Eng. Sci., 2025, 35, 1557

Engineered Science
DOI: https://dx.doi.org/10.30919/es1557

Nitrate-base Molten Salts Platform as Thermal Energy Storage
in Thermocline Tank for Thermal Solar Pyrolysis Unit
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Abstract

This research aimed to establish a thermal solar pyrolysis unit powered by molten salt flow from thermocline tank.
Encapsulated graphene oxide in silica oxide (SiO;) was employed as a heat transfer agent to facilitate proper heat transfer
inside the thermocline tank. Characterization was performed by scanning electron microscope (SEM), differential scanning
calorimeter (DSC) and X-ray diffractometer (XRD) techniques to analyze textural morphology and heat storage capacity of the
molten salt system. Encapsulation was found to be successful in providing stable matrix to house molten salt and graphene
oxide nanoparticles. Addition of graphene oxide in the encapsulated molten salt was found to reduced melting temperature
and crystallization temperature by almost 10%, which is help reduce energy required to activate the flow of molten salt inside
the thermal system. Charge and discharge cycle were performed by varying molten salt flowrate into thermocline tank.
Temperature monitored in axial direction revealed an increase in heat transfer efficiency as flowrate increased. Pyrolysis
reaction was also tested using three different catalysts including zeolite, dolomite and kaolin to produce biooil, biochar and
gas. An increase in temperature was found to favor gas production over zeolite catalyst due to presence of acidic sites.

Optimized pyrolysis to produce 61.0% biooil was performed at 300 °C over kaolin catalysts.
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1. Introduction

Due to inadequate fossil-based energy and high carbon
emissions, it is increasingly important to seek other sources of
renewable energy. According to a climate change report from
Kyoto protocol committee, carbon emissions from electricity
generation sector accounted for 25 to 30% of the total
emissions.'! As demand for electricity increases, the higher
energy input requirement led governments worldwide to
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employ various decarbonization technologies to help liberate
the electricity sector from its dependence on fossil-based
energy. For this reason, the share of renewable energy in 2040
was forecasted at 60% of the total electricity production.?! In
order to achieve this target, a few obstacles need to be
overcome including the cost of technology and uncertainty of
energy sources. Energy from waste plastic is an effective
source of energy, because it also solve waste disposal
problems along with the persisting energy crisis. A pyrolysis
process can convert waste plastic to bio-oil usable as
transportation or heating fuel. However, the main
disadvantage of a pyrolysis process is that it requires intensive
input of electricity which may offset its benefit as a source of
clean energy. A solar-based pyrolysis unit can be a solution to
this problem. For this solar-base technology to perform well,
it is important for the system to be assisted by a high efficiency
storage system. A thermal solar pyrolysis will be dependent on
the efficiency of the thermal energy storage (TES) system.
The main role of a TES system in a thermal solar pyrolysis is
to storage excess energy harnessed during the day so that
electricity can also be generated at nighttime when demand
can usually peak in some communities. The main important
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characteristic of the TES system is the type of molten salts
used, and the design of tank used to circulate molten salts in
liquid form.

Molten salts are frequently employed in a TES system
because of their high heat capacity, stability property in a wide
operating temperature and availability in the market. Unlike
phase change materials (PCM) that relied mainly on the
release of latent heat as phase changes, molten salt relied on
sensible heat inside the tank. However, current complex of
molten salts such as solar salt (60% NaNOs: 40% KNO3), hitec
salt (7% NaNO3, KNO3;:NaNO, and sodium chloride (NaCl)
have melting temperature of 580 °C, 538 °C, and 845 °C.B’T A
higher phase change temperature indicated that the
transformation of solid salts to liquid form required a larger
magnitude of energy input. In addition to melting temperature,
corrosive rate is also an important consideration factors in
decision making. Some salts such as NaCl have a corrosive
rate on stainless-steel (SS304 and SS316) as high as 7.2 mm
per year.*’] Due to these undesirable characteristics of molten
salt, a novel technology was developed to encapsulate metal
oxide in molten salts complex.® Macro porous matrix of three-
dimensional expanded vermiculite have been employed to
attain a 90% energy storage efficiency and provided 613 J/g of
energy density when encapsulated with nitrate base salt.!”]
Paraffins blocks were used to tune pore size of aluminum
oxide so it can encapsulate eutectic chloride salt, which
demonstrated a energy storage densities of 272.58 J/g.l¥ In
addition to the usage of different types of molten salts, it is
also important to find an optimal design of the storage tank.
Conventionally, a thermal energy storage would consist of two
tanks: one for cold molten salt and another one for hot molten
salt. These two streams flow back and forth depending on the
status of energy usage (charging mode or discharging mode).
A two-tank system uses large amount of electricity and also
expensive because two set of equipment are needed to be
purchased. Recent development of a thermocline tank for
thermal storage has been promoted to overcome these
problems.

