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Abstract: In Geo Polymer bricks (GPB), fly ash content which is a waste from power plants is
converted into bricks by chemical treatment. GPB can be dried by using appropriate curing
methods. Conventionally electric oven curing is one of the prominent methods. Using solar dryer
instead of electrical oven gives added advantage of saving high grade electrical energy. So in this
work solar dryer with PCM (Phase Change materials) Paraffin Wax and without PCM is used for
curing application. GPB are gaining added advantage when compared to conventional bricks like
cement and sand bricks in terms of strength. GPB has been taken as specimen for comparing the
compressive, tensile split strength and flexural strength by electrical energy based curing and solar
energy based curing. It is experimentally observed that solar energy based curing with PCM and
without PCM exhibits higher compressive strength, higher tensile split strength and flexural
strength when compared to electrical energy based curing. Solar curing with PCM shows higher
compressive strength, higher tensile split strength and flexural strength when compared to Solar
curing without PCM. Open solar curing is a traditional technique but nowadays aggressive climatic
conditions can lead to severe damage of Geo polymers. The novelty of this work is to suggest to
study the effect of PCM like paraffin wax in solar drying on curing time, mechanical properties of
GPB.

Keywords: geo polymer brick (GPB); solar dryer; compressive strength; Tensile Strength; flexural
strength; sustainability; PCM (Phase Change materials); paraffin wax; specific heat; thermal
conductivity; and latent heat of fusion

