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B-Carotene is an important plant pigment with high vitamin A activity. The kinetics of S-carotene degradation and moisture
sorption behavior of yellow cassava flour produced by different drying techniques was investigated during storage. The f-
carotene degradation kinetics were described using a first-order kinetic model, while the moisture adsorption data was fitted to
five mathematical equations using nonlinear regression. During storage, the reaction rate constant for f-carotene degradation,
which increased with increasing temperature, ranged from 0.0045 to 0.0396, 0.0029 to 0.0309, and 0.0025 to 0.0349 per month
for flour produced by solar drying, hot air oven drying, and drum drying, respectively. Flour produced by solar drying had the
highest activation energy of 124.2 kJ/mol, whereas drum drying had the lowest activation energy of 85.8 kJ/mol. All the yellow
cassava flours showed a type II sigmoidal sorption curve in which the equilibrium moisture content increased with increasing
water activity. The GAB model was the best for describing the moisture sorption behavior of the product, with a predicted
monolayer moisture ranging from 2.8 (for drum drying) to 8.0g water/100g of flour (for solar drying). Findings from this

study are vital for establishing the packaging and storage requirements of yellow cassava flour.

1. Introduction

Carotenoids are a group of compounds responsible for the
red-orange-yellow pigmentation in plants. These com-
pounds have nutritional and health significance, as their
consumption is known to be beneficial. Among this group
of plant pigments, f-carotene has the highest vitamin A
activity, and its nutritional and health benefits include the
prevention of night blindness and chronic diseases, and
maintaining immunity against diseases [1]. It is also used
as a food colorant, and its antioxidant potential is leveraged
in preventing rancidity in food oils [2]. However, its highly
unsaturated structure makes it sensitive to thermal stress as
it undergoes oxidation and/or isomerization in the presence
of heat, light, and oxygen [3]. Ultimately, these factors influ-
ence the conformation and stability of f3-carotene in food.
Cassava is an indispensable food crop which provides
nourishment for thousands of people globally. Due to its

low level of important micronutrients, yellow cultivars con-
taining significant levels of carotenoids have been developed
through breeding [4]. Consumption of yellow cassava has
shown promising results in improving the vitamin A status
of children in sub-Saharan Africa [5]. Cassava flour is a
semi-finished product and an important starting material
for processing a diversity of cassava-based products. A criti-
cal consideration in the use of yellow cassava flour relates to
its 3-carotene stability during processing and storage [6, 7].
The loss of B-carotene in yellow cassava flour may lead to
defects in color and aroma and ultimately reduce its nutri-
tional benefits.

The degradation of 3-carotene in food may be described
by kinetic studies, which provide useful information for pre-
dicting and controlling the rate of degradation and changes
in product quality. Several studies describing the kinetics of
carotenoids breakdown during processing or storage have
been documented for different commodities [8-12]. Many
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of these studies concluded that the breakdown of f3-carotene
follows a first-order kinetic reaction ([13-15]; Bollinedi
et al., 2022). Previous studies involving f3-carotene-rich cas-
sava revealed the dependence of carotenoid loss on process-
ing technique, the final product, and packaging or storage
conditions [16-21]. For example, in Eyinla et al. [16], a
retention of 10-29% was reported for gari from yellow cas-
sava fermented from one to three days, while Chavez et al.
[17] recorded 38-72% retention after drying and 18-32%
after four weeks of storing oven- and solar-dried yellow cas-
sava. These studies mainly focused on only carotenoid reten-
tion or breakdown during processing without examining the
kinetics associated with its degradation during storage of
these products.

Moisture content and water activity are essential in
determining the storage quality of food. During storage,
the dynamics of moisture affect the physical and biochemical
changes that occur. Indeed, the influence of moisture on
reactions is quite complicated, with somewhat contrasting
outcomes. For instance, whereas moisture enhances the
mobility of reactants and intensifies oxidation, it may also
dilute enzymes and catalysts and slow down these reactions.
Moisture sorption isotherm relates the equilibrium moisture
content of food to its water activity. This is a useful thermo-
dynamic tool for predicting the relative stability of food
products and establishing packaging needs and storage
conditions.

Given that carotenoids are prone to degradation on
exposure to oxygen, heat, and light, it is reasonable to antic-
ipate significant losses during storage of yellow cassava flour.
Ekpa et al. [22] suggest that packaging material and storage
conditions directly affect the stability of S-carotene in prod-
ucts during storage. Elucidating the moisture sorption
behavior and stability of S-carotene during storage is of
nutritional and commercial interest, since this would inform
the selection of appropriate packaging, storage, and handling
conditions [6]. Therefore, the objective of this study was to
evaluate the moisture sorption and degradation kinetics of
B-carotene during storage of yellow cassava flour.