A thermocline system consists of both cold and hot layers
of molten salt in one single tank. Alternation between charge
and discharge mode is possible by changing the flow direction
of molten salt. One of the main characteristics of a thermocline
tank is the diffusion system at the inlet of the tank. The
diffusion system contained small nozzle which convert
laminar flow molten salt into smaller droplet, which help
intensify mixing inside the tank and ultimately reduce
thermocline layer during both charging and discharging
activities.”) Movement of the thermocline layer whether
upward or downward depended on the process of energy
replenishment, temperature gradient and imbalance load
demand. For this reason, hot section inside the tank behaves
like a spring which can shirk and expand depending the
interaction between heat transfer medium in the system.!'”
Solid fillers such as alumina, quartz and polymer have also
been found to enhance the natural stratification inside the
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tank.['12] This is due to the buoyancy effects when solid
material is immersed in molten salt solution.!'*!4 In case a
spheroidal filler materials, the percentage vacancy of the fix-
bed is from 0.3 to 0.4.15] Flow uniformity can be improved by
reducing filler size and avoiding fluidization, but at the
expense of higher pressure. Problem regarding flow of molten
salt along tank wall can be minimized by keeping the talk-to-
particle diameter ratio between 30 to 40.I'Y) Currently,
thermocline tank has been applied as part of thermal energy
storage in a district heating system and concentrated thermal
solar powerplant.l'” Additionally, a novel cone guidance
system was proposed by Canli at el. to increase mixing
intensity as molten salt flow inside the tank.''") Combined with
a shell-tube heat exchanger with efficient configuration, the
electricity generation system can be fully optimized.
Pyrolysis is a chemical process that relied on heat and acid
catalyst to breakdown structure of hydrocarbon molecules.
Application of pyrolysis varies greatly depending on the input
feedstock which have included cellulosic materials,!'>2% algae,
vegetable oil,?!l waste oil and plastic waste.”?] Pyrolysis of
plastic waste into bio-oil have been regarded one of the major
applications of technology and obligated in many countries
due to waste reduction mandate and regulation constrains.
Different types of plastics can be used for the pyrolysis
reaction including polyethylene, higher density polyethylene
and low-density polyethylene. Combination of polypropylene
with other types of plastic was found to have a positive impact
on the pyrolysis reaction. In addition to PE waste,
polyethylene terephthalate (PET) can undergo the pyrolysis
reaction to produce either monoethylene glycol or terephthalic
acid at temperature between 400 °C to 600 °C. Thermal
degradation of HDPE was found to begin between pyrolysis
temperature 364 to 400 °C. Further increase in pyrolysis
temperature to approximately 520 °C can cause pyrolysis
reaction to be completed.’’) Other plastic wastes such as
Polyvinyl chloride (PVC) and polystyrene. However,
calorimeter analysis revealed bio-oil from HPDE and LPDE
have the highest heating value of approximately 40 to 48
MJ/kg and viscosity in the range of 1.4 to 1.6 CSt.[**2¢]
Co-pyrolysis of PET with biomass such as Samanea saman
at ratio of 3:1 (plastic:biomass) demonstrated lower activation
energy.?’l Most successful pyrolysis process relied on usage of
acidic heterogenous zeolite catalyst, kaolite, and dolomite
solid. In addition to active site for pyrolysis reaction and
control biochar formation, these catalysts also contain large
pore diameters which offer high accessibility and stability for
reaction at high temperature.?®*”) These type of catalysts also
have a variety of particles with bulk density which help facility
heat transfer in the reaction zone. Spent catalyst from catalytic
cracking process (combination of zeolite, binder and filler)
was employed at a catalyst-to-plastic ratio of 0.2 at pyrolysis
temperature of 350°C to yield approximately 78% bio-oil
liquid.°! An increase in undesirable aromatic content in bio-
oil was observed as the amount of catalyst used during
pyrolysis increases. It is also pointed out that the increase in
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aromatic does not have major impact on the characteristic bio-
oil when used as transportation fuel. One of the main
challenges in pyrolysis of plastic is the heat transfer capability
inside the reactor which if conducted in a batch-like process
may contain dead zone where heat does not reach. Therefore,
reactors needed to be assisted with a reliable and continuous
flow of heat throughout the reaction zone in absence of
oxygen. 3031

Till now, various combination of molten salts has been
investigated inside a thermocline tank, while the performance
encapsulated molten salt in a thermocline tank is rarely
documented. Graphene oxide (GO) was used as a carrier while
molten salts is encapsulated in a thin layer of silica oxide
(SiO2). GO was chosen because it can help improve thermal
conductivity of the encapsulated material. Additionally, GO
contained large quantity of oxygen functional sites where SiO»
capsule can be attached to. This research aimed to investigate
the charging and discharging effectiveness of the encapsulated
molten salt system inside thermocline tank with a temperature
range of 300 to 50 °C. A response surface from polynomial
equation derived from experimental data was created to
optimize significant parameters including the percentage by
weight of graphene oxide used to support encapsulated molten
salts, filer particle sizes, and molten salt flow rate. Bioactive
encapsulations were also developed to delay medicine
dissociation in blood stream using organic substrate.
Additionally, other encapsulation catalysts were fabricated in
biochar matrix such as cobalt precious metals*?! and zeolite
matrix,**! which construct both hollow structure and yolk-like
structure. After establishing an optimum setup for energy
storage in molten salt, the heating system was used to
pyrolyzed plastic waste in a tubular reactor with spiral coil
heating section and heterogenous catalysts (Zeolite). Output
derived from both systems includes mainly bio-oil which can
be treated and used for transformation fuel and biochar. A
sustainable solar based system can be established using solar
array with concaved channels as heat source. However, in
order to control the system charging of the thermal storage
system was conducted with an electric heat source.

2. Experimental

2.1 Fabrication of encapsulated nitrate-base molten salts
on graphene oxide platform.

The encapsulation of nitrate-base molten salts (solar salt) can
be conducted in three main steps. A measured amount of GO
was added to cyclopentyl methyl ether (CPME) solution (20
mL) and stirred for 20 minutes at 30 °C under agitation speed
of 600 rpm. Molten salts were obtained by dissolving 10 g of
solar salts in 30 mL of DI water in a 200 mL flask. The GO in
CPME solution was combined with non-ionic surfactant
(Polysorbate 20), poured into the flask with molten salts
mixture and agitated 3 hours. GO in CMPE and the non-ionic
surfactant will form a bulk hydrophobic layer with open-end
hydrophilic tails. These hydrophilic tails can then be attached
to molten salts in the solution which will then be the structure
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for the inner core of the encapsulation. Consequently, 15 mL
of tetraethyl orthosilicate (TEOS) as source of silica oxide
(Si02) was slowly added to the molten salt solution and
agitated continuously for 2 hours. Since TEOS is an
amphiphilic molecule, it will be attached to the hydrophobic
section (consisting of GO and non-ionic surfactant), which
then encapsulates molten salt solutions. Next, hydrolysis of
TEOS was conducted afterward via sol-gel reaction to form
silicon hydroxide. Hydrolysis was performed by adding
NH4OH dropwise into the combined solution while under
constant agitation. Afterward, the sol-gel solution was
centrifuged, solid separated, and dried in a open at 120 °C for
10 hours. Solid material collected afterward is the
encapsulated molten salt in graphene oxide platform (SiO»-
Encap.salt/GO).

2.2 Operating thermocline tank as thermal energy storage
system

This research consists of two different phases including
developing thermal source of energy and pyrolysis reaction as
shown in Fig. 1. Solar concentrators in the shape of parabolic
channel were employed to collect thermal energy during the
day. It is connected to the pyrolysis reactor by stainless steel
pipe, check valves and pressure regulator. The first phase
corresponded to investigation of a thermal energy storage
system using encapsulated molten salt. Once the system was
successfully developed to improve heating capacity, a
thermocline tank with encapsulated molten salt was use to heat
reactor for the pyrolysis of waste plastic bag. The thermal
energy storage operation was conducted in a 1.5 meter
thermocline tank (0.4 meter diameter) with a volume of 0.19
m>. An electric heater (50 LW) was used as a heat source to
investigate the charging process. The storage capacity
calculated in the temperature range of 300 °C to 500 °C was
approximately 65 kWh. Nitrate-based molten salt used was
heat transfer fluid in the thermal energy storage system
consisted of NaNO3 (50%), KNO3 (30%), and LiNO3 (20%).
One of the main characteristics of a thermocline tank is the
inlet diffuser designed to distribute and reduce the system of
molten salt droplet as it enters the tank. Thermocouples are
inserted into the center and the surface of the tank to monitor
temperature gradient along different parts of the tank. The
thermocouples are placed at an interval of 10 cm from top to
bottom of the tank (thermocouples in the range of 200 to 600
°C and error of £1K).

Two high temperature resistant pumps are used to initiate
charging and discharging separately. A two-tank system was
used as thermal storage system as shown in Fig. 2. The first
tank (same dimension as thermocline tank) was used to turn
molten salt into liquid form so it can be circulated throughout
the system. While the system charges, the first pump and ball
valve were open to deliver liquid molten salt from first tank to
the electric heater and then into the thermocline tank. Heat was
transferred from the thermally charged molten salt to spherical
fillers, which help absorb and storage thermal heat. Molten salt
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circulation is accomplished by the second pump. During
discharge phase, the flow direction is reversed with the third
pump which delivered hot molten salts from the thermocline
tank to the heat exchanger, which represents heat sink or usage
of thermal heat. After heat transfer from molten salt inside the
heat exchanger, the cooler molten salt was delivered back to
the thermocline tank to accumulate and push hotter molten salt
out of the tank again. Circulation of molten salts during
discharge phase was also made possible by the second pump.

=D
I

Encapsulated molten

The flow rate of the circulation both during charge and
discharge phase can be adjusted from the two pumps. Every
part of the system is under insulation to avoid thermal loss
while the process operates. Each experimental trial was
conducted three times to obtain statistical data such as mean,
standard deviation and standard error.

2.3 Effectiveness analysis
In order to compare different operational parameters three
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Fig. 1: Flowchart diagram consisting of thermal performance testing and pyrolysis testing over different temperatures and catalysts.
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Fig. 2: Systematic diagram of discharge/charging process of thermal energy storage system with a thermocline tank and pyrolysis

setup.

different indexes were measured from experiment can
calculated. These three indexes included energy efficiency,
capacity ratio and utilization ratio. When the system is in
charging mode its efficiency can be found as the ratio between
the energy storage in heat transfer fluid (HTF) and the input
energy which included energy transferred from the heating
source (Ens) and energy required by the pump Eintet,pump)) at
steady state. On the other hand, the efficiency during discharge
cycle can be calculated as the ratio between energy output
from the outlet of thermocline tank and the energy required for
pump work as shown in equation. Finally, the overall
efficiency can be calculated as the ratio between output energy
and total input energy included energy from heating source
and total pump energy required for both charge/discharge
mode in Eq. (1).

EHTF

(M

Ne+ =
Einlet,pump +EHs

where 1., is charging efficiency, Eyrr is energy stored in
molten salt system or the heat transfer fluid, and Eys is the
energy input from heating source.

Efficiency of energy storage during the discharging period can
be found as a ratio between output energy after discharge and
the total energy input for discharge period which is the
combination of energy consumed by discharge pump and
energy storage in heat transfer fluid during discharge period in
Eq. (2).

Eoutput

Np- = (2)

Eoutlet,pump +EHTF

where 1 _ is the efficiency of the discharging mode, Eytput

is energy released from the thermocline tank for utilization,
and E oy tiet, pumyp 18 the energy required to pump heat transfer

fluid out of the thermocline tank using Egs. (3) and (4).
(3)

Enrr=Enrr.a — Enrrp
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where Eyr 4 is energy that is transferred from molten salt to
filler after charging the thermocline tank and Eyrp p is energy
that is transfer from molten salt to filler before charging the
thermocline tank.

m

= [ferd AP gt

E =
pump tstart PHTF

(4)

where tge,re , represent the initial state of charge, teng
represent the time it took to complete charge the thermocline
tank, m is the flowrate of molten salt, pyrr is density of the
molten salts system which included graphene oxide, nitrate
based molten salt, and SiO.