1. Introduction

Solar energy stands as an excellent alternate source of energy when compared to other forms of
energy in thermal applications especially in the areas like drying and heating [1]. The recent progress
in the use of solar energy has sparked broad interest in a variety of applications such as drying,
heating, cooling, and purifying. Solar energy applications can be divided into two categories:
electrical and thermal applications. Solar thermal systems have traditionally been used in agriculture
to preserve vegetables, fruits, cereals, and other products. It is considered inexpensive and widely
known among farmers; yet, it is utilized significantly less frequently in the manufacturing sector [2].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Removing moisture from a substance is generally termed as drying which finds applications in
construction, food processing, agro and other industries [3]. Also, it can be employed in preserving
agricultural food products like pepper and pumpkin seeds [4,5]. Usually hot air between 45°C and
60°C will remove moisture content kept inside solar thermal system for drying of grapes [6].
Conventional drying methods like direct exposure to sun are a simpler method for drying
agricultural food products like preservation of kiwifruit and preparing dry grapes in farmyard
respectively [7,8]. Open exposure to sun drying method is a green house energy method free from
technological aspects and economical when compared to other methods of drying [9]. Under
unexpected severe climatic conditions open drying process may encounter some damages in drying
of food and vegetable products which is evident in agricultural industries [10,11]. Open exposure to
sun drying proposes certain risk factors like slow rate of drying time, development of microbial
activities, whether forecast etc., [12]. The risk factors of Open sun drying can be eliminated by thermal
based solar drying which is free from fuel usage [13]. As thermal based solar drying uses natural
convection it doesn’t pose any treat to the ecosystem [14]. Thermal based solar dryers doesn’t alter
the color or texture of the products and hence more feasible for drying than open drying [15]. In
thermal based solar dryers, buoyancy based pressure which is the resultant of natural convection
consumes some time for the completion of drying. Also forced convection based thermal solar dryers
can be employed in which fan is used to force the air for drying which is charged by electric current,
solar energy or fuels [16]. GPBs are inorganic materials similar to zeolites but possess an amorphous
structure. They can seen as manmade rocks. GPBs are gaining advantage in construction industries
due to their comparable strength with conventional bricks. Compared with concrete bricks, GPB
offers economy and eco-friendliness [17]. Hao Shi et al. investigated the effect of microwave curing
on the mechanical strength and microstructure of metakaolin geo polymers with quartz sand and
shortening the curing time [18]. Mohammed Rihan Maaze, Sandeep Shrivastava recommended
curing temperature between 40°C - 60°C for efficient curing and good physical and mechanical
properties of GPB [19,21]. A solar dryer was used as an alternative and compared with Conventional
Electric Convective Drying time [20]. Various advancements in fiber polymer composites are
emerging because of their increased use in a myriad of applications like polymer in bricks for
construction applications [22]. Phase Change Materials are used to store latent heat during phase
shifts at a controlled temperature within a certain range [23]. Low-cost, non-corrosive, and chemically
stable below 500 °C, paraffin melts with a small volume difference [24]. As a thermal energy storage
structure, PCMs like paraffin wax may sustain a greater temperature than the surrounding area for
at least five hours following active sunlight hours, which reduces the absolute drying time of the
crops [25]. The PCM charges with solar energy for around 8 hours during the day and releases the
stored energy at night [26]. The PCM achieves its melting point when the ambient temperature rises;
as a result of the endothermic process, the PCM absorbs energy, melts, and transitions from a solid
to a liquid state, which is a charring process. The PCM solidifies, converting from liquid to solid,
which is a discharging process, and releases energy during the exothermic process [27]. When
compared to open sundry products, the quality of solar-dried products shows good quality [28]. By
using a sun dryer, the product's drying time was significantly reduced [29]. Currently, research
studies have reported on many drying systems that use sun energy to improve crop drying efficiency.
The primary goal of this research is to minimize absolute drying time and lengthen drying during
off-sun hours, as well as to reduce staff engagement and incorrect drying during the winter.
According to studies, using solar energy in the dryer is more cost effective and compelling as a
sustainable drying solution. The current investigation attempts to combine paraffin wax, a phase
change substance, into a solar dryer for drying seedless grapes. The drying properties and quality of
PCM-dried items were compared and evaluated. The suggested framework provides a feasible
method of integrating energy utilization and lowering the carbon footprint in the drying process. The
current design of the solar dryer with PCM is relatively simple and inexpensive. It can be utilized by
rural farmers because the materials are widely available and unique. To prevent food spoilage and
to store agricultural commodities for an extended period of time without loss in quality. The solar
dryer has a wide range of applications, including drying agricultural products such as shredded
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cabbage, granulated mashed potato, tomato, grapes, apple, coconut, chili, banana, ladies finger, and
mango pulp, as well as drying marine products such as small fishes and prawns textiles, wood, food
processing, paper and pharmaceutical. The limitations of traditional open sun drying can be
overcome by selecting an efficient drying system. The requirement for high fuel or power to run the
drying system has encouraged sunlight-based drying systems. Here a solar dryer which works on
the principle of natural convection is employed for curing process of GPB. Buoyancy driven pressure
of air is used to dry the GPB kept inside the chamber. Phase Change Materials are gaining advantage
in many areas of engineering as thermal energy storage systems in the form of latent heat in between
states by vaporization and condensation. During the daytime, the PCM is charged using solar energy
and discharges the stored energy during night time which can be employed in construction sectors
for curing of GPBs. PCMs like paraffin wax as thermal energy storage in solar dryers can maintain a
higher temperature than surrounding for several hours even if there is sudden reduction in
temperature which decreases the drying time of the GPBs.

The current work deals with GPB drying in open sun, electric oven and solar drying with PCM
(Paraffin Wax) and solar drying without PCM. The time taken for drying in all the four methodologies
has been compared. Also mechanical properties like compressive strength, tensile split strength and
flexural strength of the GPB has been compared in the above stated four curing methods. Also this
study predicts the effect of PCM like Paraffin wax in solar drying application on curing time and
mechanical properties.

2. Materials and Methods

At Kalasalingam Academy of Research and Education (9.5747° N, 77.6798° E), Tamil Nadu
(India) in Tamilnadu (India), a solar dryer (700 mm x 300 mm x 300 mm) was created and installed.
The arrangement containing the drying chamber is supported by an iron stand. It is made of double-
layered polycarbonate sheets that have been UV-coated. To focus and absorb the solar energy that is
received inside the drying chamber, the polycarbonate sheet is bent in the shape of a parabola. Better
thermal insulation is provided by the polycarbonate sheet, which is 60% more effective than glass.
To protect the underlying material from damaging radiation, the UV coating is essential. The
parabolic polycarbonate sheet is supported and attached by aluminum framing. A Cudappah Black
Stone slab (700 mm * 300 mm) is set at the bottom of the polycarbonate sheet. The transfer of heat
energy from PCM across the base of the stand was constrained by the Cudappah stone. The stand
includes four nylon wheels at the bottom that may be easily utilized to load and unload GPBs as well
as move the drying chamber. At one end of the drying chamber, a solar-powered exhaust fan is
permanently installed. The electrical energy needed to run the fan is provided by a solar Photo
Voltaics (PV) panel that is attached to the fan. The drying chamber's saturated air was removed using
the exhaust fan, which then let fresh air from the atmosphere into the space. Based on temperatures
inside the drying chamber, the exhaust fan is automatically turned on. The PCM employed in the
study as a thermal storage medium was paraffin wax, which was set on a Cudappah stone and coated
with a stainless steel sheet. Natural paraffin wax is in solid state, which has a melting temperature of
58°C as shown in Table 1. Also other properties like density, specific heat, thermal conductivity and
latent heat of fusion are listed below in Table 1. It is an organic PCM which was purchased at
Spectrum Reagents and Chemicals Private Ltd, Ernakulum, Kerala, India.

Table 1. Properties of Paraffin Wax.

Melting Density Specific Heat Therm.all Latent
PCM Temperature (kg/m3) (J/kg.K) Conductivity Heat of
f:’C) ' (W/m.K) Fusion

Solid Liquid Solid Liquid Solid Liquid  (kJ/kg)

Paraffin

58 910 810 2000 2100 0.228 0.25 204
Wax
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Experimental preparation of GPB has been mentioned along with Raw Material composition as
shown in Figure 1 and Table 2. Figure 1 shows ingredients of GPB. Sodium hydroxide NaOH is mixed
with water and kept aside for 1 day. After 24 hours, sodium silicate Na25iOs has to be added to the
above mixture in the bowl. After one-hour, Ground Granulated blast furnace and Fly ash mixed with
coarse aggregate and fine aggregate sand has to be added in appropriate quantity to the bowl
containing NaOH and Na25iOs. The total mixture is shown in Figure 2. Figure 2 shows the status after
mixing of all the ingredients of GPB. This is the Raw Material composition and process of making
GPB. The prepared brick specimen is kept in electric oven and solar dryer as shown in Figure 3 and
4 respectively. The technique captures solar energy and converts it into heat energy inside the drying
chamber. Convection and radiation are used to transfer energy. Convection is the major route of heat
transport, while radiation is the passive mode. The 6 mm thick double layered UV coated
polycarbonate sheet shown in Figure 4 allows solar energy to travel through the drying chamber but
prevents it from leaving. The Black Cudappah stone Figure 4 is placed above the iron stand, which
serves as the room's basement, and the sides and edges of the chamber are densely packed. The
paraffin wax (PCM in the study) was placed on the Cudappah stone in an insulated stainless steel
tray. Throughout the drying process, the charging and discharging phases of PCM occurred
concurrently. An accurate balancing machine was used to determine the mass of the dried items. The
trials were carried out in the chamber with PCM 400 g of paraffin wax and without PCM. The PCM
Paraffin wax is in solid state which suffers phase change into liquid during curing of GPB. When
there is reduction in temperature naturally PCM reverses its phase to solid nature. Of course when
there all oscillations in surrounding ambience, phase change alters by itself to maintain a uniform
curing nature inside the solar dryer. For measuring of mechanical properties, specimen is of standard
geometry like cubic(10 cm * 10 cm * 10 cm) sample for compressive strength test, cylindrical (L =20
cm and D = 10 cm ) sample for tensile split strength test and rectangular (50 cm * 10 cm * 10 cm)
prismatic sample for flexural strength test as shown in Figures 5 and 6 respectively. Number of
samples for each test were two. For all the four methods of curing the following standards were used
ASTM E9-19 Standard Test Method of Compression Testing of Metallic Materials at Room
Temperature ASTM C496-96, Standard Test Method for Splitting Tensile Strength of Cylindrical
Concrete Specimen ASTM D790-17 and Standard Test Methods for Flexural Properties of
Unreinforced and Reinforced Plastics and Electrical Insulating Materials.