2. Materials and Methods

2.1. Processing and Sample Preparation. Yellow-fleshed cas-
sava was obtained from demonstration plots of the CSIR-
SARI and transported to the laboratory for processing. The
cassava roots were washed and manually peeled with a stain-
less steel knife. The parenchyma was washed again before
being sliced (3 mm) with a mechanical slicer. The slices were
steam-blanched in a pressure cooker at 110°C for 5min at
0.1 bar.

2.2. Drying. The steam-blanched samples were allowed to
cool to room temperature before spreading in a single layer
on stainless steel drying trays and loaded into a tunnel solar
dryer. The average drying temperature in the dryer was
52°C. For air-oven drying, thinly spread samples were dried
at 65°C after heating the dryer (Gallenkamp Hot Box 2, Gal-
lenkamp, Sanyo/Weiss, UK) to attain a steady temperature.
At the end of the drying process, the slices were allowed to
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cool to room temperature before milling into flour
(300 ym) with a laboratory mill (Waring 8420, Torrington,
USA). The flour was sealed in transparent polypropylene
pouches and held at room temperature (RH 75%).

The steam-blanched samples were mashed, while still
hot, before drum drying on a pilot-scale single drum dryer
(ANDRITZ Gouda, The Netherlands), equipped with four
applicator rollers. The drum was preheated to stabilize the
temperature at 120°C before introducing the yellow cas-
sava mash to the drum surface while rotating at 10 rpm.
After traveling about % of the drum’s circumference, the
dried yellow cassava flakes were scraped off with the doc-
tor’s blade and place in a stainless-steel collector. The dry
flakes were allowed to cool to room temperature, milled,
and sealed in polypropylene pouches. The drying condi-
tions for air oven and drum drying were based on an ini-
tial optimization step (data not shown) to ensure higher
carotene retention.

2.3. Flour Storage Studies

2.3.1. Sample Storage. Yellow cassava flour (250g) made
from either of the three drying techniques was packaged into
clear, flexible polypropylene pouches. Samples were sealed
with an impulse sealer and stored at 25, 35, and 45°C for
three months in a climate control chamber (Memmert ICH
260 C, Memmert GmbH, Germany) at a relative humidity
of 75%. Samples were drawn fortnightly for the first month,
and subsequently, monthly for the rest of the storage period
for B-carotene analysis.

2.3.2. Determination of 3-Carotene. The [3-carotene content
of the yellow cassava flour was determined by the method
of Dutta et al. [9] with some modifications. Five grams of
sample was suspended in a mixture of 15 mL isopropyl alco-
hol and 5mL hexane and stirred for 1 min. The volume of
the mixture was adjusted with distilled water in a 125-mL
amber separation funnel and allowed to stand for 30 min
before filtering (Whatman, No. 4). The filtrate was trans-
ferred into an amber volumetric flask from which aliquots
were manually dispensed into a cuvette, and its absorbance
was determined at 450 nm with a UV-Vis spectrophotome-
ter (T80, PG Instruments, Leicestershire, UK). A standard
curve was plotted using a S-carotene standard (>95% pure,
Sigma Aldrich), from which the concentration of 3-carotene
was determined and used to quantify the amount of f3-caro-
tene in the sample. Retention was expressed as a percentage
of the ratio of the f-carotene content after drying to the f3-
carotene content before drying [23].

2.3.3. B-Carotene Degradation Kinetics. B-Carotene degrada-
tion in food has been shown to follow a first-order kinetic
reaction [10, 24] of the linear form

1n(C/C,) = —kt, (1)

where C is the -carotene level at time t. C, is the amount of
B-carotene at time zero. k is a rate constant and t is the stor-
age period (months) [12]. The Arrhenius equation was used
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to illustrate the dependence of f3-carotene breakdown on
temperature as

k =k, exp (-E/RT), (2)

where k is the reaction rate constant. k, is frequency factor
(min™). E is the activation energy (kJ/mol). R is the universal
gas constant (8.314 J/mol.K) and T is the absolute tempera-
ture (K).

The effect of increasing temperature on the reaction rate
was assessed using Q,,

K\ T
Q= (k_> , (3)
1

where k; and k, are the reaction rate constants at two suc-
cessive temperatures, T, and T, (°C), respectively.

2.3.4. Effect of Packaging Material on [3-Carotene Content.
To study the impact of packaging material on the break-
down of f-carotene in the yellow cassava flour during stor-
age, 250g of drum-, hot air-, or solar-dried flour was
packaged in either a polypropylene bag (76.6% light trans-
mittance) or a paper-polyethylene laminate (0.1% light
transmittance), sealed and monitored for 8 months at room
temperature (28°C, RH of 75%). On a monthly basis, sam-
ples were analyzed for 3-carotene.

