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Abstract

Quail are economically important poultry raised primarily for meat and egg production. During the
early post-hatch stage, quail chicks are highly susceptible to temperature fluctuations due to their sparse
feather coverage and limited ability to regulate body temperature. This project aimed to develop a
temperature-regulating film incorporating phase change materials (PCMs) through microencapsulation
technology reinforced with eggshell powder. The developed film was designed to absorb thermal energy
during the daytime and gradually release stored heat at night, thereby maintaining the brooding
environment within the optimal temperature range of 32-35°C. During material fabrication, the ratio of
methyl methacrylate (MMA) to ethylene glycol dimethacrylate (EGDMA) was systematically optimized.
Experimental results demonstrated that an MMA ratio of 25:75 provided the highest microencapsulation
efficiency for the phase change material. The resulting film exhibited effective thermal energy storage and
controlled heat release, reducing the diurnal temperature fluctuation within the brooding environment to
only 0.81°C. The improved thermal stability significantly alleviated physiological stress in quail chicks,
allowing metabolic energy to be preferentially allocated toward growth rather than thermoregulation.
Consequently, chicks exhibited significantly greater body weight gain and a higher survival rate compared
with conventional brooding conditions. Furthermore, the incorporation of waste eggshell powder as a bio-
based reinforcing material enhances the sustainability of the system by valorizing agricultural waste while
reducing dependence on external energy sources. Overall, the developed temperature-regulating film
represents an environmentally sustainable approach to brooding management that is consistent with the

biological and developmental requirements of newly hatched quail chicks.
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Introduction commercial value (Zhang et al., 2017). During

Quail are economically important poultry the brooding period, newly hatched chicks are

widely raised for meat and egg production highly sensitive to low temperatures due to their

because of their rapid growth and high limited thermoregulatory ability, making stable
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nighttime temperature control essential for

survival and healthy growth (Yahav et al., 2001).
Conventional heating systems, such as infrared
lamps and ventilation equipment, consume
considerable energy and often fail to maintain a
consistent thermal environment throughout the
night (Ayo et al., 2011; Abd El-Wahab et al.,
2020).

Phase change materials (PCMs)
provide a promising passive thermal
management solution by storing heat during the
day and releasing it as temperatures decrease
(Li et al.,, 2016). However, conventional PCMs
are prone to leakage during phase transitions. To
address this limitation, this study developed a
temperature-regulating film incorporating
microencapsulated PCMs reinforced with waste
eggshell powder, improving thermal stability
while promoting agricultural waste utilization and
circular economy principles (Memon, 2014;
Kumar et al., 2020).

The developed film was designed to
maintain a stable brooding temperature during
nighttime, thereby reducing thermal stress,
enhancing chick growth and survival, lowering
electricity ~ consumption, and supporting
sustainable livestock production in line with the
BCG Economy Model and the United Nations

Sustainable Development Goals (SDGs).

Methodology
1. Determination of the Optimal Brooding
Temperature

Newly hatched quail chicks were reared
at 30°C, 35°C, and 40°C for 14 days. Body
weight, body length, and survival rate were

recorded to determine the optimal brooding

temperature.

2. Development of PCM Microcapsules
- Optimization of Capric Acid—Eggshell Ratio

Capric acid and eggshell powder were
mixed at ratios of 1:1, 1:1.5, and 1:2. Thermal
properties were analyzed to identify the optimum
PCM formulation.
- Optimization of MMA Ratio

PCM microcapsules were synthesized
by micro-suspension polymerization using
different MMA ratios. Encapsulation efficiency
was evaluated by TGA.
- Optimization of PCM-to-Monomer Ratio

Various PCM-to-monomer ratios were
investigated to  maximize  encapsulation
efficiency, minimize leakage, and improve
thermal storage performance.
3. Film Fabrication and Material
Characterization
- Thermal Performance Evaluation

The developed film, a commercial
infrared-reflective film, and a control were
compared by monitoring cage temperature every
4 h for 7 days.
- Mechanical Property Test

Tensile strength and elongation were
evaluated using a Universal Testing Machine
following ASTM D638-22.
- Accelerated Weathering Test

Film durability under repeated UV
exposure and humidity was assessed using a
QUV chamber according to ASTM G154-16.
4. Biological Performance Evaluation

Quail chicks were raised under the three
treatments for 14 days. Growth, survival, and
fecal corticosterone levels (ELISA) were

analyzed to evaluate physiological responses.
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Result and Discussion
1. Optimal Brooding Temperature

Quail chicks were reared at 30°C, 35°C,
and 40°C for 14 days. 35°C produced the highest
growth (30%) with 100% survival, while survival

decreased to 60% at 40°C.

GRAPH SHOWING THE SURVIVAL RATE OF QUAILS AT DIFFERENT TEMPERATURES
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Graph 1 Survival rate of quail chicks reared under

different temperature conditions after 14 days.
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Graph 2 Growth of quail chicks reared under different

temperature conditions after 14 days.

2. Development of PCM and Microcapsules
(1) Optimization of Capric Acid Ratio
A 1:1.5 capric acid-to-eggshell ratio
exhibited the most suitable thermal properties,
maintaining a stable phase transition at 33-35°C.