Table 2. Raw Material Composition of GPB.

Materials Weight in kg/m?
Fly ash 385
GGBS - Ground Granulated Blast furnace 165
Slag
M sand 579.64
Coarse Aggregate 20mm 864.12
AAS Alkaline Activated solution 335.5
SSS sodium silicate solution Na25iO3 239.64
NaOH 95.86
NaOH Molarity 12

Alkaline /binder ratio 0.61
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Figure 1. Mixture of ingredients of GPB.

Figure 2. Final mixture after mixing all ingredients

GPB

Figure 3. GPB kept in electrical oven.
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Figure 4. GPB kept in solar dryer.

2.1. Electrical Oven Drying

LTMHOS-6 Electrical oven model with 3500 Watts with 220/230 V AC 50 Hz was used for curing
of moisture content. GPB was kept in oven and it took 24 hours for curing moisture content. Here we
use a simple rule of weighing in the GPB to have an idea of moisture content. In initial stages of
curing the moisture content, GPB shows variations in weight and when the weight stabilizes it
indicates that moisture content has got cured. This same rule is used for all the four mentioned curing
methods. GPB was kept under ambient room temperature for 28 days for further curing in order to
develop sufficient strength. After 28 days brick was taken for performing compression strength test,
tensile split strength test and flexural strength test as shown in Figures 5 and 6. We use a cubic sample
for measuring compression strength, cylindrical sample for measuring tensile split strength and
rectangular prismatic sample for measuring flexural strength because proper clamping conditions
should be ensured so that property values should not be affected.

2.2. Solar Drying without PCM

GPB was kept in solar dryer and it took 24 hours for curing of moisture content. Brick was kept
under ambient room temperature for 28 days for further curing in order to develop sufficient
strength. After 28 days brick was taken for performing compression (cubic sample) strength test,
tensile (cylindrical sample) split strength test and flexural (rectangular prismatic sample) strength
test as shown in Figures 5 and 6.

2.3. Solar Drying with PCM

GPB was kept in solar dryer and it took 22 hours for curing of moisture content. Brick was kept
under ambient room temperature for 28 days for further curing in order to develop sufficient
strength. After 28 days brick was taken for performing compression (cubic sample) strength test,
tensile (cylindrical sample) split strength test and flexural (rectangular prismatic sample) strength
test as shown in Figures 5 and 6.

2.4. Open Sun Drying

GPB was also kept in open sun for direct drying which consumed 24 hours for curing of moisture
content. Brick was kept under ambient room temperature for 28 days for further curing in order to
develop sufficient strength. After 28 days brick was taken for performing compression (cubic sample)
strength test, tensile (cylindrical sample) split strength test and flexural (rectangular prismatic
sample) strength test as shown in Figures 5 and 6.
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Figure 6. GPB kept in flexural test.

3. Results

This section interprets the results that have been obtained through this research study. The
compressive, tensile split strength and flexural strength test results have been tabulated as shown
Table 3. The following has been inferred from the test results. Electrical oven drying is more uniform
in nature when compared to solar drying. Electrical oven drying temperature is around 65°C
throughout the curing process. Solar drying operates around 60°C but fluctuations depend on the
outer ambience. It is evident from Figure 7 that Solar drying with PCM consumes 2 hour less curing
time when compared to all other methods.

Table 3. Mechanical properties of GPB obtained from 4 curing methods.

Drying Compressive Strength Tensile Split Flexural Strength (MPa)

Methods (MPa) Strength (MPa)
Electrical dryer 35.70 3.65 4.95
Solar dryer with
PCM 38.50 4.90 6.20
Solar dryer
without PCM 36.30 4.10 5.70

Open sun dryer 39.20 5.60 6.70
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Figure 7. Curing Time Comparison of GPB of all four methods.

As per modified guidelines for Geo polymer concrete mix design using Indian standards, target
compressive strength is around 30 MPa [2,3] but experimental results was obtained as 38.50 MPa in
solar drying with PCM itself as shown in Figure 8 and Table 3. For geo polymers tensile split strength
of 4.9 MPa was obtained in solar drying with PCM shown in Figure 9 and Table 3. Flexural strength
of 6.2 MPa was obtained in solar drying with PCM shown in Figure 10 and Table 3.

Experimentally it is evident from Table 3 that solar dried brick with PCM and without PCM
exhibits 7.84% and 1.7% higher compressive strength, 34.2% and 12.3 % higher tensile split strength,
25.25% and 15.15% higher flexural strength when compared to electrical oven dried brick
respectively. Also Solar drying with PCM shows 6.1 % higher compressive strength, 19.5 % higher
tensile split strength and 8.1 % higher flexural strength when compared to solar drying without PCM.
At the same time open sun drying shows 1.8 %, 8 %, 9.8 %, higher compressive strength, 14.3 %, 36.5
%, 53.4 % higher tensile split strength and 8.1 %, 17.5 %, 35.35 % higher flexural strength properties
when compared to solar drying with PCM, solar drying without PCM and electrical drying
respectively.

40

Compressive 30
Strength
in 20
MPa
10
0

Electrical Solar with ~ Solar ~ Open sun
PCM without
PCM

Figure 8. Compressive Strength Comparison of GPB of all four methods of curing. .
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Figure 9. Tensile Split Strength Comparison of GPB of all four methods of curing.

Electrical Solar with ~ Solar Open sun
PCM without
PCM

Flexural
Strength
MPa

O = N Wk N

Figure 10. Flexural Strength Comparison of GPB of all four methods of curing.
In this work as solar energy is used which is free from fossil fuels for drying, economy is also
met along with a safe climatic atmosphere so that the sustainability goals are met as shown in Table

4 below.

Table 4. Sustainability Development Goals (SDG).

Sustainability Description
Development Goals
SDG 7 Clean and affordable Energy — Usage of Solar energy
SDG 8 Economic Growth — Cheaper than Electric energy
SDG 13 Climate action and its impact —Free from fossil fuels and emissions

4. Discussion

Solar drying with PCM consumes 2 hour less curing time when compared to all other methods.
which is in accordance with literature work [20]. This is due to the effect of PCM which captures more
heat flux in the form of heat storage giving rise to hotter and uniform ambience inside the solar dryer
when compared to the solar dryer without PCM. Experimentally it is evident from Table 3 that solar
dried brick with PCM and without PCM exhibits higher compressive strength, tensile split strength,
flexural strength when compared to electrical oven dried brick. This could be due to the effect of
ambience which is hotter when compared to electric drying which occurs inside a room. This is also
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evident from literature work [20] which predicts that solar drying is more efficient and economic
when compared to electric drying. Also Solar drying with PCM shows higher compressive strength,
tensile split strength and flexural strength when compared to solar drying without PCM which is due
to higher heat storage capacity by the PCM and changes in the atmospheric temperature are well
absorbed by the PCM which gives rise to rough, tough and dry conditions in the brick. Open sun
drying shows higher compressive strength, tensile split strength and flexural strength properties
when compared to all other methods due to the brick surfaces exposed to very high sun temperatures
in summer which gives rise to extreme rough, tough and dry conditions in the brick. Also waste
management of products like fly ash from power plant is sustained by converting them into useful
GPB which has proved it properties [2] as shown in Figures 8-10.