2.3.5. Moisture Sorption Behavior of Yellow Cassava Flour.
The equilibrium moisture content (EMC) of the samples
was determined following the gravimetric method described
by Rosa et al. [25] with slight modifications. The experi-
ments were setup in seven hermetically closed jars, each
filled to a quarter of its height with a given concentration
(Table 1) of sulfuric acid solution to maintain a water activ-
ity of 0.1 to 0.9. The water activity of the acid solutions was
verified using an electronic water activity meter (Rotronic
HygroLab, Bassersdrof, Germany). One gram of yellow cas-
sava flour sample was weighed into a plastic weighing boat
and carefully hung from a cotton thread from the cap of
the jar to an appreciable height above the acid solution to
prevent contact. The weight of the flour samples was mea-
sured at three-day intervals until a constant weight was
attained. At the point of equilibrium, the moisture content,
expressed as g H,0/100g of flour, was determined as the
equilibrium moisture content.

2.4. Statistical Analysis

2.4.1. Modeling Sorption Data. The water sorption data were
fit to the linear forms of five mathematical models (Table 2)
using nonlinear regression (Statgraphics Centurion 19.1).
These models are relatively simple, applicable to a wide
range of water activity at specific temperatures, and have
proved adequate in characterizing the moisture sorption
behavior of many foods [27]. The goodness of fit of each
model was evaluated using the coefficient of determination
(R?) and root mean square error (RMSE). Models with a

TaBLE 1: Water activity of sulfuric acid solution at 30°C [26].

Concentration (%) Water activity

15 0.9245
25 0.8252
35 0.6693
40 0.5711
50 0.3574
55 0.2563
65 0.0972

TABLE 2: Moisture sorption isotherm models.

Model Expression
X,,Cka,,

GAB M= T=Fa)(1 —ka, + Ckay)
X,,Ca,

BET M= a2+ ay(C- 1))

. _axa,
Oswin = m
Smith M =A+Blog(1-a,)

Iglesias & Chirife M=A+B (1 fo )

-a,
where M is the equilibrium moisture content. X,, is the monolayer moisture
content. C is the constant related to the heat of sorption of the monolayer. k
is the constant related to the total heat of sorption. A, a, and B are the model
constants.

high R?, and low RMSE were considered to better describe
the experimental data.

3. Results and Discussion

3.1. Kinetics of -Carotene Degradation during Storage of
Yellow Cassava Flour. Results of the study showed a gradual
reduction in f-carotene levels during storage, irrespective of
storage temperature. However, higher temperature caused
faster breakdown in flour B-carotene levels (Figure 1), simi-
lar to observations in previous studies [10]. The results
emphasize the need to store pigmented flours at lower tem-
peratures to reduce the rate of carotenoid degradation, as
suggested by the findings of previous studies [22, 28].
Indeed, storage at -20°C has been documented to virtually
stop the degradation of carotenoids in biofortified maize
flour [29].

The [3-carotene degradation during storage of the flours
was described using the first-order kinetic model, which
showed adequate fit with an R* ranging from 0.8965 to
0.9997 (Table 3). The -carotene breakdown was influenced
by temperature, as reflected in the k values, which increased
with increasing storage temperature from 25 to 45°C. At all
the storage temperatures, comparatively higher k values
were observed for drum-dried samples, indicating a higher
degradation rate among these flours compared to flours
processed by the other drying methods. Two reasons related
to the flour’s structural characteristics may account for this
observation. Firstly, the particles of drum-dried flours were
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FIGURE 1: Breakdown of -carotene in (a) drum-, (b) hot air oven-, and (c) solar-dried yellow cassava flour at different storage temperatures.

TaBLE 3: Kinetic parameters of f3-carotene degradation during storage of drum-, hot air-, and solar-dried yellow cassava flour.

Sample Temperature ("C) k (month™) R? Qo E, (kJ/mol)
25 0.0045 0.8965 3.47

Drum 35 0.0156 0.9848 2.54 85.78
45 0.0396 0.9683
25 0.0029 0.9462 3.86

Hot air 35 0.0112 0.9699 2.76 93.32
45 0.0309 0.9927
25 0.0025 0.9347 4.04

Solar 35 0.0101 0.9936 3.46 124.21
45 0.0349 0.9997

k is the reaction rate constant. R? is the coefficient of regression. Q,, is the temperature coefficient. E, is the activation energy.
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FIGURE 2: f3-carotene degradation rate constant as a function of temperature.
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FIGURE 3: -Carotene breakdown in yellow cassava flour as a function of time (months) and packaging material at room temperature.

finer (results not shown) compared to flours dried by the
other methods, therefore exposing a wider area to degrada-
tion. Secondly, the porous nature of drum-dried flours
enhanced its contact with oxygen, while the bulkier and
apparently compact nature of flours dried by hot air oven
or solar may have limited the extent to which they interacted
with oxygen [24].

