's decision to purchase or consume any food pro-
ducts47. The Commission Internationale de l’Eclairage (CIE) 
L*, a*, b* color system was utilized to assess the tri-stimulus 
surface color of gels from taro, cassava and maize flours. 
The L*, a* and b* values indicate the degree of lightness, 
redness-greenness and yellowness-blueness, respectively, 
exhibited by the surface color of a material27. The chromatic 
coordinates (a* - b*) of the taro, cassava and maize flour gels 
and their evolution with storage time at 4 °C are shown in Fig. 
5. There were significant differences (p < 0.05) in the color 
of gels depending on the type of flour. The Luminosity (L*) 
values of the fresh gels are presented in the following order: 
taro (44.2) < cassava (62.9) < maize (74.3). Taro sample had 

a significantly lower value than cassava and maize. The dar-
kness of taro gel could be due to non-enzymatic browning 
reactions induced by drying the taro slices during the proces-
sing of taro tubers into flour51,52. The a* and b* color parame-
ters between the three flours differed significantly (p < 0.05). 
As can be seen in Fig. 5. Taro gel had the highest positive a* 
(redness) value, the lowest negative b* (blueness) value and 
the highest hue angle value (357.7◦), presenting purple hues. 
In contrast, the maize gel flour showed the lowest negative a* 
(greenness) value, the highest positive b* (yellowness) and 
a hue angle value of 103.9◦. The difference in color between 
gel samples could be due to the intrinsic physicochemical 
characteristics of the cultivars (presence of flavonoids, an-
thocyanins and tannin).

Furthermore, genetic factors and conditions such as 
geographical location, environmental conditions, climate 
variations, cultivation practices like weeding and fertilizing, 
and the amount of precipitation could also contribute to the-
se color discrepancies. Hence, in formulating foods where 
taro, cassava and maize could be taken as ingredients and 
brighter color is mandatory, maize could be the best pre-
ference among the three cultivars studied. Concerning the 
chroma (C*) of the gels studied, maize (14.5) had a sig-

Figure 3. Evolution of the elastic modulus (A) and viscous modulus (B) of gels made from taro (○), cassava (�) and maize 
(◊) flours versus gel concentration. The error bars represent the standard deviation.

Figure 4. Firmness kinetics of gels 
stored at 4 C. The continuous lines 
resulted from fitting the experimen-
tal values to the Avrami equation. 
(○) taro, (�) cassava, (◊) maize.
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nificantly higher value (the most vivid color) than cassava 
(7.9) and taro (7.5) (the paler colors), which did not have 
significantly different C* value (p < 0.05). Wrolstad & Smith 
(2010)53 stated that the C* value of a food increases with 
increment of pigment concentration and decreases remar-
kably as the samples go darker, according to the results 
obtained in our study. The storage time had a significant 
effect (p < 0.05) on the color of the gels, mainly in the L* 
and C* values. In general, C* values decreased with the 
storage, while L* values depended on the type of flour. In 
taro gels, L* increased with the storage time, similar to what 
was reported by Abebe & Ronda15 in tef gels, and this pa-
rameter decreased for cassava and maize samples. Des-
pite the statistical differences with storage time, the color 
difference [ΔE = ((ΔL*)2+(Δa*)2+(Δb*)2)1/2] was <5 for all 
samples, indicating that the color differences between fresh 
and stored samples (168h) were not perceptible to the hu-
man eye54,55. Results suggest that taro, cassava and corn 
gels show good color stability in short storage periods (7 
days). This study opens the field for complementary stu-
dies to quantify the evolution of the pigments of the flours 
chemically analyzed and to evaluate the changes in longer 
storage periods.

Conclusions
This study provides essential information on the crys-

talline and thermal characteristics of flours and the color, 
rheological and textural properties of gels from crops affec-
ted by climate change in Honduras. Taro, cassava and 
maize flours are mainly made of carbohydrates and parti-
cularly starch; this confers them specific characteristics for 
their potential use as food ingredients. All flours showed 
high crystallinity values and A-type diffraction patterns. Taro 
presented a single gelatinization peak, while cassava and 
maize showed two peaks. The gelatinization enthalpies are 
systematically higher for cassava flours than taro and maize 
flours. Gels obtained at different flour concentrations exhibi-
ted a solid elastic-like behavior in all flours. According to the 
power law, the storage and loss moduli of the gels formed 
from the suspensions significantly increased (p < 0.05) with 
increasing flour concentration. At the same concentration 
levels, gels from maize consistently showed a higher con-
sistency. All flours could form self-supporting gels and be 

applied to form gel-like foods. However, taro and cassava 
flours required higher concentrations for this purpose. The 
Avrami model was successfully used to analyze the firm-
ness kinetics of taro, cassava, and maize gels stored at 4 
°C. Cassava flour had the highest initial firmness among 
the different flour gels tested. However, the evolution of the 
firmness of the taro gels varied notably during storage, ta-
king a longer time to level off. Hence, obtaining a stabilized 
gel product from taro flour will take longer. This could be 
considered a drawback of taro flour gels.

The crops analyzed in this study have demonstrated 
their potential as suitable food ingredients for developing 
gel-like foods. Depending on the chosen concentration 
and botanical origin, a wide range of consistencies, textu-
re properties, and colors can be achieved. This versatility 
allows for the formulation various gel-like food products with 
distinct characteristics and sensory attributes. Overall, the 
data highlight the potential role of these crops available in 
Honduras as sources of flours and starches with peculiar 
physicochemical and functional characteristics that may 
be used for various applications in the food industry. This 
would improve the Honduran population's quality of life and 
food security. Furthermore, this opens up the possibility of 
investigating possible non-food uses for applications such 
as bioplastics, adhesives, pharmaceutical excipients, etc., 
which would benefit the producers economically.
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