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Abstract | The utilization of agro-industrial by-products such as okara has been widely
explored; however, most previous studies have primarily focused on its nutritional composition,
with limited attention given to its functional physical properties relevant to feed processing
systems. In particular, the influence of different drying methods on hydration behavior and
physical quality attributes of okara remains insufficiently understood. This study aimed to
evaluate the effects of different drying methods (sun drying, oven drying, and microwave
drying) on key physical properties of okara, including color characteristics (L*, a*, b*), fineness
modulus, and water absorption capacity, with emphasis on their relevance to feed processing
applications. A completely randomized design with three treatments and ten replications was
applied. Data were analyzed using analysis of variance followed by Duncan’s Multiple Range
Test. The results showed that drying methods significantly affected color parameters and water
absorption capacity (p < 0.05), while no significant effect was observed on fineness modulus (p
> 0.05). Microwave drying resulted in higher lightness values, indicating better preservation of
visual quality, whereas oven drying improved water absorption capacity, suggesting enhanced
hydration functionality. These findings demonstrate that drying methods not only influence
the physical appearance of okara but also its functional behavior during feed processing. This
study provides practical insights into optimizing drying strategies to improve the handling
and hydration characteristics of okara as a feed material, thereby contributing to more efhicient
utilization of agro-industrial by-products in livestock systems.

Novelty Statement | This study introduces a functional approach to okara valorization by link-
ing drying methods with hydration performance and physical quality, providing new insights for
optimizing its utilization as a sustainable feed ingredient.

To cite this article: Sayuti, A., Hamdan, H., Jannah, M., Safriadi, S., Nasri, T. and Siregar, T.N., 2026. Superovulation induction with bovine pituitary extract in local
rabbits. Punjab Univ. J. Zool., 41(2): 213-220. https://dx.doi.org/10.17582/journal.pujz/2026/41.2.213.220

Introduction

he increasing demand for livestock products has
intensified the need for alternative and sustainable
ingredients, particularly those derived from

feed

Corresponding Author: Tri Ida wahyu Kustyorini
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agro-industrial by-products. The utilization of agricultural
residues in animal feeding systems not only helps reduce
feed costs but also mitigates environmental pollution
associated with waste disposal (Dou ez a/., 2018; Martinez
et al., 2009). In this context, by-products from soybean
processing industries have gained considerable attention
due to their abundance and potential nutritional value.

Tofu residue, commonly referred to as okara, is a
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major by-product of tofu manufacturing and is produced
in large quantities worldwide. Okara is known to contain
appreciable levels of crude protein, dietary fiber, and
residual lipids, making it a promising feed ingredient
for livestock (Rahman ez al., 2021; Asghar ez al., 2023;
Privatti e al., 2021). Okara (Tofu residue) is recognized
as a nutritionally valuable agro-industrial by-product,
containing considerable amounts of crude protein
(approximately 20-30% on a dry matter basis), dietary
fiber (30-50%), and residual lipids (10-15%). In addition,
it provides essential amino acids and bioactive compounds,
making it a promising alternative feed ingredient for
livestock. Compared to conventional feed ingredients such
as cereal by-products, Okara offers a higher protein content
and a balanced fiber fraction that can support gut health
and digestive function. Its relatively high water-holding
capacity and fiber composition may also contribute to
improved feed texture and hydration behavior during feed
processing. Despite these nutritional advantages, the high
moisture content of fresh okara remains a major limitation,
requiring appropriate processing methods such as drying
to enhance its shelf life and practical usability. However,
the fresh residue typically contains high moisture content,
often exceeding 70%, which limits its direct utilization
due to rapid spoilage, microbial growth, and difficulties
in storage and transportation (Rahman ez a/., 2021, Cech
et al., 2022; Santos et al., 2019). Therefore, appropriate
processing techniques are required to enhance its shelf life

and usability.

Drying is one of the most widely applied processing
methods to improve the stability and handling
characteristics of high-moisture feed ingredients. In
addition to moisture reduction, drying processes may
significantly influence the physical properties of feed
materials, including color, particle size distribution, and
water interaction behavior (Oehme ef al., 2014; Fellow,
2017). These physical characteristics are critical in feed
formulation, as they affect mixing uniformity, bulk density,
palatability,and hydration behavior during feed preparation
and digestion (Tumuluru ez a/., 2022; Gopalraaj and
Velayudhannair, 2025).