In accordance with the Arrhenius equation, for a 10°C
rise in storage temperature, the rate of -carotene break-
down in cassava flour increased markedly. For instance,
increasing the storage temperature from 25 to 35°C caused
a more than a threefold increase in the breakdown rate.
However, an increase from 35 to 45°C recorded lower Q,,
values (<3). Moreover, higher Q,, values were recorded in
solar-dried flours compared to the others. The reason for

this may not be readily ascertained. However, it is possible
that degradation of the yellow color pigment may have
already been initiated or even advanced because of excessive
exposure to sunlight and oxygen during solar drying. The
activation energy for f3-carotene breakdown during storage
ranged between about 86 and 124 kJ/mol for yellow cassava
flour produced by drum drying and solar drying (Table 3).
The higher activation energy in drum-dried samples sug-
gests these samples are the most sensitive to changes in tem-
perature during storage [6]. The flat geometry of drum-dried
flours may expose a wider surface area for f3-carotene degra-
dation compared to the other flours which were largely com-
posed of spherical particles. The activation energy for f3-
carotene breakdown obtained in this study were comparable
to Bechoft et al. [6], who reported a reaction rate of 0.0093-



0.0405 day™" for the degradation of B-carotene in OFSP at a
storage temperature of 20 to 40°C.

Figure 2 presents the effect of temperature on the degra-
dation rate constant (In k). The coeflicients of determination
were greater than 0.98, an indication that the Arrhenius
equation was adequate in predicting the dependence of the
degradation of cassava flour f-carotene levels on storage
temperature.

3.2. Impact of Storage Material on [3-Carotene Loss during
Storage. Studies have shown that f-carotene is degraded
during the storage of carotenoid-rich products [6, 22]. These
losses may be influenced by several factors, including tem-
perature and storage conditions. The impact of different
packaging materials, polypropylene and paper-polyethylene
laminate, on the f3-carotene content of the flours in storage
was investigated. At the start of storage, -carotene is ranged
from 2.46 mg/g for solar dried flours to 4.1 mg/g for hot air-
dried flours. During storage at room temperature (28°C), all
the flour samples, regardless of drying method or storage
material, showed a gradual decrease in f-carotene levels
(Figure 3). The decrease was steeper after “month 2” of stor-
age. At the end of the storage period, S-carotene ranged
from 2.19 to 3.81 mg/g for solar-dried flours in polypropyl-
ene and hot air oven-dried flours in paper-polyethylene
laminates.

There was a comparatively lower p-carotene loss in
flours stored in the paper-polyethylene laminate compared
to the polypropylene material. For instance, at the end of
the storage period, an 11.0% reduction was recorded in
solar-dried flour packaged in polypropylene pouches com-
pared to 9.8% for the same flour packaged in paper-
polyethylene laminate (Figure 4). This was anticipated since
the polypropylene pouches were transparent (T =76.6%).
On the other hand, the paper-polyethylene laminate, being
an opaque laminate of brown paper and polyethylene
(T =0.1%), may have reduced the incidence of light on g-
carotene breakdown. Additionally, the laminate most likely
provided better air barrier property compared to the poly-
propylene material. This suggests a better retention ability
of paper-polyethylene laminates compared to transparent
polypropylene pouches as packaging material options for
yellow cassava flour.

Oxygen, temperature, and light are critical factors
influencing the degradation of pigments in food. That not-
withstanding, Bechoff et al. [6] suggest that oxygen has a
greater impact than light. Ekpa et al. [22] explained that
together with temperature, the presence of oxygen may trig-
ger the autooxidation of f3-carotene, leading to considerable
losses during storage. This may equally account for the deg-
radation of 3-carotene in the paper-polyethylene laminates,
even though it had a light transmittance of nearly zero. In
previous studies involving biofortified maize, lower caroten-
oid retention was recorded in flour stored in laminated
paper bags compared to aluminium bags or double-sealed
polyethylene bags [22] and aluminium pouches containing
an oxygen scavenger [24]. The results of the present study
also agree with Singh et al. [30] who reported a reduction
in -carotene levels of dehydrated carrot products in differ-
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FIGURE 5: Adsorption isotherms of yellow cassava flour produced
by different drying methods.

ent packaging materials. Chavez et al. [17] noted that the
efficient vacuum sealing, which maintains the vacuum dur-
ing storage may reduce [-carotene losses. The findings
emphasize the importance of keeping f-carotene-rich pow-
ders in packaging materials which effectively exclude light
and oxygen. These may include the use of metalized lami-
nates or double packaging in plastic pouches and paper car-
ton boxes.