The overall efficiency included both charge and discharge
action under similar operating conditions. The equation for
overall efficiency can be found by Eq. (5).

| (%)

Eoutlet
input+Einlet,pump+Eontlet,pump

overall = 5

where 1gyeran 18 Overall efficiency of the thermocline system,
Eoutlet 18 energy monitored at the heat exchanger after it flow
passed the thermocline tank, Ejppy¢yq is energy released from
the heating source, Einlet,pump/Eoutlet,pump is how
much energy required to overcome friction in the tank and
piping systems.

Capacity ratio is the ratio between total energy stored in
the thermocline tank to the maximum possible storage energy
during the charging cycle, which is shown in Eq. (6).

= (6)

Emax

where « is capacity ratio, Eypp is energy stored in the heat
transfer fluid, and Ej,, is the maximum energy storage
derived from theoretical calculations.

Utilization ratio is the ratio between actual energy released
to the maximum possible energy stored during the charging
mode using Eq. (7).
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_ Eoutput

B= ()

Energy released during the discharge mode (Ey¢pyt) can

be found as the difference between stored energy measured

after charging the thermocline tank and stored energy
measured after the complete discharge of thermocline tank.

The theoretical maximum or peak energy can be calculated by
Eq. (8).

Eyax = Myrp [Cp,solid (Tss - THTF,i) + Ahf +
Cp,liquid (Tinput - TSl]

®)

where myrr is the mass of heat transfer fluid used during
experiment, ¢, s1iq 15 the specific heat capacity of solids in
the thermocline tank (molten salts, graphene oxide and SiO»),

Cp liquia 18 the specific heat capacity of liquid molten salts.

2.4 Characterization of molten salt system

Encapsulated molten salt is a novel material composite with
very few characterizations information. A scanning electron
microscopy was used to capture morphology images of the
encapsulated samples. It is important to investigate the
presence of graphene oxide on the encapsulated matrix to
guarantee the desirable structure. Additionally, X-ray
diffraction (XRD) patterns were collected to compare
chemical composition of molten salts before and after
encapsulation. Diffraction patterns of graphene oxide and
Si0O, were also analyzed to observe how they impact chemical
composition. Thermal capacities of the encapsulated molten
salts compared to conventional molten salts (nitrate-based
molten salts) was analyzed with a differential scanning
calorimeter. The operation conditions begin at room
temperature, ramped temperature to 140 °C at 15°C/min and
then increased temperature to 300 °C at 10 °C/min under
nitrogen flow. Area under the analytical curves from DSC
measurements are then integrated to calculate heat loss or gain
during both the exothermic and endothermic heat transfer
process. Melting (Tm) and crystallization (T.) temperature
were also spotted as the peaks of DSC curves during both

Cn— 10pm

x1,000 15.0kV LED SEM

exothermic (T.) and endothermic process (Tm).

2.5 Pyrolysis reactor and setup

The production process of high-octane fuel started by adding
50 kilograms of cleaned and dried plastic bags in the reactors
(add 25 kilograms to Reactor I and another 25 kilograms to
Reactor II) as shown in Fig. 2. Different ratios of catalyst-to-
waste plastic were loaded into Hot Filter. After the plastic
waste and catalyst are loaded, both low and high temperature
condensing units are turned on and temperature monitored
regularly. Flow of molten salt from thermal storage system
were delivered into the spiral coil which flows into hot filter
to reach a setpoint of 500 °C. The electrostatic precipitator
(ESP) was turned on after temperature reached the setup. The
temperature of reactor I and reactor II was then controlled by
molten salt to reach setpoint. The pyrolysis reaction was then
conducted for 15 minutes under stable operating conditions.
The control system of pyrolysis consisted of programmable
logic controller (PLC) to control flowrate of molten salt into
the reactors and hot filter which allow temperature to be
controlled. Three catalysts, namely ZSM-5, dolomite, and
kaolin clay were studied. Other operating parameter included
ratio of catalyst-to-plastic (0.1 — 0.3) and pyrolysis
temperature (300 — 500 °C).

3 Results and discussion

3.1 Characterization of molten salt system

The Morphology of graphene oxide in molten salt matrix used
as heat transfer agent during charge and discharge cycle was
examined using SEM. The encapsulated graphene oxide pellet
as shown in Fig. 3a (magnification of 1000) displayed
tetrahedral like structure which demonstrated high oxidation
during the preparation of graphene oxide via chemical process.
Further magnification of the encapsulated surface revealed
proper insertion of graphene oxide particles in SiO, composite
Fig. 3b. Additionally, higher magnification confirmed the
presence of nanoparticles, which successfully adhered to the
composite’s surface contributing to higher heat transfer
capability.

- 100nm MTEC7800

x30,000 15.0kV LED SEM WD 10.0mm

Fig. 3: SEM image magnification a) x1,000 and b) x30,000 (zoomed in red box from a) of encapsulated molten salt in graphene

oxide matrix.
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Fig. 4: Exothermic Heat flow representing crystallization temperature of plain nitrate-base salt and nitrate-base salt encapsulated in
Si0,/graphene oxide for a) endothermic and b) exothermic analysis.

Release of excess heat and energy storage ability of the
triple molten salts system was investigated through DSC
technique, as illustrated in Fig. 4. The peak location of DSC
exothermic curves identified as the solidification step. DSC
graph demonstrated the latent heat during phase change (area
under the curve), melting temperature of the molten salt
solution (peak temperature of the endothermic curve), and the
onset temperature which indicated the temperature at which
sample started to undergo phase change. Fig. 4a compared
DSC endothermic curve from nitrate-based salt (40%
KNO3/60% NaNO; system) with the novel encapsulated
system. Encapsulation of molten salt with graphene oxide
caused the DSC exothermic curve to shift to the left indicating
lower glass transition and melting temperature compared with
conventional nitrate-based salts. The glass transition
temperature and melting temperature of encapsulated molten
salts were approximately 194 °C and 210 °C. On the other hand,
glass transition and metaling temperature of conventional
molten salt were roughly 211 °C and 224 °C. Fig. 4b
demonstrated the DSC exothermic curve of both molten salt
systems. Encapsulation of molten salt in graphene oxide and
SiO, matrix resulted in a reduction in crystallization
temperature from 219 °C to 203 °C.

XRD patterns of nitrated-based and encapsulated molten
salts in Fig. 5 demonstrated three different oxide phases
including NaNO3, KNO3 and LiNOs. Presence of molten salts
inside the encapsulation demonstrate successful adhesion to
Si0; structures. It was also observed that graphene oxide does
not have a significant impact on the crystallinity of the
encapsulated materials. This indicated that graphene oxide is
successfully trapped inside SiOs matrix. Presence of
crystalline NaNOs (represented as o)) was detected at 20 of 27°,
35°, and 56°. Additionally, KNO3 was detected as 18°, 20°, 32°,
38° 41° and 44°. LiNO;3; was observed at 20 of 33°.

3.2 Charge and discharge performance testing
Fig. 6 demonstrates temperature distribution of molten salt
system in axial direction at different locations from top of the
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Fig. 5: XRD pattern of additive graphene oxide, silica oxide,
encapsulated molten salt and plain nitrate-base salts.

thermocline tank to the bottom. It is observed that the molten
salt system has a significant impact on thermal transfer
performance inside the thermocline tank. Impact on heat
transfer propagation inside the thermocline tank was
investigated by varying molten salt flowrate, as shown in Fig.
6. Initial temperature inside the thermocline tank set at 150 °C
in order to transform molten salt into an aqueous phase. A
heating source was set at 300 °C to charge molten salt before
it is delivered into the bottom of the thermocline tank. After
charging for 34.5 minutes, it was observed that temperature
gradient started to form 0.35 meter above the molten salt inlet
channel. The temperature gradient moved up significantly
after 60 minutes of charging, indicating an efficient heat
transfer capability between encapsulated molten salt and
spherical ceramic filters. Ceramic balls were used to create
turbulence in flow of molten salt which will enhance heat
transfer inside thermocline tanks. It also acts as a heat
adsorber which provides a significant heat storage capacity
during charge and discharge phase. After 111.8 minutes of
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charging approximately 50% of thermocline tank is
successfully charged to 300 °C. A charging state of 90% is
reached approximately after 197.3 minutes of operation. An
increase in flow rate of molten salt was found to also improve
the rate of heat transfer throughout the axial direction of the
thermocline tank as shown in Figs. 6b and 6¢. Data acquired
correlated well with documented reports from other
researches.*¥l An increase in heat transfer efficiency is due to
the formation of turbulent flow as intensified vortexed formed
when molten salt collided with ceramic filer inside the
thermocline tank.>3*) From performance testing experiments
it was also found that graphene oxide help improve heat
transfer mechanisms. Many studies have shown presence of
graphene oxide can increase Nusselt ratio which illustrated the
ratio between convection and conduction heat transfer
mode.>7)