As solar drying is economical and shows better mechanical properties when compared to
electrical drying, this study suggests that solar dryer as a potential candidate for curing of GPB for
constructions applications. Also solar dryer is eco-friendly when compared to electrical dryer which
satisfies the goal of SDG 7, 8 and 13. A simple Economic Analysis for 100 bricks for 4 modes of drying
has been shown below in Figure 11. Electrical curing requires 3500 Watts of power consumption
which results in usage of 0.4375 units of power supply. One unit in India cost Rs.8. therefore 0.4375
units cost Rs.3.5, whereas solar drying does not consume any electric power for curing. Assume 100
GPB per day are dried the total cost of electric curing would be 30*100*3.5 = Rs 10,500/- per month,
where us solar drying does not need any electric power. Considering the cost of PCM Paraffin wax
Rs 500 the Construction cost for solar dryer prototype is Rs 4000 without PCM and Rs 4500 with PCM.
Solar dryer requires only initial cost and no running cost. Above all electrical energy is called as high
grade energy because of its availability content when compared to thermal energy which has lesser
availability when compared to electrical energy. Converting electrical energy into thermal energy in
electrical oven curing to simply remove moisture content is not recommend from energy point of
view. So on large scale basis like in construction industries curing of bricks by solar drying would be
a better economic method when compared to electric oven drying.

Cost analysis for 100 bricks per month
in Rs

11000

9000
7000
5000
3000 . .
1000

Electrical Solarwith  Solar Open Sun
PCM  without
PCM

Figure 11. Economic Analysis for 4 drying modes.

5. Conclusion

»  From Fly ash waste and other ingredients the constructed GPB undergoes full curing in all the
four methods.

»  Solar dryer with PCM consumes 2 hours less curing time when compared to all other methods.

»  As per modified guidelines for Geo polymer concrete mix design using Indian standards,
target compressive strength is around 30 MPa [2,3] but experimental results was obtained as
38.50 MPa in solar dried brick with PCM.

»  Solar dried brick with PCM and without PCM exhibits 7.84% and 1.7% higher compressive
strength, 34.2% and 12.3 % higher tensile split strength, 25.25% and 15.15% higher flexural
strength when compared to electrical oven dried brick respectively.
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»  Also Solar drying with PCM shows 6.1 % higher compressive strength, 19.5 % higher tensile
split strength and 8.1 % higher flexural strength when compared to solar drying without PCM.

> At the same time open sun drying shows 1.8 %, 8 %, 9.8 %, higher compressive strength, 14.3
%, 36.5 %, 53.4 % higher tensile split strength and 8.1 %, 17.5 %, 35.35 % higher flexural
strength properties when compared to solar drying with PCM, solar drying without PCM and
electrical drying respectively.

»  Butopen sun drying may cause degradation of materials of GPB which may lead to extreme
dry conditions inside GPB which may not be suitable from application point of view.

»  Use of PCM like paraffin wax in solar dryer has pronounced effect on curing time and
mechanical properties of GPB.

»  When sustainability goals are concerned solar energy is a better performer when compared to
electrical energy. From this research work we conclude that by using solar energy in drying
applications we can save high grade electrical energy from energy and economy point of view.

»  GPBs are finding their application in construction sectors as their properties are in accordance
with concrete design standards.

» Newer PCMs (organic or inorganic) may be tested inside solar dryer for curing of GPB which
forms the scope for future work. Along with, in what way PCMs can influence the mechanical
properties of GPB can be studied. Also a thermal degradation study of PCMs is suggested as
scope for future study to have an idea of entropy changes occurring inside PCMs so that the
correlation between degradation and life of PCMs for solar dryer application can be
established.
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