3.3. Moisture Sorption Behavior of Cassava Flour. The rela-
tionship between moisture content and water activity in
flours provides useful information about product hygroscop-
icity and stability. It is also a useful tool for establishing
packaging materials and storage conditions [31]. As
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TABLE 4: Parameter estimates for moisture sorption modelling of yellow cassava flour produced by different drying methods.
Drying method
Model Model parameters Solar Air oven Drum
X,, (g H,0/100 g solid) 7.995 7.080 276
C 0.011 0.012 0.200
GAB K 0.98 0.98 0.95
R 0.9927 0.9803 0.9975
red 5.10x 107 129%x107* 2.45%x107°
X,, (g H,0/100 g solid) 1.836 3.116 1.253
C 0.027 0.015 0.213
BET 5
R 0.9165 0.9097 0.9696
red 5.86x 107 5.92x107 2.93x107*
0.033 0.029 0.010
0.818 0.858 1.328
Oswin 5
R 0.9252 0.9156 0.9894
red 52x10™ 5.54x107 1.02x 107
A -0.010 -0.007 -0.035
B -0.198 -0.189 -0.227
Smith 5
R 0.7936 0.7619 0.7484
X red 1.45x 107 1.56 x 107 2.42x107°
A 0.020 0.020 0.028
B 0.019 0.018 0.022
Iglesias & Chirife 2
R 0.9657 0.9658 0.9704
red 2.41x107* 2.24x107* 2.86x107*

X, monolayer moisture content; C: constant related to heat of sorption of the monolayer; k: constant related to the total heat of sorption; A, a, B, and b: model

constants; y*,;: reduced chi-square.

expected, the isotherms of the yellow cassava flours dis-
played an increase in equilibrium moisture content (EMC)
with increasing water activity (Figure 5). According to the
GAB classification, the isotherms followed the classical type
II sigmoid curve, which is characteristic of many starchy
foods [32]. Initially, there was a relatively gentle rise in
EMC from a,, 0.1 up to nearly 0.7. The lower level of this
region (< a,, 0.2) is characterized by the monolayer moisture
content, where water is held by strong hydrophilic bonds at
polar sites in the flour. This region gradually transitions into
a zone of multilayer of water, where water is relatively held
loosely by hydrogen bonds and is partly available for chem-
ical reactions. A gentle increase in moisture was observed
around a,, 0.6, with a corresponding EMC of nearly 0.05g
water/g solid. This observation suggests that practically, the
most conducive moisture content for ensuring longer shelf
stability of the yellow cassava flours is about 5%. Beyond
a,, 0.7, there was a steep increase in EMC, reflecting the con-
densation of water in the granular interstices and dissolution
of soluble food components. A comparison of the sorption
curves showed drum-dried flours to have a steeper increase
in EMC within this region. This observation suggests that
the drum-dried flours absorb the most moisture and will,

therefore, be the least stable within this region. Moisture
sorption behavior similar to that of the yellow-fleshed cas-
sava flour has been reported for cassava [33], modified cas-
sava starch [34], modified cassava flour [32], and cassava
flour [35].

Using nonlinear regression, the experimental moisture
sorption data were fitted to five models commonly used to
describe the moisture sorption behavior of food. The
curve-fitting analysis showed the GAB model to be the best
to describe the moisture sorption behavior of the yellow cas-
sava flours over a water activity range of 0.1-0.9. Without an
exception, this model had the highest R* (0.9803-0.9975)
and the lowest x°,; (1.1-8.5x107) for all the drying
methods used (Table 4). Previous studies involving cassava
[32, 35], potato, and cereal-based extruded snack [36] also
found the GAB to best describe their moisture sorption
characteristics.

The monolayer moisture content of the dry flours was
predicted by the GAB and BET models. This describes a sin-
gle layer of water strongly bound at specific binding sites on
the surface of the material, cannot be frozen and is unavail-
able as a solvent for chemical reactions or as a plasticizer
[37]. Dried foods are most stable at their monolayer



moisture content. The monolayer capacity estimated using
the GAB model were higher (1.3-8.0 gH,0/100 g solid) than
those calculated with the BET model (1.2-5.4 gH,0/100g
solid). Conversely, the constant C, which is associated with
the interaction energies between food and water, was higher
in BET than GAB. These discrepancies occur because,
whereas the GAB model considers sorbed water in the mul-
tilayer zone, the BET focuses on surface adsorption in the
first layer [38]. The drum-dried flours had lower monolayer
moisture compared to flours produced by air oven drying or
solar drying. The difference in monolayer moisture content
may be attributed to heat-induced physicochemical changes
that reduce the number of water binding sites during drying
[39]. Another explanation may be that drum drying was
more efficient in moisture removal from the flour because
of the thermodynamics of this drying technique. The mono-
layer values obtained in this study were comparable to 5.4-
7.3 g H,0/100 g reported by Carmo and Pena [40] and 4.4-
7.3g H,0/100g for cassava starch (Ayala-Aponte [41] but
lower than 7.9 and 9.0g H,0/100 g for cassava flour [35].