Difterent drying methods, such as sun drying, hot-air
oven drying, and other controlled drying techniques, differ
in temperature regimes, drying duration, and exposure to
oxygen and light, which may result in distinct physical
attributes of the final product (Pornsuwan ez a/., 2023;
Kandasamy and Naveen, 2022). Color is often associated
with thermal degradation and consumer acceptance,
fineness modulus reflects particle size distribution and
grinding efficiency, while water absorption capacity is
related to feed hydration and gastrointestinal functionality
(Setianingsih ez a/.,2018; Nurdin ez a/., 2018; Novita ez al.,
2023; Pathare ez al., 2013). Despite the growing interest

in tofu residue as an alternative feed resource, comparative

studies evaluating the effects of different drying methods
on these specific physical characteristics remain limited.

Therefore, this study aims to conduct a comparative
evaluation of drying methods on the physical characteristics
of tofu residue as a potential feed ingredient. The effects of
various drying techniques on color, fineness modulus, and
water absorption capacity are systematically investigated.
The results of this study are expected to contribute to
the optimization of processing strategies and support
the effective utilization of tofu residue in sustainable
livestock feed systems. Despite the growing interest
in tofu residue (okara) as an alternative feed resource,
comparative studies evaluating the effects of sun drying,
oven drying, and microwave drying on functional physical
properties remain limited. Most previous studies have
focused primarily on nutritional composition and general
physical characteristics, with little attention given to
hydration behavior and its implications for feed processing
performance. Therefore, this study evaluates how different
drying methods influence color characteristics, fineness
modulus, and water absorption capacity of okara,
providing a more application-oriented perspective for feed
processing systems.

Materials and Methods

This study was conducted at the Laboratory of
Animal Nutrition and Feed Technology, Faculty of Animal
Husbandry, Universitas PGRI Kanjuruhan Malang,
Malang, East Java, Indonesia. Fresh tofu residue (okara)
was obtained from a local tofu processing industry on the
day of production to ensure uniformity of raw material
quality. The residue was transported to the laboratory in
airtight containers and processed immediately to minimize
microbial deterioration prior to drying treatments.

The experiment was arranged in a completely
randomized design (CRD) with three drying methods
as treatments and Each replication represented an
independent drying batch rather than subsamples from
a single batch to ensure experimental independence. The
drying methods evaluated were:

Sun drying: Sun drying was carried out under
natural sunlight conditions. The ambient temperature
during drying ranged from approximately 30-35 °C,
with relative humidity between 60-70%. Samples were
spread in a thin layer (approximately 100 mm thickness)
and dried for 6 h per day until the desired dryness was
achieved. Temperature and environmental conditions
were monitored using a digital thermometer-hygrometer.
(Setianingsih ez al., 2018).

Oven drying: Approximately 500 g of fresh okara
was spread in a thin layer (1-2 cm thickness) and dried
in a forced-air oven at 60 “C until constant weight was
achieved. The drying process was monitored periodically,
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and drying was terminated when the difference between
two consecutive weight measurements was less than 2%.
Microwave drying: Samples were dried using a
microwave oven at a power level of 600 W for 90 minutes
with intermittent operation (5 min on/ 2 min off) to
prevent overheating and ensure uniform moisture removal.

(Yarfaryh ez al., 2023).

After drying, all samples were cooled to room
temperature, ground using a laboratory mill, and sieved
through a standard mesh to obtain uniform particle
size prior to physical analysis. For all drying treatments,
approximately 500 g of fresh okara was spread in a uniform
layer with a thickness of 1-2 cm to ensure consistent
drying conditions. Drying was continued until a constant
weight was achieved, defined as less than 2% variation
between consecutive measurements. The drying procedure
is presented in Figure 1.