Graph Showing Melting Point and Freezing Point of PCM Material in
Different Ratios
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Graph 3 Melting and solidification temperatures of phase
change materials (PCMs) prepared with different capric

acid-to-eggshell ratios.
(2) Optimization of MMA Ratio

Among five formulations, an MMA ratio
of 25:75 achieved the highest encapsulation

efficiency (61.20 £ 0.65%) and was selected for

subsequent experiments.
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Graph Showing Percentage of Encapsulation for Microcapsules with Different Monomer Ratios
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Graph 4 Encapsulation efficiency (%) of microcapsules

Percentage of Encapsulation (%)

prepared with five different MMA:EGDMA monomer
ratios.
(3) Optimization of PCM Ratio
A PCM ratio of 30:70 (monomer =
70:30) provided complete encapsulation (100%)
with excellent structural stability.
Graph showing the percentage of encapsulation (%

Encapsulation) of microcapsules with different
monomer-to-phase change material (PCM) ratios

5 100
5 _ g0
2Z

o

5 ggo 60
@3 %0
3 e
aRx 20
g

3

S o
g 30: 70 50: 50 70:30

Ratio between Monomer and Phase Change Material (PCM)
Graph 5 Encapsulation efficiency (%) of microcapsules

prepared with different PCM-to-monomer ratios

3. Film Fabrication and Characterization
(1) Temperature Regulation
The developed film showed the lowest
(0.81°C),
outperforming the commercial IR film (3.15°C)

and the control (4.24°C).

daily temperature fluctuation

Graph Showing the Internal Temperatures of Simulated Cages

Covered with Different Film Types Throughout the Day
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Graph 6 Temperature profiles of model brooding cages
covered with different films and the uncovered control

throughout the day.
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(2) Mechanical Properties

The 70:30 monomer formulation
exhibited the highest tensile strength (12.54 +
0.88 MPa) and satisfied ASTM D638-22

requirements.

Graph Showing Tensile Strength Test Results for Different Films
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Graph 7 Tensile strength of the three film formulations.

(3) Accelerated Weathering
All  films demonstrated acceptable
durability after ASTM G154-16 testing, with the
50:50 formulation showing the highest UV-
weathering resistance (404 + 3.40 kWh/m?).

Graph Showing Environmental Resistance Test Performance

of Different Films
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Graph 8 Weathering resistance of films prepared with

three different PCM-to-monomer ratios.

4. Biological Performance

Quail chicks raised under the developed
film exhibited the lowest corticosterone level (5.8
+ 0.43), together with the greatest body length
(92 + 1 mm) and body weight (61.3 £ 3.5 @),
indicating reduced thermal stress and improved
growth.

GRAPH SHOWING CORTICOSTERONE CONCENTRATION
IN QUAILS REARED UNDER DIFFERENT FILMS
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Graph 9 Corticosterone concentrations in quail chicks
reared under different film treatments.

Graph showing the body weight of baby quails every 2 days
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Graph 10 Body weight of quail chicks reared under three

different brooding conditions.

GRAPH SHOWING THE BODY LENGTH OF BABY QUAILS EVERY 2 DAYS
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Graph 11 Body length of quail chicks under three

different film treatments.

Conclusions

The development of an eggshell-
reinforced phase change material (PCM)
microencapsulated film for nighttime thermal
regulation in quail chick farms was conducted
through the optimization of  biological
temperature requirements, PCM formulation,
microencapsulation conditions, and film
performance evaluation. The optimal brooding
temperature for newly hatched quail chicks was
determined to be 35°C, which provided the
highest growth rate of 30% with a survival rate of
100%. Maintaining  chicks  within  the
thermoneutral zone reduced energy expenditure
for thermoregulation, allowing more metabolic
energy to be directed toward growth and
physiological development.

The PCM formulation was optimized by

incorporating capric acid with eggshell powder,
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where the 1:1.5 ratio exhibited suitable phase

transition  properties  within the desired
temperature range of 33-35°C. The
microencapsulation process demonstrated that
the MMA ratio of 25:75 achieved the highest
encapsulation efficiency (61.20 + 0.65%) due to
the formation of a stable cross-linked polymer
shell that minimized PCM leakage. Furthermore,
optimization of the PCM-to-monomer ratio
revealed that the 70:30 ratio provided the highest
encapsulation  performance  (100%) and
enhanced thermal storage capability, allowing
the microcapsules to effectively function as
thermal buffers.

The fabricated PCM film demonstrated
superior temperature regulation compared with
commercial infrared-reflective film and the
uncovered control. The developed film reduced
daily temperature fluctuation to 0.81°C,
compared with 3.15°C and 4.24°C for the
commercial film and control, respectively.
Mechanical and environmental durability tests
confirmed that the developed film maintained
adequate tensile strength and resistance to
repeated UV exposure and humidity according to
ASTM D638-22 and ASTM G154-16 standards,
indicating its potential for long-term application in
agricultural environments.

Biological evaluation revealed that quail chicks
raised under the developed PCM film exhibited
the lowest corticosterone concentration (5.8 %
0.43), indicating reduced physiological stress
compared with other treatments. In addition,
these chicks showed the highest growth
performance, reaching a body length of 92 + 1
mm and body weight of 61.3 + 3.5 g after 14

days. This improvement was attributed to the

stable microclimate created by the PCM film,

which reduced thermal stress and enabled more
efficient energy allocation toward growth rather
than heat regulation.

Overall, the developed eggshell-
reinforced PCM microencapsulated film provides
an effective and sustainable approach for
temperature management in quail chick farming.
By utilizing agricultural waste as a functional
material, the innovation reduces dependence on
external energy sources, improves animal
welfare, and supports sustainable livestock
production in accordance with the BCG Economy
Model and the Sustainable Development Goals

(SDGs).
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