The constant “k” from the GAB model was lower in the
drum-dried flours (0.91-0.95) than flours produced by solar
and air oven drying, which were comparable (0.92-0.98).
This suggests that, compared to pure water, the drum drying
induces a less structured state of water in the layer following
the monolayer [42]. The Iglesias and Cherife, Oswin, and
BET models also showed a good fit with the experimental
data (R* > 0.9). Among the five, Smith’s model was the least
suitable (with R* < 0.9) for describing the moisture sorption
behavior of the yellow cassava flours.

4. Conclusion

Results of the study showed the loss of f-carotene to occur
during the storage of yellow cassava flours, with the kinetics
revealing a strong dependence of f3-carotene degradation
storage on temperature. The degradation constant, k, ranged
between 2.9 x 10~ and 3.1 x 102 month™" and was higher
for flours produced by drum drying compared to air oven
and solar drying. Activation energies obtained in the study
suggest that flours produced by drum drying were the most
sensitive to temperature changes during storage. The flours’
monolayer moisture content correspondingly ranged from
2.7 to 8.0 and 1.3 to 1.8 gH,0/100g solid for the GAB and
BET models, respectively. The air oven samples had a com-
paratively lower monolayer moisture content, suggesting
better stability during storage. These results are relevant for
both household and industrial processing and storage of yel-
low cassava flour.

Data Availability

All the data supporting the results of this study are included
in the manuscript.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Journal of Food Processing and Preservation

Acknowledgments

This study was funded by the International Foundation for
Science (IFS), Sweden.

References

[1] T.Bohn, “Determinants and determination of carotenoid bio-
availability from infant food formulas and adult nutritionals
including liquid dairy products,” Journal of AOAC Interna-
tional, vol. 102, no. 4, pp. 1044-1058, 2019.

[2] K. Gul, A. Tak, A. K. Singh, P. Singh, B. Yousuf, and A. A.
Wani, “Chemistry, encapsulation, and health benefits of 3-car-
otene-a review,” Cogent Food and Agriculture, vol. 1, no. 1,
p. 1018696, 2015.

[3] F. F. De Moura, A. Miloff, and E. Boy, “Retention of provita-
min a carotenoids in staple crops targeted for biofortification
in Africa: cassava, maize and sweet potato,” Critical Reviews
in Food Science and Nutrition, vol. 55, no. 9, pp. 1246-1269,
2015.

[4] D.N.Njoku, C.N. Egesi, V. E. Gracen, S. K. Offei, I. K. Asante,
and E. Y. Danquah, “Identification of pro-vitamin a cassava
(Manihot esculentaCrantz) varieties for adaptation and adop-
tion through participatory research,” Journal of Crop Improve-
ment, vol. 28, no. 3, pp. 361-376, 2014.

[5] E.F.Talsma, I D. Brouwer, H. Verhoef et al., “Biofortified yel-

low cassava and vitamin A status of Kenyan children: a ran-

domized controlled trial%,” The American Journal of Clinical

Nutrition, vol. 103, no. 1, pp. 258-267, 2016.

A. Bechoff, A. Westby, C. Owori et al., “Effect of drying and

storage on the degradation of total carotenoids in orange-

fleshed sweetpotato cultivars,” Journal of the Science of Food

and Agriculture, vol. 90, no. 4, pp. 622-629, 2010.

[7] S. K. Thakkar, T. Huo, B. Maziya-Dixon, and M. L. Failla,
“Impact of style of processing on retention and bioaccessibility
of b-carotene in cassava (Manihot esculanta, Crantz),” Journal
of Agriculture and Food Chemistry, vol. 54, pp. 1344-1348,
2009.

[8] E.Demiray, Y. Tulek, and Y. Yilmaz, “Degradation kinetics of

lycopene, 3-carotene and ascorbic acid in tomatoes during hot

air drying,” LWT-Food Science and Technology, vol. 50, no. 1,

pp. 172-176, 2013.

D. Dutta, A. Dutta, U. Raychaudhuri, and R. Chakraborty,

“Rheological characteristics and thermal degradation kinetics

of beta-carotene in pumpkin puree,” Journal of Food Engineer-

ing, vol. 76, no. 4, pp- 538-546, 2006.