Sun Drying
2 days

turning every 3 hours —
A,
b Oven Drying
temperature of 60 °C
/ h 'Y 36 hours
s L

Tofu Residue >— 10 replicated

a. Colour
. B Microwave Drying A
operating at 600 W
B 90 min
£b. Finenes modulus

& _J

c. Water Absorption
Capacity

Figure 1: Flow diagram of sample preparation and
drying procedures.

Physical characteristics analysis

The dried samples were finely ground and stored in
airtight containers. Subsequently, laboratory analyses were
conducted as follows:

Color: Color was measured using a colorimeter based
on the CIE color system, with parameters L* (lightness),
a* (red—green), and b* (yellow-blue). Each sample was
measured at three different surface points, and the average
value was used for analysis.

Fineness modulus: The dried samples were ground
into flour and sieved using a series of standard sieves
(mesh sizes 10-100). The weight of flour retained on each
sieve was recorded, and the fineness modulus (FM) was
calculated using a standard equation (Besouw ez a/., 2019).
'The fineness modulus was calculated as follows:

sum of cumulative percentage retained above each sieve
100

FM =

Water absorption capacity: Five grams of tofu residue
flour were soaked in 50 mL of distilled water for 30 min.

After soaking, the samples were filtered and reweighed
(Utama ez al, 2020). Water absorption capacity was
calculated using the following equation:

_ weight after soaking — initial weight

WAC x 100

initial weight

Statistical analysis

All data were analyzed using analysis of variance
(ANOVA) appropriate for a completely randomized
design. Prior to analysis, the assumptions of normality
and homogeneity of variance were evaluated using the
Shapiro-Wilk test and Levene’s test, respectively. When
significant differences among treatments were detected (p
< 0.05), mean comparisons were performed using Duncan’s
Multiple Range Test. Statistical analyses were conducted
using IBM SPSS Statistics version 25.

Results

Color characteristics

The drying method significantly affected the color
characteristics of tofu residue. Statistical analysis showed
a highly significant effect (p < 0.01) of drying methods
on the L* (lightness) value, while significant effects were
observed on a* and b* values (p < 0.05). The mean color
values of tofu residue subjected to different drying methods
are presented in Table 1.

Table 1: Color values of tofu residue obtained from the

experiment.

Drying method L* a* b*

Sun drying 74.52 +0.38* 5.88+1.72> 15.81 +0.532
Oven drying 79.26 +1.57> 3.11+0.49* 12.95 +1.79
Microwave drying 82.30 + 0.20° 2.77 £ 0.30* 16.30 = 0.49°

Different superscript letters (a—c) within the same column indicate
significant differences among drying methods. L values show a highly
significant effect (p < 0.01), while a* and b* values indicate significant
effects (p < 0.05).*Tofu residue dried using microwave exhibited the
highest L* value (82.30 + 0.20), indicating a lighter color compared to
oven drying (79.26 + 1.57) and sun drying (74.52 + 0.38). In contrast,
sun-dried samples showed the highest a* value (5.88 + 1.72), indicating
a more reddish appearance. The b* value was highest in microwave-
dried samples (16.30 + 0.49), followed by sun-dried samples (15.81
0.53), while oven-dried samples showed the lowest b* value (12.95
1.79).

Different superscript letters within the same column
indicate significant differences among drying methods.
'These results demonstrate that drying techniques distinctly
influence the visual appearance of tofu residue, particularly
in terms of lightness and chromatic attributes.

Fineness modulus

The fineness modulus of tofu residue was not
significantly affected by the different drying methods (p
> 0.05). The mean fineness modulus values for sun drying,
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oven drying, and microwave drying were 4.92 + 0.30, 4.61
+0.21, and 4.89 + 0.33, respectively, as shown in Table 2.

Table 2: Fineness modulus of tofu residue obtained from
the experiment.

Drying method Fineness modulus
Sun drying 4.92 +0.30
Oven drying 4.61£0.21
Microwave drying 4.89 £ 0.33

Although slight numerical variations were observed
among treatments, statistical analysis indicated that the
drying method did not alter the particle size distribution
of the ground tofu residue. This suggests that subsequent
grinding and sieving procedures resulted in relatively
uniform particle characteristics regardless of the drying
technique applied.

Water absorption capacity

Drying methods had a highly significant effect (p <
0.01) on the water absorption capacity of tofu residue. The
mean values of water absorption capacity are presented in

Table 3.

Table 3: Water absorption capacity of tofu residue
obtained from the experiment.

Drying method Water absorption capacity (%)
Sun drying 3.74 + 0.14°
Oven drying 4.08 £ 0.35°
Microwave drying 2.83 £ 0.41°

Different superscript letters (a—c) within the same column indicate
highly significant differences among drying methods (p < 0.01).

Oven-dried tofu residue exhibited the highest water
absorption capacity (4.08 + 0.35%), followed by sun-dried
samples (3.74 + 0.14%). In contrast, microwave-dried
samples showed the lowest water absorption capacity
(2.83 = 0.41%). Significant differences among treatments
were indicated by different superscript letters.

These findings indicate that the drying technique plays
an important role in determining the hydration properties
of tofu residue, which may influence its functional behavior
during feed preparation and digestion.

Discussions

Effect of drying methods on color characteristics

The results of this study demonstrated that drying
methods significantly influenced the color characteristics
of tofu residue, particularly lightness (L*) and chromatic
parameters (a* and b*). The higher lightness (L*) observed
in microwave-dried okara can be attributed to the rapid
volumetric heating mechanism, which reduces exposure

time to oxygen and heat, thereby limiting enzymatic
and non-enzymatic browning reactions. In contrast, sun
drying involves prolonged exposure to solar radiation
and oxygen, which promotes Maillard reactions and
pigment oxidation, resulting in darker coloration. From a
physicochemical perspective, browning intensity is closely
associated with the interaction between reducing sugars
and amino groups under extended thermal exposure.
The shorter processing time in microwave drying likely
minimizes these reactions, preserving the native color of
okara. These findings are consistent with previous reports
indicating that rapid drying techniques better preserve
color quality in plant-based materials; however, unlike
earlier studies that primarily described color changes,
the present study highlights the role of drying kinetics in
controlling oxidative and thermal degradation processes.
'This finding is consistent with previous studies reporting
that rapid drying techniques, such as microwave drying, can
minimize enzymatic browning and pigment degradation
due to shorter exposure time to heat and oxygen (Nurdin
et al.,2018).

Sun-dried tofu residue exhibited lower L* values and
higher a* values, suggesting a darker and more reddish
appearance. This phenomenon may be attributed to
prolonged drying duration and direct exposure to solar
radiation, which can enhance non-enzymatic browning
reactions such as Maillard reactions (Fellow, 2017)
(Besouw ez al., 2019). Similar trends have been reported
in dried agricultural by-products, where extended drying
time under uncontrolled conditions negatively affected
visual quality (Belwal ez a/., 2022; Bhatkar ez al., 2021).

Color is not only a visual attribute but may also
be indirectly associated with the nutritional quality
and acceptability of feed materials. Changes in color,
particularly darkening during drying, are often linked to
Maillard reactions, which can reduce the availability of
essential amino acids such as lysine. Therefore, excessive
browning may indicate a decline in protein quality. In
addition, color can influence feed palatability, as animals
may show preference or aversion based on visual cues,
although this effect varies among species. Lighter-
colored feed ingredients are generally perceived as less
heat-damaged and potentially more nutritionally intact.
Furthermore, color changes may reflect structural and
chemical modifications that could affect digestibility.
For example, heat-induced reactions may lead to the
formation of less digestible complexes between proteins
and carbohydrates. Therefore, although color is not a
direct measure of nutritional value, it can serve as a
practical indicator of processing effects on feed quality. In
addition to visual quality, color changes may serve as an
indirect indicator of thermal history during processing.
Excessive darkening is often associated with advanced
Maillard reactions that may reduce amino acid availability,
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particularly lysine, which is one of the most heat-sensitive
essential amino acids in protein-rich feed ingredients.

Effect of drying methods on fineness modulus

The fineness modulus of tofu residue was not
significantly affected by the drying methods applied in
this study. This indicates that the particle size distribution
of the ground material was relatively uniform regardless of
the drying technique. The absence of significant differences
may be attributed to the standardized grinding and sieving
procedures applied after drying, which likely minimized
the influence of initial drying conditions.

The absence of significant differences in fineness
modulus suggests that drying-induced structural changes
were not sufficient to influence particle size distribution
after milling. This indicates that mechanical processing
plays a more dominant role than pre-treatment conditions
in determining particle uniformity. From a structural
standpoint, drying may alter internal matrix rigidity;
however, the subsequent grinding process likely overrides
these difterences by producing particles within a controlled
size range. This supports previous findings that milling
conditions are the primary determinant of particle size
distribution, although this study further confirms that
drying methods do not significantly interfere with this
parameter under standardized grinding conditions.

Previous studies have reported that post-drying
mechanical processing plays a more dominant role in
determining particle size characteristics than the drying
method itself (Moradi ez 4/, 2018). Similar findings
were observed in other dried feed ingredients, where
drying methods influenced moisture content and physical
appearance but had limited impact on fineness modulus
when milling conditions were controlled. Uniform particle
size is desirable in feed formulation, as it contributes to
consistent mixing behavior and reduces feed segregation
(Amerah ez al., 2007).

Effect of drying methods on water absorption capacity
Drying methods significantly affected the water
absorption capacity of tofu residue, with oven-dried
samples exhibiting the highest values, followed by sun-
dried samples, while microwave-dried samples showed the
lowest water absorption capacity. These differences may
be related to structural changes in the fibrous and protein
matrix of tofu residue induced by different heat treatments.

Oven drying at moderate temperature (60 °C) over
a longer duration may promote gradual moisture removal
and partial disruption of cell wall structures, thereby
increasing porosity and enhancing the ability of the
material to absorb water (Kinsella and Melachouris, 1976).
In contrast, microwave drying involves rapid volumetric
heating, which can cause localized overheating and

structural collapse, potentially reducing the availability of
hydrophilic sites for water binding (Wray and Ramaswamy,
2015).

Wiater absorption capacity is a critical functional
property of feed ingredients, as it influences hydration
behavior, pellet quality, and digestive processes in livestock
(Moradi ef al., 2018). Color changes observed in dried
okara may be associated with heat-induced reactions such
as the Maillard reaction, which can reduce the availability
of essential amino acids, particularly lysine (Nursten, 2005;
van Boekel, 2006). Darker color formation is often used
as an indirect indicator of thermal damage in protein-rich
materials. However, it should not be directly concluded
that microwave drying results in lower nutritional quality.
Microwave drying involves rapid volumetric heating, which
can reduce drying time and potentially limit prolonged
thermal degradation compared to conventional drying
methods (Zhang ez al., 2006). The observed differences
in color and physical properties in this study may reflect
variations in heat distribution and drying intensity rather
than a direct indication of reduced feed quality. Therefore,
turther evaluation involving chemical composition and
nutrient digestibility would be required to confirm the
nutritional implications. Therefore, the observed variation
among drying methods highlights the importance of
selecting appropriate processing techniques based on the
intended application of tofu residue in livestock feeding
systems.

The higher water absorption capacity observed in
oven-dried okara may improve mash feed hydration,
enhance pellet binding characteristics,and support ruminal
or intestinal water retention during digestion. Improved
hydration properties may contribute to better feed texture,
reduced dustiness, and potentially higher feed intake.
Conversely, microwave drying, while preserving lighter
color, produced lower water absorption capacity, which
may be more suitable for dry feed formulations requiring
lower moisture reactivity during storage.

The variation in water absorption capacity among
drying methods canbe explained by structural modifications
at both cellular and molecular levels. Oven drying,
which involves gradual heat transfer, likely preserves and
enhances internal porosity by allowing controlled moisture
migration. This process can create capillary structures that
facilitate water retention.

In contrast, microwave drying generates rapid
internal heating due to dipole rotation of water molecules,
which may lead to localized pressure build up and
subsequent collapse of cellular structures. This structural
collapse reduces pore volume and limits the availability
of hydrophilic binding sites, resulting in lower water
absorption capacity. Additionally, thermal treatments may
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induce protein denaturation and partial disruption of the
fiber matrix, which can alter water-binding properties.
Moderate heating, as observed in oven drying, may expose
hydrophilic groups, whereas excessive or uneven heating
may reduce their accessibility. Compared to previousstudies,
which mainly reported differences in water absorption
values, this study provides a functional interpretation by
linking hydration behavior to structural modifications
induced by different drying mechanisms. This perspective
is particularly relevant for feed processing, where hydration
capacity influences mixing efhiciency, pellet formation,
and digestive interactions. From a feed manufacturing
perspective, higher water absorption capacity may improve
pellet durability and reduce fines generation during feed
processing. Materials with better hydration properties
can facilitate starch gelatinization and enhance particle
binding during pelleting, ultimately contributing to
improved feed physical quality and handling efhiciency.
Therefore, the superior hydration behavior observed in
oven-dried okara may provide practical advantages for
commercial feed production. From a livestock nutrition
perspective, physical characteristics of feed ingredients may
influence palatability, mixing uniformity, pellet durability,
and digestive kinetics. Therefore, selecting an appropriate
drying method is important not only for preservation but
also for optimizing feeding efficiency.

'The findings of this study indicate that drying methods
distinctly aftect key physical characteristics of tofu residue.
Microwave drying was superior in preserving color quality,
while oven drying enhanced water absorption capacity,
and fineness modulus remained unaffected by drying
techniques. These results align with previous research
emphasizing that processing conditions play a crucial role
in determining the functional properties of agro-industrial
by-products used as animal feed (Makkar, 2018; Salami ez
al., 2019).

'The comparative evaluation presented in this study
provides practical insights for optimizing drying strategies
to improve the physical quality and utilization efficiency of
tofu residue as a sustainable feed ingredient. Future studies
may explore the combined effects of drying methods on
nutritional value, digestibility, and animal performance
to further support its application in livestock production
systems. Although similar studies have evaluated the effects
of drying methods on agro-industrial by-products, most
have focused on descriptive physical or chemical changes.
In contrast, the present study emphasizes the functional
implications of these changes, particularly in relation to
hydration behavior and feed processing performance. This
distinction is important because physical functionality,
rather than composition alone, determines the suitability
of feed ingredients in practical applications. Therefore, the
findings of this study contribute to a more application-
oriented understanding of okara processing. This study

has several limitations, including the absence of proximate
composition analysis, microstructural characterization, and
digestibility evaluation. These aspects should be considered
in future research to provide a more comprehensive
assessment of feed quality. The present study focused on
the physical and functional characteristics of okara after
different drying treatments. However, direct analyses of
chemical composition, amino acid availability, nutrient
digestibility, and microstructural properties were not
performed. Consequently, interpretations regarding
structural modifications and potential nutritional
implications remain inferential. Future studies should
integrate physicochemical, microscopic, and biological
evaluations to provide amore comprehensive understanding
of drying-induced changes in okara quality.

Conclusion

Among the three drying methods evaluated, each
method exhibited distinct effects on the physical properties
of okara. Drying methods significantly influenced the
physical quality of okara, particularly color characteristics
and water absorption capacity, while fineness modulus
was not significantly affected. Microwave drying better
preserved light color appearance, whereas oven drying
improved hydration capacity. Sun drying remained a
low-cost alternative but showed less consistent quality
attributes. Overall, oven drying may be recommended
when functional hydration properties are prioritized,
whereas microwave drying is suitable when visual quality
and rapid processing are desired.

Practical implications

The results of this study provide practical guidance
for the utilization of tofu residue in livestock feed systems.
Microwave drying may be preferred when visual quality
and color preservation are prioritized, whereas oven drying
at moderate temperature is more suitable for enhancing
water absorption capacity, which is beneficial for feed
hydration and processing. Sun drying, although cost-
effective, may result in less favorable color characteristics
due to prolonged drying duration. These findings can assist
teed producers and small-scale agro-industries in selecting
suitable drying techniques based on processing objectives,
available resources, and intended feed applications, thereby
supporting the sustainable use of tofu residue as an
alternative feed ingredient.
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