3.3 Pyrolysis performance testing

Pyrolysis of waste plastic bag were conducted in two fixed-
bed reactors with double condensation trap producing shorter
chain molecules in the form of bio-oil, biochar and gaseous
products. Pyrolysis mechanism usually proceeds in two main

Engineered Science Publisher

stages including primary pyrolysis and secondary cracking.
An increase in temperature was found to improve formation of
biooil from alkaline type catalyst such as dolomite and kaolin.
A selectivity of 49% toward biooil was observed when
pyrolysis temperature was set at 300 °C over zeolite catalyst
as shown in Fig. 7a. However, as temperature increased the
secondary cracking reaction started to take place causing
volatile products to be breakdown in to gaseous products.?*
Additionally, zeolite catalysts contained acidic active sites
causing attached molecules to exchange protons with acidic
sites causing molecules to spit into smaller molecules.*#! For
this reason, gaseous product from zeolite catalyst increased
from 40.8% to 63.9%, while biooil decreased from 49.0%.
Approximately 2.5 to 10.0% biochar was formed due to
conversion of graphite product on heterogeneous catalyst to
hard coke inside catalyst’s pore.l*!! An increase in temperature
was also found to cause biochar content to increase as shown
in Figs. 7b-c. This is because as the temperature increased
more reactant was allowed to enter catalyst pore resulting in
carbon accumulation. Formation of biochar was suppressed
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when alkaline type catalysts (dolomite and kaolin) were used.
These results corresponded with other researches in the field
of pyrolysis experiments./*>#! The conversion of waste plastic
was found to increase temperature rises as shown in Fig. 7d.
For zeolite catalysts, conversion started at 48.1% at 300
°C,and increased to 61.3% as temperatures increased to 500
°C. Raschat et al. and Sun et al. also reported pyrolysis of
plastic to yield 63% biooil.[**#’| Temperature was also found to
have a significant impact on pyrolysis of waste cooking oil,
which corresponds well with results from this research./*!
Almost 40% diesel was found in biooil product, however due
to high acidic content the biooil have to be treated under high
temperature and hydrogen pressure environment under
palladium-base catalyst. An example of palladium-based
catalyst with humic acid modified was successfully developed,
which can be employed for the hydrotreating process of
biooil.*71 Statistical analysis of data obtained reveals a
standard error of 0.5 to 1.2%.

4. Conclusion

The objective of this research is to develop a solar thermal-
based pyrolysis system to convert waste plastic bag to
combustible biooil. Innovative encapsulated molten was
system was investigated as heat transfer agent inside
thermocline tank used to storage solar heat for the pyrolysis of
waste plastic bag to biooil. Morphology analysis via, SEM and
XRD method revealed that the integrity of the encapsulated is
not affected by the impregnated graphene oxide which help
facilitate enhancement of heat transfer inside the system. DSC
analysis of liquid molten salt demonstrated 10% lower melting
point temperature after graphene oxide was encapsulated in
the system. Charging and discharging test of the thermocline
system revealed an improvement in heat transfer efficiency as
flowrate of molten salt system increased. Pyrolysis of waste
plastic bag was conducted over different heterogeneous
catalysts including zeolite, dolomite and kaolin. Gaseous
products
temperature increases due to the cracking reaction which

increased over zeolite catalyst as pyrolysis

cause volatile molecules to be broken down furthermore.
Utilization of alkaline type catalysts, such as kaolin was
capable of suppressing formation of gaseous product and
biochar. The highest amount of biooil obtained was 61%,
which was derived from kaolin catalyst at a pyrolysis
temperature of 300 °C. Data obtained can be used to upscale
production of biooil from waste plastic bag via pyrolysis
reaction.
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