[10] A. Hidalgo and A. Brandolini, “Kinetics of carotenoids degra-
dation during the storage of einkorn (Triticum monococcumL.
ssp.monococcum) and bread wheat (Triticum aestivumL.
ssp.aestivum) flours,” Journal of Agriculture and Food Chemis-
try, vol. 56, no. 23, pp. 11300-11305, 2008.

[11] G.Knockaert, S. K. Pulissery, L. Lemmens, S. Van Buggenhout,
M. Hendrickx, and A. Van Loey, “Carrot 3-carotene degrada-
tion and isomerization kinetics during thermal processing in
the presence of oil,” Journal of Agricultural and Food Chemis-
try, vol. 60, no. 41, pp. 10312-10319, 2012.

[12] C.R.Sonar, C.S. Paccola, S. Al-Ghamdj, B. Rasco, J. Tang, and
S. S. Sablani, “Stability of color, S-carotene, and ascorbic acid
in thermally pasteurized carrot puree to the storage tempera-
ture and gas barrier properties of selected packaging films,”
Journal of Food Process Engineering, vol. 42, no. 4, article
e13074, 2019.

(6

[}

9

—



Journal of Food Processing and Preservation

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

[25]

[26]

(27]

(28]

A. Bechoft, U. Chijioke, K. I. Tomlins et al., “Carotenoid stabil-
ity during storage of yellow gari made from biofortified cassava
or with palm oil,” Journal of Food Composition and Analysis,
vol. 44, pp. 36-44, 2015.

E. Demiray and Y. Tulek, “Degradation kinetics of 3-carotene
in carrot slices during convective drying,” International Jour-
nal of Food Properties, vol. 20, no. 1, pp. 151-156, 2017.

F. Sarpong, C. Zhou, J. Bai, L. P. Amenorfe, M. K. Golly, and
H. Ma, “Modeling of drying and ameliorative effects of relative
humidity (RH) against -carotene degradation and color of
carrot (Daucus carota var.) slices,” Food Science and Biotech-
nology, vol. 28, no. 1, pp. 75-85, 2019.

T. E. Eyinla, B. Maziya-Dixon, O. E. Alamu, and R. A. Sanusi,
“Retention of pro-vitamin a content in products from new bio-
fortified cassava varieties,” Food, vol. 8, no. 5, p. 177, 2019.

A. L. Chavez, T. Sanchez, H. Ceballos et al., “Retention of
carotenoids in cassava roots submitted to different processing
methods,” Journal of the Science of Food and Agriculture,
vol. 87, no. 3, pp- 388-393, 2007.

R. G. A. Oliveria, M. J. L. Carvalho, R. M. Nutt, L. V. J. de Car-
valho, and F. W. Gongalves, “Assessment and degradation
study of total carotenoid and f-carotene in bitter yellow cas-
sava (Manihot esculenta Crantz) varieties,” African Journal of
Food Science, vol. 4, pp. 148-155, 2010.

I. O. Clifford, E. Kingsley, C. O. Chika, and I. I. Chinyere,
“Effects of osmotic dewatering and oven drying on 3-carotene
content of sliced light yellow-fleshed sweet potato (Ipomea
batatas L.),” Nigerian Food Journal, vol. 32, no. 2, pp. 25-32,
2014.

P. Nascimento, N. S. Fernandes, M. A. Mauro, and M. Kimura,
“Beta-carotene stability during drying and storage of cassava
and sweet potato,” Acta Horticulturae, vol. 841, no. 841,
pp. 363-366, 2009.

S. K. Thakkar, T. Huo, B. Maziya-Dixon, and M. L. Failla,
“Impact of style of processing on retention and bioaccessibility
of B-carotene in cassava (Manihot esculanta, Crantz),” Journal
of Agricultural and food chemistry, vol. 57, no. 4, pp. 1344-
1348, 2009.

O. Ekpa, V. Fogliano, and A. Linnemann, “Carotenoid stability
and aroma retention during the post-harvest storage of biofor-
tified maize,” Journal of the Science of Food and Agriculture,
vol. 101, no. 10, pp. 4042-4049, 2021.

D. B. Rodriguez-Amaya, A Guide to Carotenoid Analysis in
Food, International Life Science Institute (ILSI) Press, Wash-
ington DC, 2001.

V. Taleon, L. Mugode, L. Cabrera-Soto, and N. Palacios-Rojas,
“Carotenoid retention in biofortified maize using different
post-harvest storage and packaging methods,” Food Chemis-
try, vol. 232, pp. 60-66, 2017.

G. S. Rosa, M. A. Moraes, and L. A. Pinto, “Moisture sorption
properties of chitosan,” LWT-Food Science and Technology,
vol. 43, no. 3, pp- 415-420, 2010.

S. Sahin and S. G. Sumnu, Physical Properties of Foods,
Springer Science + Business Media, LLC, New York, USA,
2006.

P. A. Sopade, “Criteria for an appropriate sorption model
based on statistical analysis,” International Journal of Food
Properties, vol. 4, no. 3, pp. 405-418, 2001.

D. Ortiz, T. Rocheford, and M. G. Ferruzzi, “Influence of tem-
perature and humidity on the stability of carotenoids in biofor-
tified maize (Zea mays L.) genotypes during controlled

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

[42]

postharvest storage,” Journal of Agricultural and Food Chemis-
try, vol. 64, no. 13, pp. 2727-2736, 2016.

M. Sowa, J. Yu, N. Palacios-Rojas et al., “Retention of caroten-
oids in biofortified maize flour and f-cryptoxanthin-enhanced
eggs after household cooking,” ACS Omega, vol. 2, no. 10,
pp. 7320-7328, 2017.

J. Singh, L. Kaur, and H. Singh, “Food microstructure and
starch digestion,” Advances in Food and Nutrition Research,
vol. 70, pp. 137-179, 2013.

D. S. Lee and G. L. Robertson, “Shelf-life estimation of pack-
aged dried foods as affected by choice of moisture sorption iso-
therm models,” Journal of Food Processing and Preservation,
vol. 46, no. 3, article e16335, 2022.

L. C. Hawa, U. Ubaidillah, R. Damayanti, and Y. Hendrawan,
“Moisture sorption isotherms of modified cassava flour during
drying and storage,” Heat and Mass Transfer, vol. 56, no. 8,
pp. 2389-2396, 2020.

B. K. Koua, P. M. E. Koffi, P. Gbaha, and S. Toure, “Thermo-
dynamic analysis of sorption isotherms of cassava (Manihot
esculenta),” Journal of food science and technology, vol. 51,
pp. 1711-1723, 2014.

A. Cova, A. J. Sandoval, V. Balsamo, and A. J. Muller, “The
effect of hydrophobic modifications on the adsorption iso-
therms of cassava starch,” Carbohydrate Polymers, vol. 81,
no. 3, pp. 660-667, 2010.

R. C. Chisté, J. M. Cardoso, D. A. D. Silva, and R. D. S. Pena,
“Hygroscopic behaviour of cassava flour from dry and water
groups,” Ciéncia Rural, vol. 45, no. 8, pp. 1515-1521, 2015.

S. A. Wani and P. Kumar, “Moisture sorption isotherms and
evaluation of quality changes in extruded snacks during stor-
age,” LWT-Food Science and Technology, vol. 74, pp. 448-
455, 2016.

A. H. Al-Muthaseb, W. A. M. McMinn, and T. R. A. Magee,
“Moisture sorption isotherm characteristics of food products:
a review,” Food and Bioproducts Processing, vol. 80, pp. 118-
128, 2002.

L. N. Bell and T. P. Labuza, “Practical aspects of isotherms
measurements and use,” in Moisture Sorption Isotherm, S.
Paul, Ed., pp. 22-26, MN: AACC International Publishing,
2000.

Z.S.Zhang, X. D. Li, H.J. Jia, and Y. L. Liu, “Moisture sorption
isotherms and thermodynamic properties of tiger nuts: an oil-
rich tuber,” LWT, vol. 167, article 113866, 2022.

J.R.D. Carmo and R. D. S. Pena, “Influence of the temperature
and granulometry on the hygroscopic behavior of tapioca
flour,” CyTA-Journal of Food, vol. 17, no. 1, pp. 900-906, 2019.
A. A. Ayala-Aponte, “Thermodynamic properties of moisture
sorption in cassava flour,” DYNA, vol. 83, pp. 139-145, 2016.
E. O. Timmermann, “Multilayer sorption parameters: BET or
GAB values?,” Colloids and Surfaces A: Physicochemical Engi-
neering Aspects, vol. 220, no. 1-3, pp- 235-260, 2003.



	Kinetics of β-Carotene Breakdown and Moisture Sorption Behavior of Yellow Cassava Flour during Storage
	1. Introduction
	2. Materials and Methods
	2.1. Processing and Sample Preparation
	2.2. Drying
	2.3. Flour Storage Studies
	2.3.1. Sample Storage
	2.3.2. Determination of β-Carotene
	2.3.3. β-Carotene Degradation Kinetics
	2.3.4. Effect of Packaging Material on β-Carotene Content
	2.3.5. Moisture Sorption Behavior of Yellow Cassava Flour

	2.4. Statistical Analysis
	2.4.1. Modeling Sorption Data


	3. Results and Discussion
	3.1. Kinetics of β-Carotene Degradation during Storage of Yellow Cassava Flour
	3.2. Impact of Storage Material on β-Carotene Loss during Storage
	3.3. Moisture Sorption Behavior of Cassava Flour

	4. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments



