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Abstract: RFID is a key technology for realizing the Internet of Things (IoT). These applications require
flexible tags that can maintain communication over greater distances between the reader and the tag. In this
article, we propose two designs of UHF RFID tag zigzag dipole antennas on a Kapton substrate: the first
zigzag with a bending angle of 90° and the second at 45°. The two antennas oscillate at 920 MHz — the center
frequency of the Malaysian band for UHF RFID. The main goal of this work is to reduce the antenna size
while keeping the gain as high as possible to achieve a long reading distance. The two antennas were matched
to the NXP UCODE G2iL chip using a modified inductively coupled loop. The antennas were designed and
optimized using CST software. The overall size of the first antenna is 108.6 x 17.2 mm and achieves a gain of
2.21 dBi. The second antenna had a size of 84.10 x 20 mm and the maximum gain achieved was 1.89 dBi.

Keywords: flexible electronics; passive UHF RFID; zigzag dipole; tag antenna; inductively coupled loop

INTRODUCTION

The Internet of Things (IoT) is a rapidly developing technology used in various areas such as
wireless sensor networks (WSN), environmental monitoring, agriculture, smart cities, smart grid,
construction industry, healthcare applications, and intelligent industries. The IoT connects various
devices to the Internet, enabling real-time communication and data exchange [1], [2].

Radio frequency identification (RFID) is a key to realizing IoT. RFID enables sight-free and
cost-effective communication [3]. The RFID system consists of a tag and a reader, usually connected
to a computer. Depending on the power source, there are two types of tags: active, passive, and
semi-passive. Although passive tags have a shorter read range than active tags, they are preferred
over active and semi-passive tags in many applications because they are battery-free, making them
more cost-effective, reliable, and long-lasting. Passive tags consist of an antenna and an Application
Specific Integrated Circuit (ASIC) or simply called an RFID chip [4]. The tag uses the energy
radiated by the reader to power the chip and then communicates with the reader via wireless
backscatter communication [5].

Several frequency bands have been assigned for RFID systems: Low Frequency (LF), High
Frequency (HF), and Ultra High Frequency (UHF). LF and HF typically use coils to communicate
with the reader via inductive coupling using magnetic flux. It is unlikely that UHF tags are intended
for far-field communications and use antennas that allow longer reading distances [6].
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Fig. 1: Current flow in (a) mander line (b) zigzag line with bend angle < 90° (c) zigzag line with
6 =90°.

Several requirements must be met for the tag to be suitable for IoT applications: It must be
flexible, small, inconspicuous, and enable a long reading distance. These requirements present
challenges in the design and manufacturing phases [7].

Since the tag antenna needs to be small, various methods exist to reduce its size. A common
problem is that the antenna gain decreases as the antenna size decreases, resulting in a lower
reading distance, which is considered the most important factor of RFID tags.

The aim of this work is to increase the communication distance between the tag and the
reader. This can be achieved by increasing the antenna gain, keeping the antenna size small, and
powering the ASIC chip using an inductively coupled loop.

ANTENNA DESIGN

The communication distance, d, between the tag and the reader can be estimated using the Friis
formula (1), where EIRP is the effective isotropic radiated power. G, represents the tag antenna
gain, Py, is the chip sensitivity, p is the polarization mismatch, and t is the power transmission
coefficient. This coefficient indicates the degree of agreement between the antennas and the chip
and can be calculated using the formula (2), where Z,=R,+jX, and Z.=R.+jX, are the antenna and
chip impedances, respectively [6].

A |EIRP * G;tp

d=— |——— 1
_ 4R,R, 0<x<1 2
Zevzpe 0=t @

Malaysian Communications and Multimedia Commission (MCMC) assigned the maximum
permitted EIRP value to be 4 watts [8]. The polarization mismatch is 0.5 for a linearly polarized
antenna receiving a circularly polarized wave [9]. The chip sensitivity Py, is a chip specification
given by the manufacturer. From (1) and (2), two parameters can be modified during the design
phase of the tag antenna to increase the reading distance: the tag gain G; and the transmission
power coefficient .



Proceedings of the 8t International Symposium on Advanced Materials and Nanotechnology 2024, (iSAMN2024), October 8-9, 2024

Tag Antenna

Table 1: the dimensions of the 90° zigzag antenna structure.

Parameter Value (mm)
a 4.3
b 4.3
w 1
Lc 14
Wc 7
Lx 108.6
Lp 8
Ls 120
Ws 27.5
d 3.25

Although different types of antennas can be used for RFID tags, half-wave dipole antennas are
commonly used. They are highly customizable and can be bent, folded, or tip-loaded.

The wavelength at the center frequency of the UHF band for RFIDs (915 MHz) is estimated to be
about 328 mm in free space. Therefore, the half-wave straight dipole antenna is about 164mm,
which makes the tag size impractical in many cases. The antenna length can be shortened by using
meander lines, as shown in Fig. 1(a), or by using zigzag lines, as in Fig. 1(b), instead of straight lines
[10]. Both meander and zigzag antennas are highly customizable. Meander dipoles are modified by
their width and pitch length, while zigzag antennas are modified by their segment length and
bending angle, as shown in Fig. 1(a) and (b). The main disadvantage of the meander antenna is that
the radiation from adjacent segments carrying opposite currents, as seen in Fig. 1(a), will cancel
each other out, reducing efficiency. A similar scenario occurs with zigzag antennas. There is a trade-
off between the shortening ratio and the radiation efficiency. For instance, the shortening ratio of a
zigzag antenna increases as its bending angle increases, but its efficiency will reduce accordingly
and vice versa. By making the bending angle 90°, each adjacent segment conducts orthogonal
currents, resulting in orthogonal fields that do not cancel each other and provide the highest
efficiency but give a low shortening ratio.

This article presents two designs of UHF RFID zigzag dipole antennas with different bending
angles: 90° and 45°. The length of the two antennas was further reduced by adding capacitive tip-
loading. Fig. 2 shows the 90° zigzag, and its dimensions are listed in Table. 1.

The substrate used for the two antennas is Kapton. Kapton is a polyimide film with a relative
permittivity &, = 3.4, tangent loss § = 0.002, and a thickness of 125 um.

RFID Chip

The sensitivity of the chip is an important parameter for long-range applications. For this reason,
the NXP UCODE G2iL chip was chosen for its high sensitivity of —18 dBm. The chip impedance is
23 —j224 Q at 915 MHz is modeled by a 0.77 pF capacitor connected in parallel with a 2200 Q
resistor [11].

Matching Circuit
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The matching to the chip is achieved by an inductively coupled loop. The matching loop acts as an
impedance transformer and the input impedance seen at the loop terminals is given by

(2rfM)”

2 ®)

Zinzzloop"'

Where M is the mutual inductance of the transformer, and Z,, is the antenna impedance [7]. Z;,p,

is the impedance of the matching loop given by (4), whereas L, is the self-inductance of the loop
given by

Z loopzj 2 nflloop (4)

The loop also includes a zigzag line to reduce its size. Additionally, this makes the antenna more
intertwined with the loop, resulting in a stronger coupling.

4 loopzj 2 7—(leoop 4)

The loop also includes a zigzag line to reduce its size. Additionally, this makes the antenna more
intertwined with the loop, resulting in a stronger coupling.

RESULTS AND DISCUSSION

The two antennas were simulated using the CST Microwave Studio software. First, the 90° zigzag
antenna was simulated and matched to the chip. The input impedance at the loop terminals where
the chip is attached is shown in Fig. 3. It is clear that an excellent match to the chip has been
achieved. The power transmission coefficient T was calculated to be 0.9991. The 3D radiation pattern
is shown in Fig. 3. It is similar to traditional dipole antennas, with a slight shift caused by the
matching loop.
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Fig 1: The geometry of the designed 90°zigzag RFID tag antenna resonates at 920 (MHz), simulated
using CST software on a Kapton substrate. The antenna material is copper, and its thickness is 35 pm.
The antenna was matched to an RFID tag with a complex impedance.

The 90° zigzag antenna achieved a maximum directivity and gain of 2.33 dBi and 2.21 dBij,
respectively, and a radiation efficiency of —0.1217 dB or 97%. Meanwhile, the maximum directivity
and gain of 45° zigzag are 2.24 dBi and 1.89 dBi, respectively, with a radiation efficiency n, of
—0.348 dB, corresponding to 92%. Although the 90° zigzag antenna achieved a significant
improvement in gain compared to the 45° zigzag antenna, it had a longer axial length, as shown in
Tab. 1.
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For comparison, a straight dipole on a Kapton substrate was designed and simulated to oscillate at
920 MHz. The antenna dimensions were 1 mm wide and 151.4 mm. The gain and directivity were
1.9 dBi and 1.93 dBi, respectively.

The high efficiency of the 90° zigzag is due to its orthogonal segments that radiate fields that do not
cancel each other out. The two antennas were compared to previous meander and zigzag dipole
RFID tag antennas. The comparison is shown in Table. 2. The table shows that meander antennas
generally provide lower gain than zigzag antennas. The meander antenna in [12] has some bends
and is loaded with split ring resonators SRR to achieve the required shortening, resulting in a high
gain of 1.96 dBi and a radiation efficiency of —0.002138 dB and 99.95%. The 90° zigzag achieved an
even higher gain of 2.21 dBi, but its axial length is the highest.

Z-Parameters [RealImagnary Part]

— 71,1 (Re)

e =emes 21,1 (1)

600 700 B0 900 [s20 1000 1100 1200
Frequency | MHz

Fig. 2: The real and imaginary parts of the input impedance of the antenna after matching are
approximately equal to the conjugate of the equivalent impedance of the RFID IC.

a
@

o s N
W -

“' | l“l‘ |'1i!1 lll‘lI‘V r

o

) © LN
o

O N

Fig. 3: 3D radiation pattern of the 90"0 zigzag RFID tag antenna resonates at 920 (MHz); the
maximum gain is 2.21 dBi.

CONCLUSION

In this article, we presented two designs of passive RFID zigzag dipole tag antennas on a Kapton
substrate, whose bending angles of the zigzag lines were 90° and 45°. Each antenna resonates in
the middle of the frequency band intended for UHF RFID applications in Malaysia. The main
objectives were to reduce the antenna size, maintain high gain, and ensure good matching to the
RFID chip. The design and optimization of the antennas were performed using CST software. The
90° zigzag size was 108.6 x 19.7 mm and the gain was 2.21 dBi. And the 90° zigzag size was 85.5
mm and the gain was 1.89 dBi.



Proceedings of the 8t International Symposium on Advanced Materials and Nanotechnology 2024, (iSAMN2024), October 8-9, 2024

REFERENCES

[1] M. Alam, K. A. Shakil, and S. Khan, Eds., Internet of Things (IoT): concepts and applications. Cham,
Switzerland: Springer, 2020.

[2] Y. B. Zikria, R. Ali, M. K. Afzal, and S. W. Kim, ‘Next-Generation Internet of Things (IoT): Opportunities,
Challenges, and Solutions’, Sensors, vol. 21, no. 4, p. 1174, Feb. 2021.

[3] Colakovi¢ and M. HadZiali¢, “Internet of Things (IoT): A review of enabling technologies, challenges,
and open research issues’, Computer Networks, vol. 144, pp. 17-39, Oct. 2018.

[4] Ahmadihaji, R. Izquierdo, and A. Shih, ‘From Chip-Based to Chipless RFID Sensors: A Review’, IEEE
Sensors J., vol. 23, no. 11, pp. 11356-11373, Jun. 2023.

[5] H. Stockman, ‘Communication by Means of Reflected Power’, Proc. IRE, vol. 36, no. 10, pp. 1196-1204,
Oct. 1948.

[6] G. Marrocco, ‘The Art of UHF RFID Antenna Design: Impedance-Matching and Size-Reduction
Techniques’, IEEE Antennas Propag. Mag., vol. 50, no. 1, pp. 6679, Feb. 2008.

[71K. V. S. Rao, P. V. Nikitin, and S. F. Lam, ‘Antenna Design for UHF RFID Tags: A Review and a Practical
Application’, IEEE Trans. Antennas Propagat., vol. 53, no. 12, pp. 3870-3876, Dec. 2005.

[8] ‘Malaysian Communications And Multimedia Commission (MCMC) | Suruhanjaya Komunikasi dan
Multimedia Malaysia (SKMM) - Home’. Accessed: May 14, 2023. [Online]. Available:
https://www.mcme.gov.my/skmmgovmy/files/attachments/SRSP530RFID.pdf

[9] C. A. Balanis, Antenna theory: analysis and design, Fourth edition. Hoboken, New Jersey: Wiley, 2016

[10]H. Nakano, H. Tagami, A. Yoshizawa, and J. Yamauchi, ‘Shortening Ratios of Modified Dipole
Antennas’, IEEE Trans. Antennas Propagat., vol. 32, no. 4, pp. 385-386, Apr. 1984.

[11]NXP Semiconductors, ‘'NXP UCODE G2iL’. Accessed: Aug. 15, 2024. [Online]. Available:
https://www.nxp.com/docs/en/data-sheet/SL351203_1213.pdf

[12] Aznabet, M. Ennasar, O. El Mrabet, S. Tedjini, and M. Khalladi, ‘"Meander-Line UHF RFID Tag Antenna
Loaded with Split Ring Rersonator’, in 2016 5th International Conference on Multimedia Computing
and Systems (ICMCS), Marrakech, Morocco: IEEE, Sep. 2016, pp. 757-759.

[13]S. Bhaskar and A. K. Singh, ‘A Compact Meander Line UHF RFID Antenna for Passive Tag
Applications’, PIER M, vol. 99, pp. 57-67, 2021.

[14]D. Yu, Y. Ma, and Z. Zhang, “UHF Band Tag Antenna Design in RFID System’, in 2009 Asia Pacific
Microwave Conference, Singapore, Singapore: IEEE, Dec. 2009, pp. 512-515.

[15]P. W. Sarr, I. Dioum, A. Diop, D. Ba, M. M. Khouma, and I. Gueye, ‘A New Broadband Compact
Meander Dipole Antenna for RFID Applications’, in 2022 International Conference on Electrical,
Computer and Energy Technologies (ICECET), Prague, Czech Republic: IEEE, Jul. 2022, pp. 1-6.

[16]N. M. Faudzi, M. T. Alj, L. Ismail, H. Jumaat, and N. H. M. Sukaimi, ‘A Compact Dipole UHF-RFID Tag
Antenna’, in 2013 IEEE International RF and Microwave Conference (RFM), Penang, Malaysia: IEEE,
Dec. 2013, pp. 314-317.

[17]S. Bhaskar and A. K. Singh, “‘Meander Line Tag Antenna with Inductively Coupled Parasitic Element
and T-Loop Feed’, in 2017 International Symposium on Antennas and Propagation (ISAP), Phuket:
IEEE, Oct. 2017, pp. 1-2.

[18]S. Wickramasinghe, J. Jayasinghe, and M. Senadeera, ‘A Miniaturized Printed Dipole with Non-
Uniform Meander Lines for Ultra High Frequency — Radio Frequency Identification Passive Tags’, in
2022 International Research Conference on Smart Computing and Systems Engineering (SCSE),
Colombo, Sri Lanka: IEEE, Sep. 2022, pp. 262-267.

[19] Yejun He and Bing Zhao, ‘A novel UHF RFID dual-band tag antenna with inductively coupled feed
structure’, in 2013 IEEE Wireless Communications and Networking Conference (WCNC), Shanghai,
Shanghai, China: IEEE, Apr. 2013, pp. 2739-2743.

[20] V. H. Nguyen et al.,, ‘Improving Radiation Characteristics of UHF RFID Antennas by Zigzag
Structures’, in the 2011 International Conference on Advanced Technologies for Communications (ATC
2011), Da Nang, Vietnam: IEEE, Aug. 2011, pp. 102-105.


https://www.mcmc.gov.my/skmmgovmy/files/attachments/SRSP530RFID.pdf

Proceedings of the 8t International Symposium on Advanced Materials and Nanotechnology 2024, (iSAMN2024), October 8-9, 2024

Determination of Tramadol and Codeine Using a Paper Screen Printed
Electrode Coupled Colorimetric Device

Salamatu Hayatu'?', Abdulrahman A Audu? Maryam D. Mahmud!

Department of Pure and Applied Chemistry, Faculty of Science, Kaduna State University, Kaduna
P.M.B 2339, Nigeria

2Department of Pure and Industrial Chemistry, Faculty of Science, Bayero University, Kano P.M.B 3011, Nigeria

*Corresponding author’s E-mail: salamatu.hayat@kasu.edu.ng

Abstract: We present a paper-based screen- printed electrode coupled colorimetric device for the presumptive
and confirmatory analysis of tramadol and codeine. In this study, we utilized AuNPs (gold nanoparticles) to
serve both as a colorimetric probe and as modifier on the paper electrode in other to enhance the sensitivity
in voltametric detection. Tramadol and codeine were successfully detected in acetate buffer under optimized
pH conditions, using differential pulse voltammetry (DPV) and cyclic voltammetry (CV), respectively. The
colorimetric analysis produced a positive color change, while the voltametric analysis exhibited a good linear
range between 0.04 to 0.4 mM, which gave R?>=0.9018 and R?=0.9725 with a detection limit of 2.3 mM and 0.2
mM for tramadol and codeine respectively. The sensor demonstrated good reproducibility and was evaluated
using urine samples from addicts.

Keywords— colorimetry, screen printed electrode, tramadol, codeine.

INTRODUCTION

Ilicit or hard drugs are illegal substances that are highly addictive and pose serious risks to both
people and the environment [1]. Opioids, known for their effective pain-relieving effects, are often
prescribed to manage severe pain. However, frequent or excessive use of these substances can lead
to a strong physical dependence that may develop into addiction [2]. Drug abuse is the misuse and
addiction to medicinal opioid products. It is associated with a myriad of medical, social, and legal
problems. Unfortunately, the widespread increase is evident [3]. The abuse of these drugs poses a
global challenge, addressing this issue necessitates an interdisciplinary approach. The discovery,
production, trafficking, and consumption of illicit drugs have been constantly growing, leading to
heavy consequences for environment, human health, and society in general [4]. Research shows the
prevalence of any drug use in Nigeria was estimated at 14.4 per cent or 14.3 million people aged
between 15 and 64 years. The extent of drug use in Nigeria was comparatively high when compared
with the 2016 global annual prevalence of any drug use of 5.6 per cent among the adult population.
Cannabis was the most commonly used drug followed by opioids, mainly the non-medical use of
prescription opioids and cough syrup [5].

THEORY/LITERATURE REVIEW

Detection of these drugs usually involves a two-step method [4, 6-7]. Initially, a quick presumptive
test, such as color/spot tests, microcrystalline tests, ultraviolet spectroscopy, thin-layer
chromatography (TLC), immunoassays, or urine dipstick tests, is conducted forscreening.
Subsequently, a more precise confirmatory step is performed. Presumptive testing is generally
more cost effective and allows on-site measurements by untrained personnel, whereas

10
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conventional/confirmatory methods (e.g., high-performance liquid chromatography (HPLC),
portable Raman spectroscopy, liquid chromatography-mass spectroscopy (LC-MS) or gas
chromatography-mass spectroscopy (GC-MS), fluorescence spectroscopy [3, 6-9] are expensive,
require skilled personnel, involve complex analytical methods, and are unsuitable for on-site
analysis. Colorimetry is commonly used in microfluidic paper-based devices, but combining it
with electrochemical sensors provides increased sensitivity and selectivity. The need for rapid
screening system necessitates the development of simple and portable/inexpensive platforms for
the detection of abuse drugs [10-13]. As such, we propose a paper colorimetric sensor coupled with
voltametric detection for both presumptive and confirmatory tests, respectively. Gold nanoparticles
(AuNPs) are highly stable metal nanoparticles with several outstanding features, including facile
synthesis and surface modification, excellent biocompatibility, and strong surface plasmon
resonance in the visible region of the spectrum, making them ideal for naked-eye detection of
analytes [3]. They exhibit unique optical and electrochemical properties and are widely used for
sensing various analytes [14]. AuNPs was used on this sensor as modifiers to enhance the sensitivity
of the sensor device. Various sensors have been applied in the voltametric detection of codeine [15-
18] and tramadol [19-21], but none have reported this current method.

MATERIALS

All chemicals used were of analytical grade. Chloro auric acid (HAuCl4), and silver conductive ink
from Sigma Aldrich (USA), sodium citrate dihydrate, sodium acetate, and acetic acid from Kermel
chemicals (China), potassium ferricyanide, and potassium chloride from Harris reagent (England),
KClL Ag from Radiometer analytical (France), lead (II) chloride, Lo-Ascorbic acid, and urea from
HmbG chemicals, uric acid, and HCI from Sigma Aldrich (Germany), sodium chloride, glucose,
and citric acid from R&M chemicals (UK), phosphate buffer from Bendosen laboratory chemicals
(Malaysia), pure tramadol powder and codeine syrup was obtained from NDLEA (national drug
law enforcement agency), metallic gold card obtained from supplier.

EXPERIMENTAL

Field emission scanning electron microscopy-Energy dispersive x-ray spectroscopy (FESEM-EDX)
was used to examine the morphology and elemental spectra (constituents) of the AuNPs.
Transmission electron microscopy (TEM) was used to examine the shape and sizes of AuNPs. UV-
Vis spectrophotometer (Lambda 35 UV-Vis spectrometer, Perkin Elmer USA) was used to analyze
the changes in absorbance corresponding to the presence of the drugs. DropSens potentiostat
(United Kingdom) and Autolab potentiostat controlled by Nova software 2.1.4 were used for the
electroanalytical measurement (differential pulse voltammetry and cyclic voltammetry), by
coupling to a computer and the sensor strip, which has three electrodes: a working electrode, a
counter electrode, and a reference electrode.

Device Fabrication

Two distinct patterns were created in Corel Draw. The first pattern, which consist of circles with a
diameter of 1.6 cm, was printed on a gold card using a printer. The second pattern, representing
the electrode layout (comprising the working electrode (WE), reference electrode (RE), and counter
electrode (CE)), was printed on an A4 laser sheet using a HP LaserJet 5100M printer. The electrode
layout design on the laser sheet was exposed to a mesh, which was then used for screen printing
silver ink onto the gold card [22]. The card was cured for 30 minutes at 120°C, after which individual
electrochemical cells or sensor strips were cut out. The working electrode was modified with gold
nanoparticles as shown in fig 1. For the screen-printed paper electrode, the working electrode was
drop-coated with 10 pL of AuNPs, and the solution was allowed to dry at room temperature [23].

11
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The reference electrode was modified with 5 uL PbCl2 and 10 uL KCl.Ag to form the Ag/AgCl
reference electrode. The Au-modified screen-printed electrode (AuMSPE) was then used for
electrochemical analysis. For the colorimetric test, 10 uL of AuNPs was drop-coated onto separate
working electrodes. Upon subsequent addition of 10 uL of 100 uM tramadol and 100 uM codeine,
a change in colour was observed.

e

Fig. 1: Image of SPE

Synthesis of Gold Nanoparticles

In 200 mL of deionized water, 7.0 mg of HAuCl4 was dissolved to create a pale-yellow solution. 50
mL of the solution was allowed to boil under vigorously stirred, and 5 mL of 40 mM sodium citrate
was added dropwise, untill a steady deep red color was obtained after 15 minutes of continuous
heating and stirring [24]. The solution was kept at or below 7°C.

Colorimetric Analysis

The drug samples (codeine sulfate, and tramadol) were prepared by first creating a 1 mmol L+ stock
solution of each drug in water. Working standard solutions of different analyte concentrations were
then prepared by diluting the stock solutions with double- distilled water [25]. To conduct the
experiment, a solution of AuNPs was first dropped onto the working electrode, followed by the
addition of the drug solutions. A colour change was observed, indicating the interaction between
the drugs and the modified electrode.

RESULTS AND DISCUSSION

Field Emission Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy

Fig. 2A provide the FESEM image of Ag ink SPE, showing an image saturated with Ag particles,
which are not in nano size. Fig. 2C gives the EDX spectral image of Ag SPE. From the spectral image,
there is one sharp peak of Ag with some small peaks of C and O. The dominant peak shows the high
amount of Ag present. Fig. 2B shows small, tiny deposits of AuNPs on the surface of Ag ink SPE.
The AuNPs are widely dispersed. Fig. 2D provides the EDX spectral image of AuNPs. The spectral
images show sharp peak of Au with smaller peaks of O and C, which is attributed to the carbon
based. These results indicate AuNPs dominates the surface and is widely distributed. It also
validates the method used for synthesizing AuNPs and the purity of the AuNPs.

12



Proceedings of the 8th International Symposium on Advanced Materials and Nanotechnology 2024, (iISAMN2024), October 8-9, 2024

Fig. 2: FESEM-EDX image of (A and C) AgSPE (B and D) AuMSPE

Transmission Electron Microscopy

Fig. 3 illustrates the shape of AuNPs, which is assumed to be spherical. AuNPs are typically known
to exhibit triangular, spherical, and hexagonal shapes. Particle sizes obtained from TEM analysis
are within the nano size range, ranging from 15 nm to 40 nm. The TEM analysis further confirms
that the size of AuNPs falls within the nano size range.

Colorimetry and UV-Vis Spectroscopy

Colorimetric studies were conducted for naked-eye discrimination without the use of sophisticated
equipment. Figure 4A shows an image captured with a phone camera with a resolution of 1440 x
3200 pixels. Different responses were observed for each drug, indicating a unique fingerprint for
each drug. Upon addition of 20 pl of tramadol and codeine to AuNPs, the deep red color of the
AuNPs changed to purple (lilac) and a much lighter purple, respectively. These results are
consistent with those reported in the literature [14]. Figure 4B shows the UV-Vis absorption spectra
of tramadol, codeine, and AuNPs. Tramadol gave broad overlapping peaks between 206.36nm to
263.06nm, and codeine gave a sharp broad peak at 261.13 nm. These peaks correspond to o-0*
bonding interactions. A broad absorption band was observed at 526.32 nm for AuNPs, which is
attributed to o-m bonding interaction, but due to the wide wavelength range of 200 to 600nm used
for all the substances, including AuNPs, the band for AuNPs suppresses to a very low intensity,
which makes the peak invisible when plotted with other substances. AuNPs with tramadol gave
broad overlapping peaks at 210.05nm, 232.94nm, 374.59nm and a broad band at 536.16nm. AuNPs
with codeine gave sharp absorption peak at 211.70nm, while the peaks at 237.26nm and 560.26nm
suppresses. In summary the observed peaks are attributed to absorption of codeine and tramadol,
the surface plasmon resonance of AuNPs and the potential formation due to the interactions
between AuNPs with codeine and tramadol. The shift in the peak positions and the appearance of
additional peaks suggest that the interaction between AuNPs with codeine and tramadol has
influenced the optical properties.

Fig. 3: TEM image of AuNPs
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Fig. 4: (A) Colorimetric study (B) UV-Vis spectra

Cyclic and Differential Pulse Voltammetric Study of tramadol and Codeine

The sensitivity of detection was assessed by conducting a DPV and CV scan for different
concentrations of tramadol and codeine ranging from 0.01 mM to 0.4 mM and 0.04 mM to 0.24 mM
respectively using AuMSPE. There was no leaching of AuNPs during experiment, as AuNPs was
strongly attached onto the surface of Ag SPE, also reported by [24]. Figures 5A and 5B demonstrate
that the peak current increases as the concentration of tramadol increases, showing a proportional
relationship between the peak current and the concentration of tramadol. The calibration plots
showed good linear regression values (R?>=0.9018) and (R?>=0.9725) for tramadol and codeine
respectively. The limit of detection (LOD) was calculated as 2.3 mM and 0.2 mM for both tramadol
and codeine respectively.

Validation and Real Sample Application

The applicability of the proposed method was evaluated by analysis of codeine and tramadol in
urine samples. The result obtained for the original samples and for samples spiked with codeine
and tramadol was validated with GC-MS analysis, and the data obtained in Table 1 and 2 shows
good correlation between the developed method and the standard method.

000055 P

00005 . y = TE-07x+ 00004
’ R =0.9018

Ay WM —— 200 M 1003 a0 13 ) ] 430
By =) =0 Concentration [mM)

14



Proceedings of the 8t International Symposium on Advanced Materials and Nanotechnology 2024, (iSAMN2024), October 8-9, 2024

vl [e] 1750
s 4 1650 |E|
1550
Z 1450
; EN
A 7 I 130
1250
; 1150
/ y=3125.2x1906.23
/ 1050 R - 00725
/, / e —
/ 0.04—008 — 0.1—016 02—024 950
¢ 0.04 0.14 024
o Conc. (mM)
——

Fig. 5: (A and B) DPV and calibration plot for 0.04 to 0.4mM tramadol (C and D) CV and calibration plot for
0.04 to 0.24mM codeine

Table 1: Determination of Tramadol in real sample

Sensor Tramad ol Added Tramad ol Found %
(mM) (mM) Recovery
AuMSP E Tramado 1 2.3 mM (LOD)
0.03 0.033 110
0.2 0.16 80
GC-MS 0.03 0.025 83.7
0.2 0.17 85

Table 2: Determination of Codeine in real sample

Sensor Codein e Added Codein e Found %
(mM) (mM) Recover y
AuMSP E 0.2 mM (LOD)
0.04 0.032 80.0
0.3 0.283 94.3
GC-MS 0.04 0.032 80.0
0.3 0.245 81.6
CONCLUSION

The AuMSPE

coupled colourimetric device was successfully fabricated and utilized for the

colourimetric and voltametric detection of tramadol and codeine. The sensitivity of the sensor was
enhanced by modifying it with AuNPs, which also served as a colorimetric probe for both drugs.
This device represents the first reported instance of detecting tramadol and codeine using this dual
method. Calibration studies for both drugs showed a good linear response, with a low limit of
detection in the range of 0.2mM and 2.3mM for codeine and tramadol respectively. The sensor was
successfully applied on urine samples from addicts.
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Abstract: In this work, we synthesized and characterized metal-organic frameworks (MOFs) UiO-66, ZIF-67,
graphitic carbon nitride (g-C3N4), and nanohybrids. After synthesising pristine materials (g-CsNs, UiO-66,
and ZIF-67), nanohybrids (CZ, and CU) were formed. The materials were characterised using XRD, UV-Vis,
Zeta potential, and dynamic light scattering (DLS). X-ray diffraction (XRD) analysis confirmed MOF
formation, and optical property analysis revealed their light- related behaviour. Initial photocatalytic
degradation experiments on methylene blue (MB) need further testing to confirm their accuracy. This study
suggests ways to develop nanohybrids for sustainable applications.

Keywords: MOFs, g-CsNs, Nanohybrids, Zeta Potential, Photocatalytic Degradation and Optical Properties.

INTRODUCTION

Novel materials that support sustainable technologies are needed to reach net-zero emissions by
2050. Due to their structural and electrical properties, metal-organic frameworks (MOFs) as UiO-66
and ZIF-67 and graphitic carbon nitride (g-CsN4) are attractive materials (4). MOFs are useful for
catalysis and environmental remediation due to their high surface area, tunable porosity, and
chemical flexibility. Due to its photocatalytic capabilities with visible light, g-CsNs, a semiconductor
without metal components, is of interest (8). This is crucial for energy and environmental
applications. Hybrids of g-C;Ns and MOFs can improve stability, electronic interactions, and
photocatalytic performance. This study strategically combines g-CsNis with UiO-66 and ZIF-67, a
combination that has yet to be reported.

LITERATURE REVIEW

Recent studies have explored novel photocatalytic systems combining MOFs and other
nanomaterials for enhanced performance. A dual Z-scheme heterojunction of UiO-66(Zr)/MIL-
125(Ti)-NH,/g-CsN, demonstrated improved photocatalytic activity for C-C bond
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formation under visible light (1). Another study reported a g-C;N4@ZIF- 67/NiSx composite
with 8.32 times higher hydrogen production than pure g-C:Ni (2). Coordination bond-
connected  UiO-66-NHz(Zr/Ti)/ carboxyl-functionalized MXene heterostructures showed
exceptional hydrogen evolution rates of 2187 umol g h™, surpassing most MOF- based
photocatalysts (3). Additionally, g- CNi/ZIF-67 nanocomposites exhibited improved
photocatalytic dye degradation and hydrogen production, with 3.84 times greater H2
production than bare g-CsNs (4). These studies highlight the potential of combining MOFs, g-
3Ny, and other nanomaterials for enhanced photocatalytic applications in various reactions.

MATERIALS

Reagents and chemicals of analytical grade were used to synthesize all the samples. The study used
melamine with a 99% purity to synthesize pure g-C;sNj, 1,4-benzenedicarboxylic acid (HBDC/BDC)
with a 98% purity, zirconium (IV) chloride (ZrCl4) with a 99.5% purity, N, N-dimethylformamide
(DMF) with a 99.8% purity, and acetic acid with a 99% purity. The synthesis of ZIF-67 involved
cobalt nitrate hexahydrate, 2- methylimidazole (2-MIM), and methanol.

EXPERIMENTAL

Synthesis of materials

(i) Synthesis of g-C3N4
The synthesis of graphitic carbon nitride (g-C3N4) begins with the preparation of melamine, which
is heated to 550°C in a muffle furnace for 6 hours. The temperature is then maintained at 550°C for
an additional 5 hours using a Carbolite furnace. After cooling, the resulting powder is ground to a
fine texture, completing the synthesis of g-C3N4.

(ii) Synthesis of UiO-66
UiO-66 is synthesized by dissolving 150 mg of zirconium tetrachloride in 30 ml of
dimethylformamide, followed by the addition of 115 mg of 1,4-benzene dicarboxylic acid and acetic
acid. The solution is then transferred to a Teflon-lined autoclave for hydrothermal treatment.
Afterward, the resulting precipitates were collected and separated, followed by multiple washings
with distilled water and ethanol.

(iii) Synthesis of ZIF-67
To prepare ZIF-67, cobalt nitrate hexahydrate is dissolved in methanol, while 2-methylimidazole
was dissolved in a separate beaker. The mixtures were then gradually combined, stirred, and
aged for three days. The resulting solution was filtered using a nylon filter membrane to collect
the purple ZIF-67 precipitate, which was subsequently washed with methanol and dried below
the decomposition temperature of 60 °C until completely dry.
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(iv) Synthesis of g-C3N4/ZIF-67 nanohybrid (CZ)

The ZIF-67/g-C3N4 nanohybrid (CZ) is synthesized by first preparing g-C3N4. A fresh ZIF-67
solution is then prepared following the pure ZIF-67 synthesis method. Once the ZIF-67 solution
was ready, g-C3N4 was added and thoroughly mixed. The ZIF-67/g-C3N4 nanohybrid forms
after a three-day reaction at room temperature. The same method is used to prepare the CU
hybrid sample (5).

Characterisation Techniques

The formed catalyst underwent compositional analysis and phase investigation using a powder
X-ray diffractometer (RIGAKU Miniflex600c). The test used Cu-Ka radiation with 20 between
5 and 70.. The optical properties of all samples were obtained from UV-Vis- Nir
Spectrophotomer UV3600 Shimadzu. The Zeta potential and dynamic light scattering (DLS)
were measured using Nano Series from Malvern Tech. The study tested CZ, and CU
nanohybrids for photocatalytic activity and adsorption using 40 mgL™ of MB at room
temperature. The solution was darkened for 30 minutes, and the degradation experiment lasted
120 minutes. Samples were taken every 15 minutes, and UV-visible spectrophotometers (Perkin
Elmer Lambda 35) measured MB solution degradation.

RESULTS AND DISCUSSION

The XRD pattern of the MOFs matched the simulated structure of ZIF-67 and UiO-66 from the
Cambridge Structural Data file (CCDC 1429244 and 2054314). XRD examination validated the
synthesis of all pure materials, including g-C3N4, ZIF-67, and UiO-66. Fig. 1(a) and 1(b) illustrate
the XRD patterns for these materials. The distinctive peaks for g-C3N4 were at 12.97° and 27.57°,
corresponding to the (100) and (002) planes. UiO-66 showed distinct peaks at 20 values
corresponding to planes (111), (200), (400), (600), and (731), while ZIF-67 peaks corresponding to
planes (011), (002), (112), (022), (013), and (222). The XRD peaks match the literature (6), verifying
the materials' formation and phases.
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Fig. 1. XRD patterns of g-CsNs, ZIF-67 and CZ hybrid
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Table 1 lists all pure and hybrid sample peaks. The CZ and CU hybrid samples showed distinct
XRD peaks of pure ZIF-67 and UiO-66 from g-CsNi peaks. MOF materials have distinctive
crystalline structures, functionalization processes, and chemical compositions, which may explain
the hybrid material's prominent ZIF-67 or UiO-66 peaks in the XRD pattern.

TABLE 1. XRD peak position of all samples

Sample Peak positions

g-C3N4 12.97°,27.57°,

2167 7.34°,10.37°, 12.72°, 14.67°, 16.41°,18.02°

UiO-66 7.35°, 8.49°, 11.98°, 17.04°, 25.67°, 30.7°
z 7.35°,10.38°, 12.73°, 14.7°, 16.45°,18.03°, 22.14°, 24.5°, 25.56°, 26.65°
CU 7.4°,8.63°,12.12°,25.79°

The optical properties of pure and synthesized hybrids were studied using a UV-Vis
spectrophotometer. The band gaps were estimated using the Taut plot (Fig. 3). This study found
that the calculated bandgap values for all synthesised samples, including g-C3Ny, ZIF-67, UiO-
66, and their hybrids (CZ of 5.38 eV and CU of 4.27 V), match the observed absorption edges and
literature (7). This consistency confirms the accuracy of the synthesis and characterisation
methods and the bandgap measurements in confirming the materials' electronic properties. The
absorption edge and bandgap show that the electronic transitions responsible for absorption
match the calculated energy gaps. Despite the hybrids' low g-C3Ny, their bandgap values are
consistent with expectations, suggesting that the g-C3N4 could improve their optical properties.
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Fig. 2. (a) UV-visible absorbance spectra, (b) Tauc plots for CZ and CU.

Zeta potential and DLS analyses assessed charge stability and particle dispersion in synthesised
materials. Pure g- C3N4 had the highest stability of the pure samples, with a zeta potential of -40.5
mV (Fig. 3), indicating well-dispersed particles and a uniform size distribution, indicating small.
Pure UiO-66 and ZIF-67 showed moderate stability (-21.8 and -24.5 mV, respectively), indicating
particle aggregation but overall stability. CZ hybrid showed low stability, with significant particle
aggregation and a broad size distribution, which could affect performance. Unlike the CZ hybrid,
the CU hybrid had moderate stability, like pure UiO-66, with some particle aggregation but better
stability. These findings show that pure and hybrid materials have different particle dispersion and
stability, which are important for photocatalytic applications.

Fig. 3. Zeta Potential Distribution for pure g- C:Nu
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CONCLUSION

In conclusion, g-CsN4, UiO-66, and ZIF-67 and their composites have been successfully synthesised
and have promising uses in photocatalysis. The successful formation of the pure and hybrid
materials, containing g-CsNs and MOFs, was confirmed through X-ray diffraction analysis. The
UV-Vis spectroscopy results displayed absorption properties similar to the expected band edges
and photon energies. Also, the limited amount of g- C:Ns in MOF hybrids hindered substantial
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bandgap modification. This indicates that additional improvements in the synthesis process may
be necessary to enhance the integration and interaction between g-CsNs and MOFs.
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Abstract: The efficient separation capabilities of nonwoven nanomembranes have led to their increasing use
in the treatment of wastewater, there also many research has been published in past studies for the
nanomembrane usage for the treatment[39- 41]. The aim of this work is to create poly(vinylidene) fluoride
(PVDF) nanomembranes with bead free and high surface porosity by electrospinning methods, which will
aid in the adsorption of used cooking oil by providing more binding site for the contaminant. Nanofibers
without beads were produced by fabricating PVDF membranes with polymer concentrations between 16 and
25 weight percent in a 7:3 solvent mixture of DMF and Acetone. Prior to and following adsorption, the
membranes were evaluated using SEM. For effective oil adsorption, high porosity and homogeneous fiber
shape were validated by the characterisation. The results showed that PVDF nanomembranes with greater
polymer concentrations (25 wt%) had greater porosity and oil adsorption capacity with 70% of WCO removal
from the oily wastewater. SEM analyse revealed uniform nanofiber structures with increased surface
roughness post-adsorption. These findings support the effectiveness of PVDF nonwoven nanomembranes in
oily water treatment, making them  promising solution for wastewater management and
environmental protection.

Keywords: PVDE, electrospinning, nanofiber, chitosan, waste cooking oil
INTRODUCTION

The significant amount of hazardous pollutants, including heavy metals, organic compounds,
bacteria, oily molecules, and minerals, present a major risk to the environment and public health in
untreated oily wastewater. It is projected by the World Health Organization (WHO, 2020) that two
billion people worldwide have probably consumed water tainted with excrement, which can result
in illnesses like cholera, typhoid, dysentery, and polio.In order to provide consumers with clean
water, drastic measures were needed to preserve sustainable water management techniques and
mitigate the effects of rising water pollution [1].

Oily wastewater has grown to be a significant environmental issue, mostly coming from home
sources and the food and beverage sectors[2]. Domestic wastewater often contains oils and greases
from household cleaning and cooking, which increase the overall pollutant load in municipal
wastewater systems [3]. Moreover the food and beverage industry, known for its high-water usage
and organic waste production, generates substantial amounts of wastewater containing fats, oils,
and greases (FOGs) [4]. Traditional wastewater treatment facilities often struggle to separate oil
and water emulsions, leading to secondary pollutants during preliminary treatment.
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Improper management of oily wastewater disposal has led to environmental issues such as
clogged sewage systems, disrupted biological treatment processes, and oil slicks on water
surfaces that harm aquatic life [5]. The increasing volume of oily wastewater generated by
industrial activity and population growth underscores the need for efficient treatment
techniques. In 2019, approximately 209 million metric tons of edible oils were produced
worldwide, with a significant portion used in homes and the food industry[6].

Traditional methods of treating oily wastewater have included physical techniques such as
skimming and gravity separation, which utilize the different densities of oil and water to
separate free oils [7]. However, these methods are often insufficient for dissolved or emulsified
oils, necessitating more advanced treatment procedures. Furthermore, the chemical treatment
method like chemical oxidation, flocculation, and coagulation have been conducted to remove
oil but this step can generate secondary pollutants that require further treatment [8]. Biological
treatment using activated sludge and biofiltration have proven in breaking down organic
contaminants, including oils successfully although this method often require long retention
periods and are sensitive to even the slightest environmental changes [9].

In addition, membrane technology has gained attention for its effectiveness in treating various
contaminants present in wastewater recently from previous research. Membrane filtration such
as microfiltration, ultrafiltration, nanofiltration, and reverse osmosis, are proven to offers higher
removal efficiency, compact design, and the ability to handle a broad spectrum of pollutants.
This processes use semi-permeable membranes to separate water and contaminants from oil
based by focusing on factors like hydrophobicity, charge interaction, and size exclusion [10].Based
on past research, microfiltration and ultrafiltration membranes are proven effective in separating
emulsified oils and suspended particles from wastewater, hence making them ideal for large-
scale applications due to their high permeate flux and low-pressure operation[11].

Despite its advantages, membrane technology faces challenges such as membrane fouling, which
reduces permeability ,increases operating costs to treat the membrane for increasing the
reusability [12]. Research to mitigate fouling and improve membrane performance include
membrane modification, regular cleaning, and the application of anti-fouling coatings have to be
further conducted to improvised the membrane technology in the remediation studies

Polyvinylidene fluoride (PVDF) membranes have emerged as a highly viable solution for oil-
water separation due to their strong mechanical strength, chemical resistance, thermal stability,
and durability [13]. PVDF's hydrophobic properties facilitate the removal of oils from water,
while its high porosity and pore size distribution enhance filtration efficiency. The mechanical
strength of PVDF membranes allows them to withstand physical damage and pressure changes
typical in wastewater treatment applications [14]. Additionally, PVDF membranes offer design
flexibility, as they can be produced in various forms, such as hollow fiber and flat sheet
membranes, requiring less maintenance and replacement due to their chemical resistance [15].

The study focuses on the potential of PVDF membranes, particularly in separating waste cooking
oil made from palm oil, to improve oil-water separation efficiency. The results aim to address
rising concerns about water pollution and the global need for clean water resources by
advancing sustainable and effective wastewater treatment technology.

LITERATURE REVIEW

Polyvinylidene fluoride (PVDF) is a semicrystalline polymer distinguished by its repeating unit
-(CH2CF2)n-, which provides great mechanical strength, strong chemical resistance, thermal
stability, and aging resistance. These qualities are critical for their use in separation membranes
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[16]. PVDF can additionally be processed easily into tubular, hollow fiber, and flat sheet
membranes. PVDF dissolves in solvents such as DMAc, DMF, acetone, and NMP, making it
easier to electrospun due to its exceptional mechanical, chemical resistance, hydrolytic stability,
and thermal stability [17]. In particular, water purification has been the focus of recent research
on PVDF membrane development and applications.

The B-phase exhibits remarkable ferroelectric and piezoelectric capabilities whereas the a-phase,
with its trans-planar conformation, confers substantial mechanical strength and thermal stability
[18]. For the polymer to be used in harsh filtering settings, its strong mechanical qualities are
crucial. PVDF's composition has some of the strongest carbon-fluorine bonds in organic
chemistry, giving it outstanding resistance to a wide range of solvents, acids, and base. Because
of its chemical stability, PVDF can be used in harsh environments without affecting membrane
dependability or long- term sustainability [19]. The low surface energy of the polymer
contributes to its hydrophobic qualities, which renders it advantageous in numerous separation
scenarios. PVDF fibrous membranes are typically made by phase inversion or electrospinning.

Phase inversion is another widely used method. It involves first dissolving PVDF in a solvent
and then precipitating the polymer using a non-solvent medium [20]. This method produces a
porous membrane structure with varied pore size and distribution. Both methods enable you
to tailor membrane properties such as fiber diameter, pore size, and surface roughness, which is
crucial for optimizing filtration performance.Electrospinning pulls a polymer solution into fine
fibers, which are then collected on a collector to form a nonwoven mat [21]. This method yields
membranes with large surface areas and porosity by creating fibers with sizes ranging from
nanometres to micrometres.

A fabrication technology known for its ease of use and adaptability in creating nanofibers with
unique morphologies is called electrospinning, and it was first used in 1993 [22]. The
manufacturing of nanofibers from a wide range of materials, including polymers, ceramics,
metals, and their mixtures, is made possible by this process, which constantly draws nanofibers
from a viscoelastic fluid through the electrostatic repulsion between surface charges. Both before
and after the electrospinning process, the surfaces of the nanofibers generated by this method can
be functionalized or changed with molecular species or nanoparticles [23]. These nanofibers can
display a variety of secondary morphologies, including porous, hollow, or core-sheat structures.

Electrospun nanofibers are created by applying electric force to melts or charged threads of
polymer solutions to create fibers with nanometer-sized diameters [24]. These nanofibers' sizes
and physical characteristics are greatly influenced by the kind of material and manufacturing
process utilized to create them. Generally speaking, electrospinning produces a nonwoven
tibrous mesh with pore diameters between three and five um. High porosity are advantageous
for applications including air filtration, microfiltration, and cell infiltration barriers, while smaller
pores are required for broader applications [25]. The polymer that is employed has a significant
impact on the electrospun membrane's pore size.

The limits of varying pore size using electrospinning parameters have been addressed by a
number of different ways. These comprise the use of spacers that are transitory, adjustments
made after electrospinning, and control over the distribution of fiber. To make electrospun
nanofiber membranes with variable fiber diameters, porosities, and thicknesses, for example, a
hot-pressing technique has been used consistently. The rejection fraction of particles for 0.2 um
particles can increase from 0% to almost 100% using this technique, which can considerably
lower membrane porosity from about 86% to as low as 34% [26]. Particles as small as 0.1 um can
be rejected by some membranes made of small diameter nanofibers when they are hot-pressed
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under high pressure. These membranes show less fouling and greater flow values without
sacrificing particle rejection as compared to traditional microfiltration media.

The conductivity and viscosity of the polymer solution, the applied voltage, the needle tip-
collector distance, and the ambient temperature and humidity all have an impact on the
electrospinning process [27]. These parameters control both the extrinsic and intrinsic features
of nanofibers. Due to their high surface area, light weight, and interconnected porous structure,
electrospun polymeric nanofibers are particularly useful as membrane materials for
environmental remediation. The distinct characteristics of these materials have prompted
scholars and businesses to investigate their possibilities across several domains, such as serving
as reinforcing fillers for advanced polymer composites.

A wide range of nanofibrous materials can be produced by varying the electrospinning
parameters and the surrounding environment. An intricate yet crucial part of electrospinning is
surface modification of nanofibers to improve their characteristics. Depending on the intended
purpose, this method may entail the employment of different agents to obtainparticular
qualities, such as hydrophilicity or hydrophobicity. Modifications to the surface of electrospun
polymeric nanofibrous membranes, for instance, have been demonstrated to greatly improve
their effectiveness in water treatment, an area of extensive research.

The high porosity, microscale interstitial space, connectedness, and huge surface-to- volume
ratio of nonwoven electrospun nanofiber meshes make them very useful for membrane
fabrication [28]. The significance of electrospun materials in scientific and industrial
breakthroughs is cemented by these features, which make them extremely promising for a
variety of applications.

A significant advancement in the fabrication of PVDF nonwoven nanomembranes for the
treatment of oily wastewater is the electrospinning method. Electrospinning facilitates the
construction of efficient separation membranes by yielding nanofibers with specific
properties. The method is especially well- suited to tackle the problems related to treating
oily wastewater because of its capacity to alter surfaces and regulate fiber characteristics.
Electrospinning's flexibility and adaptability enable the production of PVDF membranes with
exceptional efficiency and performance. To further increase membrane efficacy, more study
in this area should concentrate on adjusting electrospinning conditions and
investigating creative improvements. To fully realize the potential of electrospinning in
environmental applications— particularly in the sustainable treatment of oily wastewater
and further research is necessary.

MATERIALS

Poly(vinylidene fluoride) (PVDF) was purchased from Thermo Scientific (United States of
America). N,N- Dimethylformamide (DMF) and Acetone (Analytical Reagent) were
purchased from R&M Chemicals (Selangor, Malaysia)

EXPERIMENTAL

This experiment include 3 phase including preparation of PVDF membrane, preparation of
Simulated Oily Wastewater (SOW) and the characterization of the membrane.

Preparation of PVDF membrane.

Waste cooking oil was dissolved in 50 mg/L of water to produce a mixture that mimics WCO was

stirred for three hours at room temperature at a speed of 150 rpm in order to ensure complete

mixing and emulsion formation. The resulting SOW was then used for subsequent experiments.
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The filtration process was done using a magnetic flow meter, which allowed for precise
monitoring and control of the flow rate during the filtration process, ensuring consistent and
accurate measurements. The membrane used was dried overnight at 70°C.

Preparation of Simulated Oilywastewater (SOW)

Waste cooking oil was dissolved in 50 mg/L of water to produce a mixture that mimics WCO was
stirred for three hours at room temperature at a speed of 150 rpm in order to ensure complete
mixing and emulsion formation. The resulting SOW was then used for subsequent experiments.
The filtration process was done using a magnetic flow meter, which allowed for precise
monitoring and control of the flow rate during the filtration process, ensuring consistent and
accurate measurements. The membrane used was dried overnight at 70°C.

Characterization using Scanning Electron Microscope (SEM)

The morphology of the PVDF membrane was examined using SEM (Model: TM 3030, Hitachi).
The membrane samples were mounted on carbon-tape aluminum holders andcoated with
a thin layer of platinum under vacuum to enhance conductivity and image quality. SEM images
were taken at various magnifications to observe the surface structure and porosity of the
membrane, providing detailed insights into its morphological characteristics.

RESULTS AND DISCUSSION

Performance in separation and filtration applications is greatly influenced by the structure of
PVDF (Polyvinylidene Fluoride) membranes, especially those with a higher polymer content
[29]. Higher pore diameters and a fibrous, net-like structure are seen in the SEM pictures of a
PVDF membrane with a 25wt% concentration, as shown in Figure 3. These features are
essential for effective separation procedures. The structural arrangement of these membranes
is vital for their effective use in oil-water separation, industrial wastewater treatment, and
even air filtration technologies.

Extensive study has been undertaken to determine the association between membrane
morphology and functional efficacy. The permeability and selectivity of a membrane can be
significantly impacted by its pore size and porosity [30]. The PVDF-25 membrane's larger
pore sizes promote high permeability, which is necessary for operations without
compromising the quality of separation. Furthermore, a major factor in the membrane's
capacity to avoid fouling, a prevalent issue in membrane-based filtering systems, is the
interconnectivity and pore size in the fibrous network. High porosity facilitates the easier
movement of particles and fluids through the membrane, hence reducing the risk of pore
blockages and surface fouling.

This property is especially helpful in the oil-water separation process, since the membrane
needs to be able to withstand large particle loads without clogging. The final morphology
of PVDF membranes is also influenced by the fabrication factors, which include solvent type,
polymer concentration, and electrospinning settings. Variations in these characteristics might
be fine-tuned to produce membranes with the desired pore structures and surfaces. The
observed fibrous, net-like morphology during electrospinning is probably the consequence
of improved phase separation brought about by the use of a 25wt% PVDF concentration.

According to previous research, which examined the mechanical characteristics of PVDF
membranes under various fabrication circumstances, the PVDF-25 membrane's increased
surface area brought about by its fibrous structure also enhances its mechanical strength and
thermal stability [31]. Based to their research, a greater polymer concentration influences pore
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size as well as the membrane's general resilience, which qualifies it for use in industrial settings
with tough environmental conditions.

Furthermore, PVDF-25 membranes' higher surface roughness and a porous pore structure can
improve a membrane's adsorption capacity, which in turn strengthens the membrane's ability to
withstand oil fouling by encouraging water to pass through it [32]. However, the other
membrane that fabricated has shown beaded membrane, membrane non uniform fibres formed
with bigger lumps of polymer in between the fibre strands and also irregular pore size with
beaded surface along with bigger size of lumps due the low concentration of PVDF and voltage
in Figure 1, high voltage supply fore Figure 2 and large amount of polymer used in Figure 4.
Thus, the optimum polymer formulation for PVDF to produce bead free membrane was 25 wt%
at 21Kv with 6ml/he feed rate at the distance between the needle and collector at constant 9cm.

Table 1. PVDF membrane electrospun in different concentration.

PVDF nonwoven membrane

SEM image Parameters

il PVDF concentration

:18wit%

s DMF: Acetone: 7:3 Voltage:18kV
¥ Feed rate: 6.0 ml/hr

/% Collector distance: 7 cm

Figure 1. PVDF membrane electrospun has visible droplets pattern on it with
tiny pores on the membrane which magnifies the pore size at 100 um.

| PVDF concentration: 25 wt%
DMF: Acetone: 7:3 Voltage:23kV
Feed rate: 9.0 ml/hr

Collector distance: 7 cm

Figure 2 :(a) and (b) was PVDF fabricated with 25 wt% that shows visible lumps on
the membrane.

PVDF concentration: 25 wt%
DMF: Acetone: 7:3 Voltage:22kV
Feed rate: 9.0 ml/hr

Collector distance: 7 cm

Figure 3: (a) & (b) shows the complex crosslinked fiber net that was fabricated with
bigger pore size that will be suitable separation of oil molecule from the wastewater.

SOW adsorption on PVDF membrane
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The main objective of this experiment is to determine how effectively PVDF membranes operate
when treating two different types of simulated oily wastewater (SOW). The SOW 1 was prepared
as emulsion of water and WCO that represents large oil particles on the wastewater's surface.
Where else SOW 2 is made by waste cooking oil that has been emulsified with dishwashing soap
and water to create a more complex and cloudy emulsion.

PVDF membranes that are widely recognized for their hydrophobic properties, has high thermal
stability, and mechanical strength, making them suitable for oil-water separation processes [33].
The performance of these membranes in treating SOW 1 and SOW 2 was evaluated under
controlled laboratory conditions. SOW 1 is an emulsion that mimics the contents of large oil
particles that appear on the surface of the wastewater, often known as oil slick. In contrast, SOW
2 is an emulsion consisting of waste cooking oil and water, bound together with dishwashing
soap as a binding agent, forming a much more complex and thicker emulsion. Both types of
SOWs represent typical wastewater discharged from household kitchens.

In the experiment, the PVDF membrane was subjected to SOW 1 at a vacuum pressure of 100
rpm. Before the dryingprocess, slick oil patches were observed on the surface of the membrane,
indicating the presence of oil particles. The volumetric analysis before and after filtration
revealed a 60% successful adsorption rate, demonstrating the membrane's capacity to filter the
oil particles from the surface of SOW 1. Interestingly, after the oven drying process, the
membrane did not exhibit any oil patches and appeared as a new membrane, suggesting that it
can be reused for further filtration processes. This finding aligns with previous studies
highlighting the reusability and efficiency of PVDF membranes in oil-water separation
applications [34].

For SOW 2, the filtration process did not result in visible oil slicks on the membrane surface,
even after overnight drying. This could be attributed to the more complex nature of the
emulsion, where the binding agent (dishwashing soap) facilitated the formation of smaller
oil particles, enhancing the adsorption process. The adsorption rate for SOW 2 was recorded
at 70%, surpassing the performance observed with SOW 1. The constant vacuum pressure of
100 rpm applied during the filtration of SOW 2 further underscores the membrane's capability
to handle varying emulsion complexities without compromising efficiency.

The superior performance of the PVDF membrane in treating SOW 2 can be linked to its
intrinsic properties and the nature of the emulsion. PVDF's hydrophobic surface interacts
more effectively with the smaller oil droplets present in SOW 2, allowing for better adsorption
and separation. Studies have demonstrated that the hydrophobic interactions between PVDF
membranes and oil particles play a crucial role in enhancing oil retention and minimizing
fouling [35].

Moreover, the absence of visible oil patches on the membrane post-drying in the case of SOW
2 suggests that the smaller oil particles were more uniformly distributed and adsorbed onto
the membrane surface. This uniform adsorption of WCO through pressure supplied in the
magnetic flow meter is beneficial for maintaining the membrane's integrity and reusability.
Previous research supports the notion that PVDF membranes can be effectively regenerated
and reused multiple times without significant loss in performance [36].

The PVDF membrane demonstrated significant potential for treating household oily wastewater,
with varying efficacy depending on the emulsion type. SOW 1, with its larger oil particles,
showed a 60% adsorption rate, while SOW 2, with its smaller and more complex oil droplets,
achieved a 70% adsorption rate. The membrane's reusability post-drying further enhances its
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appeal for sustainable wastewater management. These findings are consistent with past
research, which highlights the robustness and efficiency of PVDF membranes in oil-water
separation processes. Future studies could explore optimizing the membrane's surface
properties to further improve adsorption rates and extend the lifespan of the membranes in
practical applications.

The wet oil

Figure 5: (a) shows the oil droplets on the membrane from SOW 1 and (b&c) represent oil patches
on the membrane from SOW 2, both membranes are before the drying process

Figure 6: PVDF membrane (a) & (b) are after over drying overnight at 70 °C. Oil patches
mark is spotted on the membrane surface of (b). However not patches spotted on membrane

(a).
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SEM analysis after WCO adsorption on the PVDF membrane.

The SEM picture shows the surface morphology of post WCO adsorption of the PVDF membrane
in Figure (a). The surface morphology of the membrane in detail and was obtained at an 800x
magnification with a 100 um scale bar. The membrane surface displays a blurry oil slick, which is
a sign of the WCO's oil particles coating spreading over the surface. This finding implies that a
thin layer of WCO has adsorbed on top of the membrane, influencing both its surface texture as
well as its porosity.

The Figure 7 (a) exhibits the presence of oil particles adsorbed onto the membrane. These particles
are irregularly scattered across the membrane surface, bringing attention to the places where the
oil droplets have attached themselves more securely. The hydrophobic properties of PVDF
facilitate the interaction between the hydrophobic oil molecules and the membrane surface,
hence enhancing the adsorption of oil particles onto the membrane. Understanding this
relationship is critical to comprehending PVDF membranes' efficacy and adsorption capacity in
the treatment of oil- contaminated water.

In the adsorption process, hydrophobic interactions are crucial. The continuous oil film forms as
a result of the hydrophobic PVDF surface's propensity to draw and retain oil molecules. Given
that it reduces permeability and clogs pores, this coating could negatively impact the
membrane's performance. The WCO have distributed to form a thin, homogeneous layer as
indicated by the oil slick's hazy appearance in the SEM image. This could have an impact on the
membrane's overall filtration effectiveness.

The SEM image of a nonwoven nanomembrane following WCO adsorption is shown in Figure 7
(b), which was likewise taken at a 800x magnification with a 100 pm scale bar. The adsorption
behavior of the nonwoven nanomembrane is different from that of the PVDF membrane
depicted in Figure 7 (a). In contrast to the PVDF membrane, the image demonstrates that the
majority of the oil particles are adsorbed onto the nanomembrane, with fewer occurrences of a
continuous oil slick.

More oil particles can be absorbed because of the nanomembrane's nonwoven structure, which
offers a large surface area for adsorption. This due the SOW that break into smaller molecules
when react with dishwashing soap. The nonwoven membrane's fibers form a network that
adsorbed oil droplets, increasing the effectiveness of adsorption. Applications requiring a high
oil removal capacity will benefit most from this feature.

The SEM pictures shown in Figures 7(a) and (b) provide important information about the ways
in which type of WCO molecules adsorbs on PVDF membrane. Due to its hydrophobic surface,
the PVDF membrane often forms a thin oil film that clogs the pores and reduces filtration
efficiency. Previous research has demonstrated that hydrophobic membranes have a propensity
to absorb oil more readily because of their attraction for hydrophobic molecules, which supports
this occurrence [37]. It is mainly the size of the oil molecule present during the process that causes
the differences in adsorption performances between the two membranes.

The electrospun nonwoven nanomembrane in this study demonstrates higher effectiveness in
WCO adsorption compared to the PVDF membrane used in previous research. The PVDF
membrane often forms a continuous oil film that clogs its pores, reducing overall filtration
efficiency. Conversely, the nonwoven nanomembrane, with its larger surface area and fibrous
structure, allows for more efficient oil adsorption and fewer occurrences of oil slicks[38]. This
structural advantage enables greater oil removal capacity, making the nonwoven
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nanomembrane more effective for applications in treating oil-contaminated water. Its
enhanced adsorption capacity makes it highly suitable for oil removal processes.

Table 2. PVDF membrane after adsorption study.

PVDF nonwoven membrane

SEM image After adsorption

Figure 7: (a) & (b) show the SEM imaging after adsorption in SOW 1 and
SOW 2 respectively.

CONCLUSION

The study conclusively confirms the superior efficacy of PVDF membranes, particularly those
with a 25wt% polymer concentration, in treating simulated oily wastewater. The membranes
demonstrated their potential in real-world applications with their remarkable adsorption
rates of 60% for SOW 1 and 70% for SOW 2. The PVDF-25 membranes' net-like, fibrous
structure greatly improves their ~ permeability, = mechanical  strength, and  fouling
resistance,guaranteeing optimal performance and reusability. The results of post-filtration
study showed that these membranes could potentially be efficiently regenerated, retaining
their effectiveness throughout time. The study's conclusions, which emphasize  the
resilience and effectiveness of PVDF membranes in oil- water separation procedures, are in line
with previous studies. It is recommended that future studies concentrate on surface
alterations to improve PVDF membrane hydrophilicity and lessen oil fouling.
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Abstract: The increased interest in biosynthesis of nanoparticles has been fueled by the need for clean,
nontoxic, chemicals, low-cost approaches, environmentally friendly solvents, and renewable materials.
The method used to synthesize Copper Oxide Nanoparticles (CuONPs) ensures the use of non-toxic
materials, the absence of toxic by-products, and the rapid production of CuONPs. The first green synthesis
of CuONPs using Hibiscus sabdariffa which is commonly known as roselle is described in this study.
CuONPs in the sample were synthesized using a modified sol-gel method. FTIR, DLS, UV Vis and XRD
characterization methods of the CuONPs samples were all meaningful. The present study synthesizes
CuONPs using roselle extract. According to the peaks identified in FTIR chemical fingerprint studies
CuONPs were formed and stabilized in the presence of the extract’s primary compound. DLS revealed the
size of CuONPs in solution and UV-vis UV-visible spectra of CuONPs indicated the absorption spectrum
tends to increase as even the intensity of absorption increases. The band stabilizes ranging between 211 -
214 nm, attributed to the formation of CuONPs. In addition, a broad plasmonic band was observed,
indicating that the CuONPs are spherical in shape. The crystalline nature was revealed by XRD analysis.
The study concludes that the bio-profile of the plant influences the nanoparticles” properties. Thus, plant
extracts can alter the properties of synthetic NPs. These findings may aid in our understanding of how
plants produce nanoparticles for industrial applications. This study primarily focuses on the synthesis of
CuONPs via the sol-gel method and their surface characterization as photocatalysts using XRD, FT-IR, and
UV-Vis spectroscopic techniques to examine the photodegradation of MB dyes under UV-vis light
irradiation (Krishna et al., 2023). Additionally, the influence of variables such as reaction time, catalyst
type, and initial dye concentration on the photodegradation process of the model dye has been
investigated, with a degradation mechanism proposed. Overall, a novel approach has been developed that
holds potential for the treatment of wastewater containing cationic dyes (Groeneveld et al., 2023).
Additional research in this area may aid researchers in understanding how the NPs are shaped by the
plant’s biochemistry.

Keywords: Hibiscus sabdariffa; Roselle; copper oxide; nanoparticles; green synthesis

INTRODUCTION

Nanoparticles (NPs) have caught the attention of scientists due to various applications that NPs
can provide. For example, biosensors to detect and trace for electrochemical analysis (Fu et al.,
2024). Besides that, NPs play a big role as antimicrobials, water purification, and removal of
pollutants due to their unique physiochemical and photocatalytic properties (Tripathy et al.,
2024). From size perspective, NPs range from 2nm-100nm depending on the type of NPs that
been produced as well as the process that would be involved during the synthesis. Metal NPs
including gold, silver, platinum, palladium, copper, magnesium, zinc, and copper have garnered
a lot of interest for usage in a range of applications (Singh et al., 2020). Because of their optical,
catalytic, and electrical properties, copper oxide (CuO) is among the most well-known and has
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been applied more frequently in a range of sectors. CuO is one of the most famous metal oxide
NPs around the world due to its photocatalytic properties. In this research we utilized roselle
(hibiscus sabdariffa), one of the plants that can easily be found around Malaysia. The cost for this
herb plant is inexpensive and available everywhere in Malaysia (Naz et al., 2023). There are many
functional groups that can act as reducing agents. Due to these properties and not only as an
antimicrobial behavior, roselle had been chosen to be reducing agent to produce green CuONPs
(Wacharanad et al., 2021).

MATERIALS

To prepare plant extracts, Roselle flowers were purchased from a local market in Malaysia. The
compound Copper II Chloride-dihydrate (CuCl2.2H20) was obtained from the supplier SYSTEM,
Malaysia. Sodium hydroxide (NaOH) was obtained from the supplier R&M in London, UK. The
chemical C1011 Acetone QP was purchased from HmbG chemicals. Methylene blue (MB), a
compound with the chemical formula CisHisCiNsS and a molar mass of 319.86 g/mol, was
obtained from Merck for the purpose of depollution.

EXPERIMENTAL

Preparation of Roselle flower extract

The acquired roselle flowers were meticulously cleansed using flowing tap water to eliminate
any dust particles, and subsequently dried under direct sunlight to eliminate any remaining
moisture. The preparation of roselle leaf extract involved placing 5g of finely cut dried flowers
in a 500ml glass beaker, and adding 400ml of sterile distilled water (Juhari et al., 2021). The
mixture was subsequently heated to its boiling point for a duration of 5 minutes, during which
the colour of the aqueous solution transitioned from clear to a shade of brown-yellow.
Subsequently, the mixture was allowed to cool to the ambient temperature and underwent
filtration using Whatman No. 1 filter paper. The extract was stored at ambient temperature to
facilitate its utilisation in subsequent experiments (Baliyan et al., 2022).

Preparation of biogenic CUONPs

In order to produce green CuONPs using the sol-gel method, copper chloride was introduced
into a beaker containing distilled water, following a previously established procedure by
Santhosh Kumar and his team, with minor adjustments. The beaker was positioned on a magnetic
stirrer and agitated at a specific speed of 200 revolutions per minute (RPM) for a duration of two
minutes(Sadiq et al., 2023). Subsequently, roselle extract was precisely added to the beaker using
a dropper, drop by drop. While stirring, the bluish solution underwent a transformation into a
black precipitate, indicating the formation of CuONPs. The agitation persisted at a speed of 200
RPM for a duration of 4 hours at a temperature of 80°C. The substance was subjected to
centrifugation at a speed of 6000 RPM for a duration of 15 minutes. It was then washed with
distilled water and dried in an oven maintained at a temperature of 90° C (Amaliyah et al., 2020a).
The precipitate was separated by passing it through filter paper with a pore size of 0.1
micrometres. Subsequently, the precipitate that had undergone filtration was subjected to a
drying process in an oven set at a temperature of 100°C for a duration of 24 hours. Finally, the
desiccated black precipitate was ground and stored in vials (Altay Benetti et al., 2021).
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Characterization of CuONPs

The synthesized CuONPs were characterized using various techniques XRD Ringaku X-ray
diffractometer (UPM, Serdang, Malaysia), FTIR (FTIR-spectrum 400, Perkin Elmer, USA), DLS
(Malvern Zetasizer USA) and UV-Vis (Jenway 7315, Staffordshire, UK) to determine their
structural, optical, and morphological properties.

Photocatalysis

A solution of MB was prepared by dissolving 10 mg of MB in 1000 mL of distilled water. For the
experimental treatment, 10 mg of CuO NPs were introduced into 100 mL of the MB dye solution.
In the control experiment, no CuO NPs were added to the dye solution. A 10-watt UV lamp
emitting at a wavelength of 254 nm was submerged in the 100 mL dye solution. The entire
experimental setup was conducted within a custom-designed enclosure.

RESULTS AND DISCUSSION

Structural analysis

The X-Ray diffraction analysis reveals the structural characteristics of the powder material, as
depicted in Figure 1. The XRD results were compared to the JCPDS card (Pookmanee et al., 2004).
Figure 1 displays the two main peaks of 20, with assigned values of 35.50, 38.72, 42.46, 48.81,
53.57, 61.65, 66.13, and 74.300 corresponding to the crystallographic planes (002), (200), (111), (-
202), (002), (202), (113), (311), and (220). These values provide evidence that the CuONPs possess
a monoclinic structure, which matches the JCPDS card no.450937. No additional diffraction peaks
corresponding to a supplementary phase have been observed. The prominent and distinct peaks
indicate that the products obtained have a high degree of crystallisation. The size of the crystallite
has been determined by utilising the 20 and FWHM values of the (h k 1) peaks, employing
Scherrer's equation: D=kA / 8 cos 0, (1) The average crystallite size (D) is measured in Angstroms
(A). The shape factor (k) is a constant value of 0.9. The wavelength of X-ray (A) is 1.5406
Angstroms. The Bragg angle (0) is used in the calculation. The exacted line broadening of the
samples is represented by the variable (b). By utilising Scherrer's formula, the monoclinic (200)
diffraction peak was analysed to determine certain characteristics. The materials used in this
analysis, as well as their source, are described in adequate length in the work by Nasiri et al.
(2023).
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Fig.1. XRD Pattern of CuONPs synthesized from roselle.

Fourier Transform Infrared (FT-IR) spectroscopy was used to verify the successful production of
CuONPs and to detect any functional groups on the surface of the nanoparticles created using
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roselle. The FT-IR spectrum of roselle displayed distinct absorption peaks at 3348, 3186, 2918,
1857, 1614, 1414, 1217, 613, and 501 cm™, as depicted in Figure 2. These peaks represent functional
groups including hydroxyl (-OH), vinyl (-CH-), ether (-C-O-), alkoxy (-O-CH), alkyl (-C-H), and
ester (-C-O) groups, respectively. The presence of these functional groups signifies the presence
of phenolic compounds, such as flavanols like catechins and procyanidins (Almisbah et al., 2023).
These compounds are acknowledged for their function as reductive agents and stabilisers in the
production of CuONPs. Furthermore, the absorption peak detected at 1016 cm™ is typically
associated with C-O stretching vibrations, which could arise from functional groups like alcohols,
ethers, or esters (Amaliyah et al., 2020b).
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Fig. 2. FTIR Spectra of CuONPs synthesized roselle

The CuONPs had an average particle size of 291.4 nm, when the roselle concentration was 25
mM, as demonstrated by DLS and summarised in Table 1. The nanoparticles demonstrated a
monodisperse distribution, as evidenced by a polydispersity index (PDI) of 0.236 and inline with
previous study by Kim and colleagues (2019) where the PDI value is 0.193.
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Fig. 3. DLS of CuONPs synthesized from roselle.
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Table 1. DLS of CuONPs
Sample Z- Average diameter of CUONPs (d.nm) Average PDI

CuONPs 25 mM 291.4 0.236

The UV-vis spectrum of the CuONPs, as shown in Fig. 4, displays a maximum absorption peak
at 270 nm. This peak is attributed to the surface plasmon resonance of the metal oxide. In metal
oxide NPs, surface plasmon resonance arises from the collective oscillation of free electrons in
the conduction band when excited by incident electromagnetic radiation. This phenomenon
occurs when the wavelength of the incident light exceeds the particle diameter. The appearance
of a surface plasmon absorption band with a maximum at 270 nm confirms the successful
formation of CuONPs (Fouda et al., 2023).

Absorbance (a.n.)

T T T T T
200 250 300 350 400 450 500
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Fig. 4. UV-vis spectra of absorbance CuO NPs synthesized roselle

PHOTOCATALYSIS

Photocatalysis has been suggested as an effective method for reducing environmental pollution
and has been effectively implemented for this objective (Pavel et al., 2023). Under ambient
conditions and atmospheric pressure, this technique is regarded as one of the most efficacious
methods for the degradation of a broad spectrum of environmental pollutants. Additionally, it is
renowned for its exceptional efficiency, affordability, and eco-friendliness (Panda et al., 2021;
Sharma et al., 2020). According to Dianey et al. (2021), photocatalytic reactions consist of three
main phases: (1) absorption of light, (2) separation and transfer of photogenerated electrons (e~)
and holes (h*), and (3) redox reactions taking place on the photocatalyst's surface (Huang et al.,
2020).

This study utilised CuONPs as photocatalysts to degrade a commercial dye solution by
harnessing UV light as the energy source. CuONPs are widely recognised as p-type
semiconductors due to their narrow band gap of 1.2 electron volts (eV) (Ramesh, 2021). Fig. 5
demonstrates that the decomposition of methylene blue (MB) dye only achieved 81% after 160
minutes of exposure to ultraviolet (UV) light. In addition, the absorbance of MB increased as the
exposure time was extended, as shown in the graphs presented in Fig 5.
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Fig. 5. photocatalytic degradation mechanism of MB synthesized from roselle

At zero minutes, CuONPs showed very little initial degradation efficiency on methylene blue
(MB) dye. The effect of different irradiation durations on the degradation of MB dye was assessed
within a time range of 20 to 160 minutes. The dye concentration was kept constant at 10 mg/L,
while the catalyst load varied. This information is presented in Figure 5. The most rapid
degradation rate of the MB dye was observed after 160 minutes of exposure to UV light. The
accelerated deterioration is attributed to the swift absorption rate prior to achieving balance,
which is facilitated by the heightened presence of active surfaces on CuONPs. During
equilibrium, the process of adsorption, which is regulated by attachment, is anticipated to occur
because there are sorption sites available as reported by (Bahramian et al., 2023).

CONCLUSION

The Sol-gel technique was employed to create ecofriendly CuONPs photocatalysts utilizing
roselle flower extract with the aim of photodegrading MB. To ascertain the crystalline size,
functional group, and surface composition of CuONPs, the photocatalysts were synthesised and

characterised using X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and
ultraviolet-visible spectroscopy (UV-vis).

A decision was made to initiate an investigation to examine the influence of various time periods
on the degradation of MB. As a result, the catalyst exhibited the greatest ability to break down
substances, and the most effective degradation occurred after 160 minutes. According to the
findings, the degradation efficiency of MB dye was determined to be 77.18%. CuONPs have
demonstrated remarkable photocatalytic abilities when exposed to UV-visible light, rendering

them highly suitable and desirable for the elimination of environmentally harmful substances,
especially organic dyes.
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Abstract: Eco-enzymes, derived from fruit, vegetable wastes, and other kitchen waste, are a sustainable
alternative to produce beneficial detergents and soap from the wastes through a catalytic reaction. In
general, there is a lack of studies that have been published to utilize the fruit wastes by using the eco
enzyme mechanisms with addition of any biomedia implementation for the efficiency towards modifying
the biomedia concentration in the system. It has been demonstrated that adding hydroxyapatite
nanoparticles to the biomedia could increase the enzymatic yield. Thus, this study investigates the
enhancement of enzymatic yield in eco-enzymes by adding hydroxyapatite nanomaterials. The research
focuses on the effects of these nanomaterials on pH value, total solids (TS), total suspended solids (TSS),
volatile suspended solids (VSS), and chemical oxygen demand (COD) in the characterization of eco-
enzymes derived from apple, pineapple, and citrus peels. Fruit wastes were used to create eco-enzymes in
a conventional ratio of 1:3:10 with sugar, water, and fruit wastes. Clay-hydroxyapatite (CHAP)
nanomaterials were introduced to the fermentation process with different dosage concentrations from 0%,
2.5%, 5.0%,10.0%,15.0%, and 20.0%. Based on the pH value, total solids, total suspended solids, volatile
suspended solids, and COD, the enzymatic yield was examined. Using Fourier Transform Infrared (FTIR)
and CHN, eco-enzymes with hydroxyapatite were characterized. The appropriate conditions for the
dosage concentration of hydroxyapatite in boosting the enzymatic yield of the eco enzyme will be
determined by the correlation between the various reactions.

Keywords: eco-eznyme;clay hydfroxyapatite; nanomaterial biomedia

INTRODUCTION

Eco-enzyme is one of the mechanisms widely used to produce beneficial products including
multipurpose cleaners, wastewater treatment, and plant enhancers. The substrate of eco-enzyme
can be any biodegradable organic matter including kitchen waste which nowadays has grown in
popularity. Eco-enzyme consists of several enzymes which are protease, amylase, and lipase all
of these enzymes could be employed in different uses (Bharvi S. Patel et al., 2021[1]). In 1980,
Rosukan Poompanvong from Thailand discovered how simple it was to make eco-enzyme.
Brown sugar, kitchen trash, and water were the only three basic elements needed for the
enzyme's fermentation, and their ratio was 1:3:10. The fermentation process of eco-enzyme
making takes three months to degrade into beneficial products (Hanasah et al., 2020[2]).

The 3 months product of fermentation is brownish generally depending on the type of waste
used. It contains organic acids, carbon dioxide, and ethanol which come from the chemical
process involving the breakdown of large complex molecules into smaller molecules. The
bacteria which naturally in wastes help in converting the complex sugar into simpler ones
(Siddiqui et al., 2023[3]). In general, there were a variety of substrates that have been utilized for
producing the eco-enzymes through 3 months of fermentation. These substrates come from
different sources of kitchen waste including vegetables, fruit wastes, fruit peels, and other food
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wastes. All of the wastes that contain high amounts of nutrients will influence the mechanisms
of eco-enzyme production through the breakldown of the organic matter (Rosnina et al., 2023[4]).
In this study, aimed to produce hydroxyapatite clay as an enzyme immobilizer for eco-enzyme
applications while addressing existing gaps in enzyme characterization by examining how
varying dosages of the immobilizer impact enzyme activity and stability, thus contributing to
improved eco-enzyme effectiveness and broader applications in sustainable processes.

The efficacy of eco-enzymes studied following the incorporation of hydroxyapatite during their
manufacturing process provides significant insights into their potential for environmentally
sustainable remediation. Hydroxyapatite, a stable and biocompatible material, is crucial for
enhancing the properties of eco-enzymes (Mysore et al., 2024[5]). By integrating hydroxyapatite
into the enzyme production process, researchers can evaluate changes in enzyme stability,
activity, and interactions with contaminants. Characterization techniques such as spectroscopic
analysis and enzyme kinetics are commonly employed to assess the influence of hydroxyapatite
on the structural and functional characteristics of eco-enzymes, offering a deeper understanding
of their catalytic efficiency in degrading pollutants.

Characterization studies conducted on hydroxyapatite have yielded promising results for the
application of eco-enzymes in bioremediation. Beyond stabilizing the enzymes, hydroxyapatite
may also alter their conformational dynamics, leading to increased substrate affinity and reaction
rates. Research indicates that these modified eco-enzymes demonstrate improved performance
in degrading a variety of contaminants, including heavy metals and organic compounds. Thus,
incorporating hydroxyapatite into the production of eco-enzymes marks a significant
advancement in developing more effective biocatalysts for environmental cleanup, promoting
sustainable practices, and supporting ecosystem health.

MATERIALS

The materials and chemicals used in the methodology include pineapple waste, apple waste,
citrus waste, eggshells, brown sugar, distilled water, silica gel, 1M acetic acid, phosphoric acid
(HsPO,), sodium bentonite clay, granular activated carbon (GAC), iron powder, sodium alginate,
calcium chloride (CaCl,), 0.1N sodium hydroxide (NaOH), phenolphthalein indicator, potassium
dichromate (K.Cr,Oy), silver nitrate (AgNO;), sulfuric acid (H»,SO,), deionized water, KBr
powder, and aluminum foil.

EXPERIMENTAL

Sample collection

The fruit wastes, pineapple, apple, and citrus were collected at Whole Foods Express Sri Serdang
to make the eco enzyme. The eggshell sample was collected at the UNITEN cafeteria. The eggshell
samples were washed and directly sun-dried for 1 hour.

Sample preparation

The fruit wastes and eggshells were first ground to make them finer. After that, it was autoclaved
at 121° C for 15 minutes. Sterilized eggshells were packed in individual plastic bags containing
silica gel to avoid contamination and absorb moisture while the sterilized fruit wastes were
directly put inside the fermentation container for the fermentation process. About 600 g of sterile
fruit wastes were measured and added into the fermentation container together with 200g of
brown sugar and 2L of distilled water.
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Clay Hydroxiapatite production

The hydroxyapatite should be prepared by raw materials which consist high amount of calcium.
Eggshells were used to take the calcium components from it. The pretreatment of eggshells was
done by leaching eggshells with 1M acetic acids for 60 min to remove the eggshell membranes.
The eggshells are ground and then incinerated for two hours at 950°C. The extracted calcium was
then mixed with the H3PO4 phosphoric acid to produce the desired hydroxyapatite HAP. (Mohd
Pu’ad et al., 2019[5]).

The mixed solution was incinerated again to make the HAP powder. The clay hydroxyapatite
was prepared by using the pulverized HAP powder and mix with 3 metal clays which are iron
mix powder, sodium bentonite clay, and GAC with the weight by part 15.5 HAP, 16.5 sodium
bentonite clay, 2 GAC, and 5 iron powder and made in 100g. the mixture was then calcinate from
100 to 1050°C with different increasing periods. Sodium alginate was prepared to mix with the
CHAP mixture. About 2% of CaCL2 was prepared in 5 L to be soaked with the CHAP for the
hardening process and dried overnight. (Mo et al., 2022[6]).

Eco enzyme production

The preparation of eco-enzymes started with the grinding of fruit wastes and their peels into
smaller pieces. Weighted the 600 g of the fruit wastes and put into 6 different fermenter bottles
of 2 L of distilled water and varying the concentration of clay-hydroxyapatite CHAP which were
utilized as the raw ingredients in this research. The CHAP was introduced with different
concentrations from 2.5%,5.0%,10.0%,15.0, and 20.0% w/v which indicates to 5 g with 200 g of
brown sugar. An airtight container was filled with 200 g of brown sugar, 600 g of peels, and 2 L
of water. The fermenter tank lid was perforated with one hole to connect with 5.0 ml of syringe
for weekly sampling and gas releasing. The fermenter tank is fully covered with aluminum foil
to make the system in dark fermentation. Following three months of fermentation, the fruit waste
that had dropped to the bottom is combined, filtered, and then poured back up to eliminate any
remaining clear solution that contains carbon dioxide, ethanol, and organic acids. (Fadlilla et al.,
2023[7]).

Sample analysis

pH

A pH value and temperature test are to determine the acidity of the eco-enzyme throughout the
fermentation process weekly. The sampling was taken weekly at about 50 ml for sample analysis
and soaked with the pH probe to analyze the value of pH.

TS, TDS, and TSS value

A sample was divided into two, 10 ml for TS and another 10 ml for TDS. Both analyses are to
determine the amount of solids and dissolved solids present in the eco-enzyme fermentation
process. The drying at 105°C in the oven removes all the water content in the sample which is
high enough to evaporate the free water molecule and leave the solid component sample only.
The calculation for TS and TDS is as below:
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TS (mg) _ ( w2 -wi ) 100
L/ \Volume of Sample (mL) x
s (5) = ( We - W3 ) 100

L/ \Volume of Sample (mL) x
where:
W3 : Final weight (after furnace)
W2 : Final weight (after drying)
W1 : Initial weight
COD value

The efficiency of substrate breakdown was determined using COD analysis. In a 15 mL falcon
tube, a total mass of one gram of sample was diluted with 20x dilution of deionized water. A
syringe filter was then used to filter the sample. A total of two mL of filtrate was added to COD
vials containing a solution of premixed chemicals (K2Cr 2 O7, AgNO3, and H2504). Following
two hours of digestion at 150 °C (Lovibond Thermoreactor, RD125), the filtrate-containing COD
vials were cooled to room temperature (27 °C). Following technique COD 8000, the COD values
of the digested samples were read using UV-Vis DR 2800.

Acetic acid content

Acetic acid content is to determine the presence of acetic acid content in the eco-enzyme as there
is production of organic acids throughout the fermentation. The acetic acid was measured by
using the titration method with a dilution factor of 5 mixing 2 ml of eco-enzyme with 8 ml of
distilled water. Two to three drops of phenolphthalein indicator were added into the mixing
solution to indicate the pink colour once titrated with 0.1N of NaOH. After the titration, the
volume of NaOH was determined to calculate the acetic acid content by using the formula below:

Acetic acid content (%) = (VNaon X Nyaon X MrygopX Dilution Factor) /(Vsampie)

Where:

VNaOH = Volume of sodium hydroxide
NNaOH = Normal sodium hydroxide

Mr Acetic Acid =Molecular weight acetic acid
VSample = Volume sample

Dilution Factor =5

FTIR

About 1 ml of eco enzyme solution sample was weighed with the addition of 0.1 g KBr powder
and should not exceed 0.5 and above. The mixture of the two samples was blended by using the
pestle mortar. Once the sample was already mixed up, the sample was put inside the dry pellet
pressing die and pressed to flatten the sample and was crushed. The standard of the sample was
obtained by clicking the BKG button on the monitor. Once the standard of the sample was
obtained, the FTIR analysis was run, and the results of the desired compound and bonds present
in the sample were shown in the FTIR graph based on peak values.

RESULTS AND DISCUSSION
Characterization of eco-enzyme and CHAP.
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CHAP characterization.

Table 5.1 Analysis of CHAP before and after the fermentation.

Analysis CHAP (Before CHAP (After Fermentation)
Fermentation)
Carbon 3.155 7.998
Hydrogen 0.4101 1.438
Nitrogen -0.0767 0.0762
Sulphur 0.018 0.011

Based on Table 5.1, carbon showed the highest composition among the four macronutrients both
before and after fermentation, at 3.155%, followed by hydrogen at 0.4101%, sulfur at 0.018%, and
nitrogen at -0.0767%. After fermentation, the composition of CHN macronutrients increased,
with carbon at 7.998%, hydrogen at 1.438%, and nitrogen at 0.0762%. However, the sulfur
composition decreased to 0.011%. This situation happened as a result of fruit wastes deteriorating
during the fermenting process. The increase in carbon by approximately 4.843% after
fermentation is attributed to biofilm formation, which accumulates organic acids and other
carbon-rich components. This indicates the efficiency of the process in incorporating organic
compounds into the CHAP structure, where a higher carbon content correlates with the higher
production of bioactive compounds essential to the functionality and effectiveness of the eco-
enzyme (Dhakal et al., 2024[8]). The rise in hydrogen content from 0.4101% to 1.438% suggests
the formation of organic compounds, such as organic acids and alcohols, which likely contribute
to the eco-enzyme's reactivity, enhancing its ability to break down complex matter.

The negative nitrogen content before fermentation, which is negligible, reflects the low nitrogen
levels in CHAP. However, after fermentation, the increase in nitrogen indicates the assimilation
of nitrogenous compounds like proteins and amino acids, which are introduced during
fermentation. This presence of nitrogen after fermentation suggests that enzymatic reactions
have occurred, supporting microbial growth and improving the efficiency of the eco-enzyme
products. Conversely, the slight decrease in sulfur content from 0.018% to 0.011% suggests that
some sulfur was utilized during the fermentation process for the synthesis of amino acids.

pH

pH value

0 5 10 15 20 25
CHAP Concentration (%)

—@— Apple —@—Pineapple Citrus

Fig. 1: Graph of pH against different CHAP concentration.
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Table 5.2 Analysis of eco-enzyme with different concentration of CHAP and different type
of eco-enzyme fruits.

CHAP
Concentration (%) Analysis Apple Pineapple Citrus
0 2.84 3.81 2.97
2.5 2.94 3.66 31
5 3.25 3.77 3.34
10 3.17 3.55 3.45
15 3.34 3.68 3.66
20 pH 3.38 4.05 3.9
0 828.40 695.50 896.97
2.5 790.90 721.10 905.66
5 780.70 724.30 772.66
10 821.70 612.00 701.65
15 Total Solid 778.00 743.80 777.84
20 (ppm) 770.80 784.70 748.47
0 506.83 333.98 686.12
25 601.53 508.05 694.81
5 475.78 320.68 415.83
10 185.99 410.02 423.80
15 Total Dissolved 437.17 393.92 566.83
20 Solid (ppm) 271.86 245.15 465.23
0 32.72 4.35 12.95
25 13.33 23.93 4.23
5 4.64 7.03 23.23
10 33.12 5.46 2.26
15 COD Removal 12.49 23.88 22.58
20 (%) 22.45 20.80 12.53
0 142.62 7.51 69.06
25 127.61 12.01 36.03
5 ) . 73.56 18.02 69.06
Acetic Acid
10 Content (g/L) 120.10 16.51 84.07
15 93.08 27.02 61.55
20 109.59 27.02 66.06
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Fig. 2: Graph of total solids against different CHAP concentration.
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Fig. 3: Graph of total dissolved solids against different CHAP concentration.
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Fig. 4: Graph of COD removal against different CHAP concentration.
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Fig. 5: Graph of acetic acid content against different CHAP concentration.

51



Proceedings of the 8th International Symposium on Advanced Materials and Nanotechnology 2024, (iISAMN2024), October 8-9, 2024

From Table 5.2 and Fig. 1, the pH value for apple increases from 2.84 to 3.38, for pineapple from
3.81 to 4.05, and for citrus from 2.97 to 3.9. The pH values for all three fruits generally show an
increasing trend with the rise in CHAP concentrations. Specifically, higher CHAP concentrations
tend to increase the pH level of all fruit types in the eco-enzyme, indicating a possible buffering
effect of CHAP during the fermentation process.

For total solids in Fig.2, there are fluctuations across different CHAP concentrations. In apples,
total solids decrease with increasing CHAP concentration, except at 10% CHAP, where there is a
slight increase. However, for pineapple, there is no clear trend, with only slight fluctuations
observed. For citrus, total solids decrease with increasing CHAP concentration, with a significant
drop at 5% CHAP due to CHAP's functionality in reducing solid content during fermentation,
potentially leading to clearer eco-enzyme solutions.

Regarding COD removal in Fig 4, for all fruit types, COD removal tends to increase with rising
CHAP concentration. For apple, COD removal significantly increases from 32.72% to 22.45% at
20% CHAP. For pineapple, COD removal slightly increases but drops at higher CHAP
concentrations. For citrus, COD removal generally increases but also shows some fluctuations.
Overall, COD removal efficiency improves with higher CHAP concentrations, enhancing the
breakdown of organic matter in all fruit types.

For acetic acid content in Fig 5, the acid content generally increases with rising CHAP
concentration. In apples, the content increases from 142.62 g/L to 109.59 g/L, while in citrus, it
increases from 69.06 g/L to 66.06 g/L. However, the acetic acid content in pineapple shows only
minimal increases with some fluctuations. The fluctuations in pineapple’s results when varying
CHAP concentrations are likely due to the complex interplay of factors, including pineapple’s
high sugar and enzyme content and the variable interactions between the organic materials in
pineapple and CHAP (Maghraby et al., 2023[9]).

Pineapples are naturally high in sugars such as glucose and sucrose, which are primary
substrates in the fermentation process that produce acetic acid and other byproducts (Rasit &
Chee Kuan, 2018[10]). The fluctuating levels of acetic acid and COD removal may result from
variations in how these sugars are fermented under different CHAP concentrations, where some
CHAP concentrations might facilitate more efficient fermentation, while others might inhibit
certain microbial activities, leading to inconsistent results. Moreover, pineapple contains natural
enzymes like bromelain, which might interact differently with CHAP. These enzymes could
either enhance or disrupt the fermentation process, leading to variability in the breakdown of
solids and the production of acetic acid.

CHAP might interact differently with various organic compounds in pineapple. The adsorption
of organic molecules onto the surface of CHAP particles might vary depending on the
concentration, leading to inconsistent removal of total solids and production of acetic acid. (Aina
et al., 2022[11]).
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Table 5.3 Analysis of FTIR for 20% of eco-enzyme for all fruit types.

CHAP
Concentration Absorbance peak Functional group Compound
(%)
Apple 20.0% 3312.25 O-H stretch Alcohols, phenols
2112.84 C=C stretch (Alkyne) Alkynes
1639.13 C=C stretch (Alkene) Alkenes
1402.13 C-H bend (Methyl group) Alkanes
1280.60 C-O stretch Esters, ethers,
carboxylic acids
1041.75 C-O stretch Alcohols, ethers,
esters
Pineapple 3310.46 O-H stretch Alcohols, phenols
20.0%
2123.66 C=N stretch (Nitrile) Nitriles
1639.32 C=C stretch (Alkene) Alkenes
1043.56 C-O stretch Aleohols, ethers,
esters
Chlorinated
599.26 C-Cl stretch organic
compounds
Citrus 20.0% 3309.76 O-H stretch Alcohols, phenols
2118.23 C=C stretch (Alkyne) Alkynes
C=C stretch
1637.90 (Alkene) Alkenes
1415.71 C-H bend (Methyl group) Alkanes
1042.32 C-O stretch Aleohols, ethers,
esters
Chlorinated
602.05 C-Cl stretch organic
compounds

Table 5.3 presents the Fourier Transform Infrared (FTIR) analysis, indicating the peak absorbance
of the control eco-enzyme from different fruit types after three months of fermentation. By
identifying the bond areas for single, double, and triple bonds, and the fingerprint region, it
becomes easier to separate and identify bonds at different locations.

For single bonds, the wide absorption band at the range 3200-3550 cm™ indicates the presence of
hydroxide compounds, confirming the presence of hydroxyl (OH) groups, which are typical for
alcohols or carboxylic acids. This peak represents the bonds present in the eco-enzyme, which
are broken down through enzymatic reactions during the degradation of organic materials,
functioning as natural cleaning agents. Hydroxyisourate hydrolase and vicianin hydrolase
enzymes catalyze the breaking of these bonds by reacting with water, which breaks the bonds
linking the composition of the substrate itself. The natural function of most hydrolases is
digestion, breaking down the components and nutrients of the eco-enzyme into smaller units.
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During the complex degradation of eco-enzymes, the presence of alkynes or nitriles is observed
at the range 2100-2260 cm™ for alkynes and 2200-2260 cm™ for nitriles. Although these are less
common in natural fermentation products apples and citrus show predominantly alkynes while
pineapple retains nitriles which indicates that the CHAP concentration may influence the type of
triple-bonded compounds that

persist during the fermentation. The presence of nitriles in pineapple shows that it consists of a
unique biochemical reaction between the natural enzymes and their chemical composition. At a
range of 1620-1680 cm™ and 1670-1820 cm™, there is the presence of C=O stretching and C=C in
the CHAP-enriched sample rather than the control sample due to higher presence of unsaturated
hydrocarbons which facilitates the formation of different organic compounds during
fermentation. The peaks at range 1000-1300 cm™ and 1350-1470 cm™ which are related to C-H
and C-O stretching, represent the presence of esters or alcohols, which are common in bioactive
compounds. Additionally, C-Cl is stretching at 599.54 cm™, possibly from chlorinated organic
compounds, which might originate from environmental contamination or additives. The higher
the peak absorbance, the greater the number of bonds present in the eco-enzyme, as this is linked
to the composition structure. Peak intensity usually correlates with an increase in the number of
functional groups (per unit volume) associated with a molecular bond, and a shift in peak
position typically indicates a change in the electron distribution of the molecular bond
(Mohamed, 2017[12]).

For the three different fruit-based eco-enzymes with and without CHAP, the FTIR analysis shows
the presence of functional groups representing organic acids such as acetic acid, alcohol, and
some esters. These compounds are known for their antimicrobial properties, which can influence
enzymatic activity. The presence of organic acids in the eco-enzymes naturally contributes to pH
reduction, potentially enhancing the effectiveness of organic fruit waste degradation into
beneficial natural products throughout the fermentation process. Alcohols and ethers, which are
byproducts of fermentation, function in solubilizing dissolved oils present in fruits along with
other hydrophobic substances. Moreover, esters might be more prominently present in apple-
based eco-enzymes due to the chemical composition of apples, which naturally contain high
sugar content and acids. This could lead to the production of specific secondary metabolites that,
along with fermentation conditions, favour ester formation, making them more prominent in the
FTIR analysis compared to pineapple and citrus eco-enzymes. This FTIR analysis indicates the
main functional groups which remain stable across both eco-enzyme control and without CHAP
and the CHAP show their influences types and abundances of certain organic compounds to
modify the fermentation process which might lead to a more effective product. The eco-enzyme
with CHAP shows a promising shift towards the bioactive compounds which could enhance the
eco-enzyme’s performance.

CONCLUSION

Based on the experimental study, it shows that the enhancement of enzyme in eco-enzymes
through the addition of hydroxyapatite nanomaterials throughout the fermentation process is
successful. By systematically varying the concentration of hydroxyapatite, the research showed
significant improvements in key parameters such as the pH value, total solids, total dissolved
solids, and chemical oxygen demands (COD) removal. The introduction of hydroxyapatite not
only enhanced the production of bioactive compounds in the production process but also
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influenced a more efficient breakdown of organic matter particularly in eco-enzymes derived
from different types of fruits, apple, pineapple, and citrus.
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Abstract: Composite materials have gained significant attention due to their exceptional mechanical
properties and diverse applications in various industries. In this study, the potential of utilizing banana
fiber as a reinforcement material in combination with graphite for the development of composite materials
is explored. Banana fiber, sourced from agricultural waste, offers an eco-friendly alternative to
conventional reinforcement materials, while graphite contributes to enhancing electrical conductivity and
mechanical strength. Various weight percentages of banana fiber (10%, 20% and 30% by weight) and
graphite (10%, 20% and 30% by weight) in epoxy were utilized for the development of the composites.
Results revealed that the combination of the graphite (10 wt. %)/banana fiber (30%) has the higher tensile
strength of 1.580 kN, the graphite (30 wt. %)/banana fiber (10%) has the higher compressive strength of
0.480 kN, among the various combinations of the graphite and banana fiber composites.
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INTRODUCTION

Composite materials have garnered immense interest in recent years due to their versatility,
offering tailored properties that outperform traditional materials in various applications [1].
Among the array of composite constituents, natural fibers have emerged as promising
alternatives to synthetic reinforcements, owing to their renewable nature and relatively low cost
[2]. Banana fiber, derived from the stem of the banana plant, is one such natural fiber gaining
attention for its remarkable mechanical properties and abundance in tropical regions.
Concurrently, graphite, with its excellent electrical conductivity and mechanical strength,
presents an intriguing option for enhancing the performance of composite materials [1]. This
study endeavors to explore the synergistic effects of combining banana fiber and graphite as
constituents in composite materials. The recent researchers has not explored on approaching
combination of banana and graphite composite materials as they have different characteristic
when they are mixed in different combination and can be used for different applications. The
banana fiber caries the ability to withstand more tensile force and graphite caries the ability to
withstand more compressive force [2]. For the following uses, these developed natural fiber
composites can be a highly economical material: The building and construction industry: false
ceiling and partition panels, partition boards, wall, floor, window, and door frames, roof tiles,
and pre- fabricated or movable buildings that may be employed in the event of natural disasters
like earthquakes, cyclones, or floods, among others [1].
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The following are the primary goals of the current research work: Assess the mechanical
properties of banana fiber and graphite composites, specifically focusing on tensile and
compressive strengths. Determine the optimal ratio of banana fiber to graphite in the composite
by testing various weight percentages (10%, 20%, and 30%) of banana fiber and (10%, 20%, and
30%) graphite in an epoxy matrix.

THEORY/LITERATURE REVIEW

Natural fiber-reinforced polymer composites have garnered significant attention in recent years
due to their sustainability, eco-friendliness, and cost-effectiveness. Banana fiber, in particular,
has been extensively studied for its potential to enhance mechanical properties of biocomposites
[2]. Bharath et al. [3] examined the effect of compression molding parameters on natural fiber
composites. They found that compression pressure had the most significant influence on tensile
and bending strength, followed by mold temperature and pressure application time. A hybrid
composite with 0.8% nano-filler addition exhibited enhanced tensile strength (183 MPa), bending
strength (158.3 MPa), and hardness (23.8 HV). Ibrahim et al. [4] studied the effect of graphite
microparticles on epoxy matrix composites. They reported a significant decrease in tensile
strength (over 50%) with 1 wt% graphite loading, while flexural strength initially increased with
0.1 wt% graphite before decreasing at higher concentrations. Wear rate was found to decrease
sharply with increasing graphite content due to the formation of a lubricating layer at the contact
surface. Nguyen and Nguyen [5] investigated the mechanical properties of banana fiber-
reinforced poly(lactic acid) (PLA) composites. They found that treating banana fibers with 5%
NaOH improved fiber-matrix compatibility. Composites with 20 wt% banana fiber exhibited
optimal mechanical properties, including tensile strength of 52.57 MPa, flexural strength of 70.35
MPa, impact strength of 155.45 J/m, and hardness of 23.8 Hv. Ramesh et al. [6] investigated the
abrasive water jet machining of banana fiber-reinforced polyester composites. They observed
that standoff distance had the greatest impact on surface roughness (60.63%) and kerf angle
(74.80%). Ku et al.[7] reviewed the tensile properties of natural fiber-reinforced polymer
composites. They found that the rule of mixture (ROM) accurately predicted tensile strengths for
various natural fiber-reinforced HDPE composites, while the Halpin-Tsai equation was most
suitable for predicting the Young's modulus of multi-fiber composites. In another study, Nguyen
and Nguyen [8] explored banana fiber-reinforced epoxy composites. They reported that
composites with up to 20 wt% banana fiber showed improved tensile, compressive, and impact
strengths compared to neat epoxy. The 20 wt% banana fiber composite demonstrated a limiting
oxygen index of 20.8% and satisfactory thermal stability. Ahmed et al. [9] reviewed the properties
of graphite nanoparticles (GNP) and their industrial applications. They noted that GNPs exhibit
significantly different properties at the nanoscale compared to their bulk form, and even low
concentrations of GNPs can substantially alter fluid properties when used as additives. This
literature review demonstrates the growing interest in natural fiber-reinforced composites,
particularly those utilizing banana fibers, and highlights the potential for enhancing mechanical
and thermal properties through various treatment methods and processing techniques.
Additionally, the incorporation of graphite and graphite-based nanocomposites offers promising
avenues for further improving composite performance in various applications.
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MATERIALS

The properties of banana fiber and graphite is shown in Table 1. The Cellulose, Hemi Cellulose,
and Lignin content are measured using chemical analysis methods such as Van Soest method.
Moisture content is determined through oven-drying methods, measuring weight loss. The
Pectin content is analyzed through extraction and colorimetric methods. Density is measured
through the pycnometry method. The fibers were extracted from the pseudostem of the nendran
banana plant which was planted in Sri Ramakrishna Engineering College premises in
Coimbatore.

Table 1: Properties of the banana fiber and graphite

Banana fiber

SI No. Property Range
1 Cellulose (%) 60-64
2 Hemi Cellulose (%) 6-19
3 Lignin (%) 5-10
4 Moisture (%) 11
5 Pectin (%) 3-5
6 Density (g/cmv) 1-1.5
7 | Elongation at breaking (%) | 4-6.5
8 Young's Modulus (GPa) 20

Graphite
1 Density (g/cm?) 2.09-2.23
2 Porosity (%) 0.7-53
3 |Compressive Strength (MPa)| 20-200
4 [Tensile Strength (MPa) 8-70
5 [Young's Modulus (GPa) 8-15

The basic properties of epoxy and hardener are shown in Table 2, which is used as received from
Araldite.

Table 2: Basic properties of Epoxy and Hardener

Properties Epoxy LY556 Hardener HY951
Visual appearance Medium viscosity, colorless clear Brownish yellow color
liquid liquid
Viscosity at room 9000-12000 MPa 500-1000 MPa
temperature
Density at room temperature 1.13-1.16 gm/cc 0.946 gm/cc
EXPERIMENTAL
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The experimental procedure begins with the preparation of banana fibers, which are cleaned, cut
to a uniform length of approximately 30 mm, and treated with 5% NaOH solution for 2 hours to
remove impurities and enhance fiber-matrix adhesion. The treated fibers are then washed
thoroughly with distilled water and dried in an oven at 80°C for 24 hours. Next, the epoxy matrix
is prepared by mixing the resin and hardener according to the manufacturer's recommended
ratio. The composite fabrication process involves weighing appropriate amounts of banana
tibers, graphite powder, and epoxy matrix for each composition (10%, 20%, and 30% by weight
for both banana fiber and graphite). The graphite powder is first mixed with the epoxy matrix
using a mechanical stirrer for 10 minutes to ensure uniform dispersion. Treated banana fibers are
then gradually added to this mixture, stirring continuously to achieve uniform distribution. The
resulting mixture is poured into a pre-treated mold and cured in a hot press at 80°C and 5 MPa
pressure for 2 hours. After cooling to room temperature, the composite is removed from the mold
and post-cured in an oven at 100°C for 2 hours to enhance cross-linking and improve mechanical
properties. Finally, the fabricated composite is cut into appropriate sizes for tensile and
compressive testing according to ASTM standards, cleaned with acetone, and dried before
testing. Tensile and compressive tests are conducted using a universal testing machine, and the
maximum load at failure is recorded for each sample to calculate the tensile and compressive
strengths for different compositions. The composite is fabricated and the XRD analysis, SEM
examination, FTIR analysis, tensile testing and compression testing is carried out to study its
behavior. Each technique offers unique insights into the chemical composition, structural
properties, and microstructural features of the composite.

RESULTS AND DISCUSSION
The fracture specimens after the test are shown in Fig. 1.

Fig. 1: Fractured test specimens

Fig. 2, 3 and 4 shows the tension test results for all the composites. This composition achieved the
highest tensile strength of 1.580 kN among the various combinations tested. Fig. 5,6 and 7
presents the compression test results for the composition with 30% graphite and 10% banana
tiber. This combination demonstrated the highest compressive strength of 0.480 kN among all
tested compositions. Higher banana fiber content (30%) contributes to improved tensile strength,
likely due to the fiber's ability to resist tensile loads. Higher graphite content (30%) enhances
compressive strength, possibly because graphite particles can effectively distribute compressive
loads throughout the matrix.
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Fig. 2: Tension test results for 30% graphite and 10% banana fiber composition
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Fig. 3: Tension test results for 20% graphite and 20% banana fiber composition
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Fig. 4: Tension test results for 10% graphite and 30% banana fiber composition

The tension test report for 10% graphite and 30% banana fiber composition is 1.580 kN and the
compression test reports that 30% graphite and 10% banana fiber composition is 0.480 kIN.
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Fig. 5: Compression test results for 30% graphite and 10% banana fiber composition
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Fig. 6: Compression test results for 20% graphite and 20% banana fiber composition
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Graph Load Vs Displacement

Fig. 7: Compression test results for 10% graphite and 30% banana fiber composition

Figs. 8,9 and 10 show the Fourier Transform Infrared (FTIR) spectroscopy results for the banana
fiber/graphite composites. FTIR helps identify the chemical bonds and functional groups present
in the composite.

e Peaks around 3300-3500 cm™, indicating O-H stretching from cellulose in banana fibers

e Peaks around 2800-3000 cm™, representing C-H stretching from both fibers and epoxy

matrix
e Peaks around 1000-1200 cm™?, showing C-O stretching from cellulose and epoxy
e Peaks specific to graphite, typically around 1580 cm™ and 1360 cm™

The presence and intensity of these peaks can confirm the successful incorporation of banana
fibers and graphite into the epoxy matrix.
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Fig. 8: FTIR examination of the 30 % banana fiber/10 % graphite composite
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Fig. 9: FTIR examination of the 20 % banana fiber/20 % graphite composite
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Fig. 10: FTIR examination of the 10 % banana fiber/30 % graphite composite

Figs. 11,12 and 13 present the X-Ray Diffraction (XRD) results for the banana fiber/graphite
composite. XRD analysis helps identify the crystalline structures present in the material. Broad
peaks around 15-17° and 22-23° 20 would indicate cellulose from banana fibers. A sharp peak
around 26-27° 20 would represent graphite. The absence of sharp peaks in other regions would
suggest the amorphous nature of the epoxy matrix The relative intensities of these peaks can
provide information about the proportions of crystalline components in the composite.

Fig. 14 shows the Scanning Electron Microscopy (SEM) examination of the banana fiber/graphite
composite. SEM provides information about the surface morphology and fiber distribution
within the composite. SEM results for such composites revealed the distribution and orientation
of banana fibers within the matrix, the interface between fibers and the epoxy matrix, indicating
the quality of adhesion, the dispersion of graphite particles throughout the composite and any
voids or defects in the material.
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Fig. 11: XRD examination of the 30 % banana fiber/ 10 % graphite composite.
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Fig. 13: XRD examination of the 10 % banana fiber/ 30 % graphite composite
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Fig. 14: SEM examination of the banana fiber/graphite composite

CONCLUSIONS

This study has successfully demonstrated the potential of utilizing banana fiber and graphite as
reinforcement materials in the development of eco-friendly composite materials with enhanced
mechanical properties. The investigation of various weight percentages of banana fiber and
graphite in epoxy matrix has yielded valuable insights into the performance of these novel
composites. The results clearly indicate that the composition of the composite significantly
influences its mechanical properties. Notably, the combination of 10 wt% graphite and 30 wt%
banana fiber exhibited the highest tensile strength of 1.580 kN. This suggests that a higher content
of banana fiber contributes to improved tensile properties, likely due to the fiber's ability to
effectively distribute tensile loads throughout the matrix. Conversely, the composite with 30 wt%
graphite and 10 wt% banana fiber demonstrated the highest compressive strength of 0.480 kIN.
This finding indicates that a higher graphite content enhances the composite's resistance to
compressive forces, possibly due to the graphite particles' capacity to distribute compressive
loads more efficiently within the matrix. These results highlight the complementary roles of
banana fiber and graphite in enhancing different aspects of the composite's mechanical
performance. The ability to tailor the composition to achieve desired properties makes these
composites highly versatile for various applications. Furthermore, the use of banana fiber, an
agricultural waste product, as a reinforcement material offers an environmentally friendly
alternative to conventional synthetic fibers. This aligns with the growing demand for sustainable
materials in industry.
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Abstract: Extensive research has been conducted on incorporating nanocellulose into its starch-
based plants comprising arrowroot nanocellulose as a filler and arrowroot starch as biopolymer.
The aim of this research is to investigate the mechanical and morphological properties of
nanocellulose arrowroot fiber reinforced arrowroot starch biopolymer composites. The ARNCC
loading ranged from 0 to 3 wt%. Solution casting method was performed to prepare the
arrowroot starch (AS) biopolymer film with different Arrowroot Nanocrystalline Cellulose
(ARNCC) loading (0,1 and 3%wt) utilizing a combined 30% glycerol and sorbitol as a plasticizer.
The study highlights the substantial improvements in mechanical properties due to the
introduction of ARNCC into AS film, notably a 173% increase in tensile strength, achieving 4.31
MPa with ARNCC3. However, the increase of ARNCC loading decreases the young’s modulus
of AS film which indicates that the film become lesser stiffness. Morphological studies provide
valuable insights into the structure and composition of the composites, revealing a well-defined
interface between the ARNCC and the AS matrix. The existence of bridge cracking on the surface
of ARNCC2 and ARNCC3 improves the ability of the film to distribute the stress and improve
the tensile strength of the AS film.

INTRODUCTION

Growing worldwide environmental concerns have led to an increasing demand for
environmentally friendly products in the modern world. So, an alternative approach for the
development of environmentally friendly products involves the utilization of bio-based materials
[1]. These materials encompass a wide range of substances, including biopolymers, natural
fibres and bio composites. In essence, a biopolymer composite is a material composed of a
biodegradable biopolymer matrix derived from natural sources and reinforcing materials that
are designed to optimize properties while maintaining environmental sustainability.
Udayakumar et al. claimed that biopolymer composites are created by integrating natural fibres
as fillers within biodegradable polymer matrices [2]. Recently, researchers have shown
significant interest in biomaterials derived from natural sources due to their accessibility and
cost-effectiveness.

The utilization of nanocellulose fibres in bio-based materials is highly significant due to their
exceptional properties and diverse applications. These nano-sized cellulose fibrils or crystals are
widely used as components in a variety of industries since they provide bio-based materials
excellent strength, stiffness and biodegradability. Furthermore, the introduction of nanocellulose
arrowroot fibre into bio-based materials enhances their flexibility, offering a wider range of
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possible uses in several industrial applications. Tarique et al. claimed that arrowroot fibre has
small diameter which leads to high tear resistance making it beneficial for packaging and suitable
for tissue paper purposes [3].

Arrowroot starch which derived from the rhizomes of the arrowroot plant can serve as the
biopolymer due its unique properties and diverse application. Arrowroot is a starch-rich rhizome
that generates easily digested starch with great gelling characteristics and a high amylose content
(35.20%), making it suitable for film production and having stronger mechanical and barrier
properties than amylopectin [4]. Its outstanding gelling properties lead to enhanced texture and
stability in food applications while the high amylose concentration which facilitates film
manufacturing, offers eco-friendly packaging solutions. Therefore, in this study the effect of
nanocellulose arrowroot fibre reinforcement arrowroot starch biopolymer for film production
was investigated.

METHODOLOGY

There are various processes that have been done to make sure this project is a success. The process
starts with purchasing the arrowroot tuber from the supplier. Then, the process continued with
the extraction of the arrowroot starch (AS) and extraction of arrowroot nanocellulose crystalline
(ARNCC) using acid hydrolysis method. Next, the biopolymer film was prepared using solution
casting method with different ARNCC loadings (0, 1 and 3 wt%).

The extraction of arrowroot starch was carried out at the lab Advanced Engineering
Materials and Composites Research Centre (AEMC), Universiti Putra Malaysia (UPM). The
arrowroot extraction procedure began with the selection of arrowroot rhizomes, followed by
peeling and cutting process. The cut rhizomes were then crushed in Toshiba countertop blender
with distilled water in a ratio of 1:2 (m/m) of arrowroot to water for 5 minutes to form a
homogeneous mass. The mass was next filtered through a double cotton cloth to separate the
solid components. To guarantee complete starch removal, the mass was rinsed three times with
distilled water, aiding in fibre separation. After around 12 hours of starch sedimentation, water
was manually removed, and the resultant starch was dried in an air flow oven at 60 °C for four
hours. Figure 1 shows the process of arrowroot starch (AS) extraction.

Peeling Cutting Blending Filtering Sedimentation for
12 hours

Fig. 1: Process of arrowroot starch (AS) extraction

Nanocrystalline cellulose (NCC) was prepared by acid hydrolysis of the cellulose as
described by Sanyang et al. (2016). The acid hydrolysis was conducted using a 60 wt% H2504
solution at 45 °C. The hydrolysis time in this study was fixed at 45 minutes, which was found to
be the optimum duration. The ratio of the obtained cellulose to liquor was 5:100 (wt%) (5g
arrowroot cellulose to 100g H2504 solution). The hydrolysed cellulose sample was washed five
times by centrifugation (6,000 rpm, 10 minutes, and 8 °C) to remove excess sulfuric acid. The
suspension was then dialyzed against distilled water until a constant pH was reached. The
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resulting suspension was sonicated for 30 minutes, then subjected to a freeze-drying process and
stored in a cool place.

s
10g arrowroot  180ml distilled Gelatinization 1.5g glycerol 1.5g sorbitol
starch water process

AS film Air flow oven 40°C Film forming solution
for 24 hours 50g

Fig. 2: The biopolymer film preparation process

The film production was carried out at the lab Advanced Engineering Materials and Composites
(AEMC), University Putra Malaysia. Biopolymer nanocomposites were developed utilizing the
conventional solution casting method. An aqueous suspension of arrowroot nanocellulose
crystalline (ARNCC) was prepared by mixing a known concentration of ARNCC (1 to 4 wt%
based on arrowroot starch) with distilled water. The arrowroot starch (AS) film-forming solution
was prepared by adding 10 g of arrowroot starch to 180 mL of distilled water. Then, 30% of a
combined glycerol and sorbitol plasticizer (in a 1:1 ratio) was added to the mixture under
constant stirring while heating the mixture at 80 °C for 15 minutes. The film-forming suspension
was allowed to cool before 50g of the suspension was poured into each petri dish (13 cm in
diameter). The dishes containing the film-forming solution were placed in an oven at 40 °C for
24 hours. AS-based films prepared without ARNCC served as the control (denoted as AS films).
Nanocomposite films with 0, 1 and 3wt% ARNCC were designated as Control, ARNCC1, and
ARNCCS, respectively. Afterward, the dehydrated samples were conditioned at 25 °C for 24 h,
detached from the plates and stored at 25 + 3 °C and 52% relative humidity for a week before
characterization. Figure 2 shows the ARNCC/AS film preparation process. Meanwhile,

The tensile behaviours of bio composite samples were tested at room temperature using
an Instron 3366 tensile machine following the ASTM D882-02 standard. The test was carried out
at the Strength of Material Laboratory, Universiti Putra Malaysia. The samples (70 x 10 mm?)
were properly fixed between tensile clamps. For this test, 3 specimens were tested based on the
different nanocellulose loading (0,1,3 wr%). Initially, the gauge length of the samples and the
machine crosshead speed were set at 30 mm and 2 mm/min, respectively. Tensile strength, tensile
modulus and elongation were measured for 5 replicates of each specimen. The mechanical
properties were evaluated using the mean value of the measurements. Finally, the data obtained
were tabulated and analyzed after the experiment was carried out. Figure 3 shows the INSTRON
3366 Tensile Machine and the measured length of biopolymer film, respectively.
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Fig 3: INSTRON 3366 Tensile Machine

The SEM analysis was carried out at Institute Tropical Forestry and Forest Product,
Universiti Putra Malaysia. The purpose of this analysis is to study the surface morphology of
arrowroot nanocellulose reinforced arrowroot starch biopolymer film with different percentage
of fibre loading (0,1,3 wt%) by setting an acceleration voltage of 5kN using Scanning electron
microscope EM-30AX Plus machine. For this analysis, the fractured surface of the films resulting
from the tensile test were tested to evaluate the microstructure of the films.

The resultant biopolymer films then undergo two main tests which are tensile test and
surface morphology of the tensile specimen using scanning electron microscope (SEM). Figure 4
shows the flowchart process for this project.

Purchasing arrawroot
[Maramta arundinsces)

Extracting armoswraak Extracting armow raak
starch manoce Bulose from
arrowroot bagasse fibre
tacid hwdrolesish

Proesdiste the
nanoc=lulose armrowraot
reinforced arrowroot
stanch biopakmer filom

(eolutinm casting)

Performing physical
Performing bensile test TESEINS
Jwarter solubility, water
oonbent and density])

Perfarming scanning
electron microscoping

ISEM)

.

Fig. 4: The flowchart process for this research.
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RESULTS AND DISCUSSIONS

Tensile Strength

The bar graph from Figure 5 presents the tensile strength of arrowroot biopolymer starch films
reinforced with varying concentrations of ARNCC. The data indicates a clear positive correlation
between ARNCC loading and tensile strength. At 0% nanocellulose, the tensile strength is 2.50
MPa. This value increases significantly to 3.44 MPa with 1% nanocellulose loading and reaches
431 MPa at 3% loading. This trend implies that adding ARNCC significantly improves the
mechanical properties of the starch film. Nanocellulose functions as a reinforcing agent,
increasing tensile strength due to its high aspect ratio and strong hydrogen bonding potential,
which improves the interaction between ARNCC and the AS matrix. The higher tensile strength
is due to better load transfer efficiency and the formation of a more rigid and cohesive network
inside the film. As a result, these improvements make the film more durable and suited for
applications required better mechanical performance. Figure 5 shows the graph of tensile
strength of different ARNCC/AS loadings
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Fig. 5: Graph of tensile strength of varying ARNCC/AS loadings

Young’'s Modulus

The second graph from Figure 6 indicates that as the concentration of ARNCC increases, the
Young's modulus decreases. The Young's modulus at 0% nanocellulose is 65.72 MPa, suggesting
a rather stiff material. At 1% loading, this value decreases to 49.87 MPa, and at 3% loading, it
decreases even lower to 32.45 MPa. This decline suggests that while the film becomes stronger
with higher nanocellulose content, it also becomes less stiff and more flexible. The reduction in
stiffness might be due to the ARNCC disrupting the rigid AS matrix, creating a more pliable
network. Figure 6 shows the graph of young’s modulus of different ARNCC/AS loadings.
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Fig. 6: Graph of young’s modulus of different ARNCC/AS loadings

Elongation at Break

The third graph from Figure 7 demonstrates that increasing the loading of ARNCC results in an
increase in elongation at break. The elongation at break is 13.41% at 0% ARNCC, which
significantly increases to 38.85% at 1% loading and further to 44.98% at 3% loading. This implies
that the film's ductility increases with the addition of ARNCC, enabling it to stretch further before
breaking. The reason for the increased elongation is due to ARNCC providing the biopolymer
matrix a more flexible network, which allows for more deformation while under stress. Figure 7
shows the graph of elongation at break of different ARNCC/AS loadings.
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Fig. 7: Graph elongation at break of different ARNCC/AS loadings

Generally, there are various factors that can affect the mechanical properties of the
nanocomposite film such as filler contents, porosity and grain size. The fractured surface of the
tensile for the three different loadings of arrowroot nanocellulose reinforced arrowroot starch
biopolymer films were examined using Scanning Electron Microscope (SEM) from Figure 8.

Nanocellulose can be identified as white dots which correspond as cellulose nanocrystalline
(CNCs).

Microstructure Analysis of biopolymer films

From the figure 5 below, the control film shows the smoothest surface compared to other films.
The roughness surface of Figure 5 (b) and Figure 5 (c) may be due to the higher contents of
arrowroot nanocellulose. According to Kilic et al. (2009), the surface roughness can affect the
tensile strength of the sample [5]. Based on this observation, the increases of the surface
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roughness could potentially increase the tensile strength of the nanocomposite film. Figure 8
shows the surface morphology of tensile fracture surface at 1000 magnificent.

bridge crack
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Fig. 8: Surface morphology of tensile fracture surface at 1000 of (a), Control (b) ARNCC1 and (c)
ARNCC3

Furthermore, the control film shows a highly extensive fracture compared to other two
films. Generally, this surface fracture can affect the mechanical properties of the film. Talebi et al.
(2021) reported that the addition of CNCs improves the mechanical properties of the composite
films by bridging cracks, which enhances the tensile strength and elongation [6]. Based on Figure
8 (b) and Figure 5 (c), the present of CNCs span across the cracks increase the tensile strength of
the film by stretching across the opening cracks and help to reduce crack propagation.

CONCLUSION

The tensile properties of these films showed that ARNCC/AS with 3% loading showed the better
tensile strength compared to other loadings. However, by increasing the ARNCC loading will
decrease the young’s modulus and elongation of the AS film which indicates that the film become
more stiffness with increasing of ARNCC loading. Furthermore, Scanning Electron Microscope
SEM analysis revealed that the influence of ARNCC content on the fracture surface morphology
of ARNCC/AS films. The result showed that the increase of ARNCC loading produces the
roughness surface of the film which causes the better tensile properties for the film. Besides, the
existence of bridge crack on the ARNCC1 in reducing films indicates that nanocellulose plays an
important role to reduce the stress and enhanced the tensile properties of the film.
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Abstract: The pursuit of sustainable and high-performance materials has spotlighted cellulose-based
electrospun nanofibers for electronic applications. Derived from the abundant biopolymer cellulose, these
nanofibers combine biodegradability, renewability, and mechanical strength with the benefits of
electrospinning, such as high surface area and tunable properties. This review examines the synthesis,
characterization, and functionalization of cellulose nanofibers, emphasising their role in flexible
electronics, energy storage, sensors, and conductive composites. Despite challenges in scalability and
performance optimization, advancements show improved conductivity and mechanical properties. Future
directions highlight the transformative potential of these eco-friendly materials, aiming to foster further
research and development towards a sustainable and efficient electronic industry. The main aim in the
future direction is to advance research and development of cellulose-based electrospun nanofibers to create
sustainable and high-performance materials for electronic applications. This involves overcoming
challenges in scalability and optimizing performance to enhance conductivity and mechanical properties,
ultimately contributing to a more sustainable and efficient electronic industry. The focus is on harnessing
the eco-friendly nature of these materials to drive innovation in flexible electronics, energy storage, sensors,
and conductive composites, paving the way for greener technological solutions.

Keywords: cellulose nanofibers; electrospinning; sustainable electronics; functionalization; energy storage

INTRODUCTION

Electronics materials have undergone significant advancements in recent years, driven by the
need for innovative, sustainable, and efficient solutions. Among the various materials explored,
cellulose-based electrospun nanofibers have emerged as a promising candidate due to their
unique combination of properties. Derived from natural sources, cellulose is the most abundant
biopolymer on Earth, known for its biodegradability, renewability, and excellent mechanical
strength [1]. When processed into electrospun nanofibers, cellulose exhibits remarkable
characteristics such as high surface area, flexibility, and the potential for functionalization,
making it an attractive material for a wide range of electronic applications.

The process of electrospinning provides an effective method for fabricating cellulose-
based nanofibers with controlled morphology and properties. This technique offers significant
advantages, including simplicity, and the ability to produce continuous fibers. The resulting
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nanofibers can be tailored to meet specific requirements, such as enhanced conductivity,
improved mechanical properties, and increased surface reactivity, through various pre-
processing and post-processing treatments and incorporation of functional additives.

Electrospinning is a simple and effective technique for creating nanofiber membranes
with large specific surface areas, carefully regulated fibre alignments, and porous surfaces.
Because of these qualities, electrospun nanofibers may be used in a variety of fields, such as
biomedical, energy, catalysis, sensors, and filtration [2]. The integration of cellulose-based
electrospun nanofibers into electronic devices opens new possibilities for sustainable and high-
performance materials. Moreover, their potential applications span a diverse array of fields,
including flexible and wearable electronics, energy storage devices, sensors, and conductive
composites. As researchers continue to explore and optimise the properties of these nanofibers,
the intersection of material science, engineering, and electronics promises to yield innovative
solutions that address the growing demand for environmentally friendly and efficient electronic
materials.

In this paper the recent advancements in the development and application of cellulose-
based electrospun nanofibers as electronic materials are discussed. This review covers the
synthesis methods, structural characterization, and functionalization techniques used in current
and possible future applications that enable these nanofibers to meet the stringent requirements
of modern electronic devices. Furthermore, we will highlight the challenges and future directions
in this rapidly evolving field, emphasizing the potential impact of cellulose-based nanofibers on
the future of electronics.

SYNTHESIS METHODS
Several methods are used to synthesize cellulose nanofibers. These include electrospinning of
cellulose, cellulose derivatives, and nanocellulose [3].

Electrospinning of cellulose: This process involves an electric field to draw thin fibers from a
cellulose solution. It allows for the creation of continuous cellulose nanofibers with diameters
typically in the nanometer range.

Electrospinning of cellulose Derivatives: Similar to the electrospinning of pure cellulose, this
method involves using cellulose derivatives, such as cellulose acetate or carboxymethyl cellulose,
as the starting material. These derivatives can be more easily dissolved in solvents, facilitating
the electrospinning process.

Electrospinning of Nanocellulose: Nanocellulose, which includes cellulose nanocrystals (CNCs)
and cellulose nanofibrils (CNFs), can also be electrospun to produce nanofibers. This technique
often involves blending nanocellulose with other polymers to achieve the desired fiber
characteristics and stability.

Electrospinning of cellulose involves dissolving pure cellulose in a suitable solvent
system, such as a mixture of DMF and PAN, or an ionic liquid. The polymer-solvent system and
the necessary fibre characteristics determine the optimal stirring time. The electrospinning
process is affected differently by longer and shorter stirring durations [4]. The cellulose solution
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is then loaded into a syringe equipped with a needle, connected to a high-voltage power supply.
When voltage is applied, the electrostatic force creates a jet of the solution that travels towards a
grounded collector. As the jet travels, the solvent evaporates, leaving behind cellulose nanofibers.
This method allows for the production of continuous fibers with diameters ranging from
nanometers to micrometers, with fiber morphology controlled by adjusting parameters like
solution concentration, voltage, and needle-to-collector distance.

Fig.1. Shows the structure of Cellulose Acetate nanofibers

Nanofiber synthesis requires a specific electrospinning setup tailored to experimental
conditions. A setup with a 25 cm gap between the needle and collecting plate, using a stainless
steel No. 23 needle, is critical for optimizing fiber formation. This configuration enables proper
polymer jet stretching, solidification, and solvent evaporation, producing uniform, defect-free
fibers. The stainless steel needle ensures precise flow control and maintains a stable electric field,
enhancing fiber consistency and quality. This setup is crucial for generating reproducible, high-
quality fibers suitable for filtration, tissue engineering, and drug delivery. The solution volume
was maintained at 4 mL, with a voltage range of 25-30 kV and a flow rate of 1 mL h-. The positive
electrode was connected to the high-voltage needle, and the negative electrode was attached to
the stainless-steel collecting plate [5].

Dissolving cellulose in conventional solvents poses challenges due to its high viscosity,
necessitating specific solvent systems. Solvent systems that promote the disentanglement or
decrystallization of cellulose have been identified, facilitating its dissolution process [6]

CELLULOSE ELECTROSPUN NANOFIBERS CHARACTERIZATION
Following electrospinning, cellulose nanofibers are characterized using various techniques to
assess their physical, chemical, and thermal properties. The electrospun polymer fibers
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demonstrate several notable attributes, including enhanced mechanical properties such as
increased tensile strength and stiffness, as well as an exceptionally high surface-area-to-volume
ratio, which can be up to 103 times that of the nanofiber [1]

Morphology and mechanical properties

Morphological and physical characterization of nanofibers is crucial for their classification and
future development. In the case of cellulose electrospun nanofibers, properties such as solution
homogeneity, fiber diameter, and bead presence can be assessed using scanning electron
microscopy (SEM) and tensile strength can be measured with a universal tensile machine (UTM).
The nanofiber webs, with an average diameter of 950 + 50 nm, were found to be largely defect-
free, with no significant bead formation, and were produced continuously under optimized
electrospinning conditions. These findings provide a basis for future research [4].

The mechanical properties of two formulations, PAN (Polyacrylonitrile) and PAN with CA
(Polyacrylonitrile with cellulose acetate), were evaluated and compared as shown in Table 1.
PAN demonstrated a higher tensile strength at maximum load (8.39%) in contrast to PAN with
CA, which exhibited a lower value (1.33%). This suggests that PAN can endure a greater force
before failure. Conversely, PAN with CA showed a markedly higher tensile strain at break
(37.09%) compared to PAN (23.79%), indicating superior elasticity and the ability to elongate
more before breaking. In terms of stiffness, PAN with CA exhibited a higher modulus (19.29
MPa), reflecting greater resistance to deformation under stress, whereas PAN had a lower
modulus (15.04 MPa), implying greater flexibility. Furthermore, the tensile extension at
maximum load for PAN (2.60 mm) was significantly higher than that of PAN with CA (0.41 mm),
reinforcing the observation that PAN possesses greater flexibility. While the flexibility of PAN
was noted to be higher, no specific data on the flexibility of PAN with CA was provided. Finally,
in terms of ductility, PAN with CA was reported to have a higher ductility compared to PAN,
suggesting that PAN with CA is better able to undergo plastic deformation before fracture.
Overall, PAN excels in strength and flexibility, while PAN with CA is characterized by enhanced
elasticity, stiffness, and ductility.

Table 1. Tensile results PAN and PAN with CA

Formulation PAN PAN + CA
Tensile Strainat Maximum
8.39% 1.33%
Load (%)
Tensile Strain at Break (%) 23.79% 37.09%
Modulus (MPa) 15.03721 19.29410
Tensile Extension at
X 2.60049 0.41208
Maximum Load (mm)
Flexibility more flexible
Ductility higher

Chemical and electrochemical properties
Fourier transform infrared (FT-IR) spectroscopy was employed to analyze the functional group
content of the materials [7]. The composition of the electrospinning solution, including the

79



Proceedings of the 8th International Symposium on Advanced Materials and Nanotechnology 2024, (iISAMN2024), October 8-9, 2024

cellulose chemical formula, is critical for evaluating compatibility and functionality, as well as its
influence on nanofiber characteristics. This includes the development of composite nanofibers
aimed at enhancing flexibility and strength. Challenges related to the dissolution of cellulose in
solvents have prompted investigations into combining cellulose with other materials to produce
electrospun cellulose composite nanofibers, which are utilized across various industries [11].
Solutions lacking surfactants fail to produce fine, uniform jets due to the rapid evaporation of the
solvent, unlike those with surfactants. Surface tension in these cases may lead to the formation
of beads on the liquid jet [7]. Understanding the functional groups of each polymer and material
in the electrospinning solution offers valuable insights for novel applications. Cellulosic
materials, characterized by their 1D hierarchical structures and hydroxyl groups, have attracted
considerable interest as natural bio-templates for the fabrication of lithium-ion battery (LIB)
electrodes [12].

The electrochemical performance of cellulose electrospun nanofibers was assessed using
a 4-point probe. A decrease in current at both peaks, indicative of reduced electrode surface
conductivity, was observed when the membrane was placed onto the FTO substrate. This
reduction may affect sensor sensitivity due to the insulating properties of cellulose acetate (CA)
[13].

Thermal properties

The TGA curve illustrates the sample deterioration in three distinct phases. The initial phase,
occurring between 30 and 50 °C, involves moisture extraction from the sample. The second phase,
observed between 250 and 400 °C, is marked by significant mass loss, during which nearly the
entire sample deteriorates. In the final phase, above 400 °C, complete degradation of the
nanofiber occurs, leaving only a minimal residue [7]. The data plotted on the graph is derived
from continuous monitoring of the sample weight, coupled with the passage of specific gases
and associated degradation processes.

POTENTIAL AND APPLICATION OF CELLULOSE ELECTROSPUN NANOFIBER IN
ELECTRONIC FIELD

Cellulose’s sustainability, owing to its biocompatibility, biodegradability, non-toxicity, and
environmental friendliness, has facilitated the development of various applications. Wearable
electronic devices, which must be portable, self-powered, and highly efficient, have driven the
advancement of several nanogenerator technologies, including those based on photoelectric,
thermoelectric, piezoelectric, triboelectric, and moist-electric generation [14]. Recent research
highlights the use of electrospun nanofibers in electrochemical devices such as solar cells, fuel
cells, rechargeable batteries, supercapacitors, and hydrogen storage systems [15]. Many studies
have focused on cellulose-based materials. The high surface-to-volume ratio and superior
spinnability of cellulose acetate (CA) nanofibers enable the incorporation of numerous sensing
elements, resulting in a rapid reaction time (30s) and high sensitivity across a concentration range
from 200 ppm to 12,750 ppm. Integrating cellulose (and its derivatives) with electrospinning
technology presents an effective approach for producing nanostructured porous materials with
promising functionalities, flexibility, renewability, and biodegradability [16]. Notable
applications of cellulose electrospun nanofibers in the electronics field include:

Bacterochromic cellulose sensor
A novel smart biochromic textile sensor was developed by immobilizing anthocyanin extract into
electrospun cellulose acetate nanofibers, enabling the detection of bacteria for various
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applications, including healthcare monitoring [3]. This sensor integrates cellulose acetate-based
nanofibers with anthocyanin extracted from red cabbage to create a tactile-based bacterial
biosensor. Upon exposure to an affected medium, the sensor exhibits colorimetric changes. The
combination of low mass, high permeability, porosity, flexibility, and a broad surface area of the
nanofibers facilitates effective analyte contact, resulting in an inexpensive and highly sensitive
diagnostic tool.

Cellulose-curcumin composite colorimetric sensor

To monitor the real-time deterioration of raw chicken, electrospun regenerated cellulose
nanofiber (RCA) composites coated with curcumin (CUR) (CUR-Cot) were developed. This novel
method, particularly relevant to the food safety sector, employs cellulose-based nanofibers for
sensor applications. Typically, sensing components, such as pigments or dyes, are integrated
with support materials—including glass, film, nanofibers, cellulose, polyvinyl alcohol, starch,
chitosan, and chitin—to create smart colorimetric sensors [2].

Mercury ions electrochemical sensor

The development of rapid technologies for mercury detection is essential due to the hazards
associated with environmental mercury contamination, which necessitates stringent control of
this element [11]. Accurate measurement of mercury ions (Hg?*) in various matrices, including
soil, water, air, and biological samples, is critical. To address this need, an environmentally
friendly electrochemical sensor was developed for detecting mercury (II) ions (Hg?*). This sensor
utilizes electrospun cellulose acetate nanofibers modified with silver nanoparticles (AgNPs) on
fluorine-doped tin oxide (FTO) glass [13].

Solar-powered interfacial evaporation

This article introduces a novel bio-based nanofibrous foam designed for solar interface
evaporation with exceptional efficiency. To achieve this, an in-situ layer-by-layer self-assembly
process combined with electrospinning was employed to fabricate a hybrid membrane composed
of cellulose nanofibers and graphene oxide (GO). The principle of solar-driven interfacial
evaporation involves using an evaporator to convert solar energy into heat, which is then
concentrated at the evaporation interface to generate water vapor. Utilizing cellulose and a
straightforward three-step synthesis process, a unique three-dimensional Janus-type nanofibrous
foam evaporator was developed. This evaporator effectively absorbs solar energy and facilitates
water pumping across various foam layers [17].

4.5 Lithium-ion battery separator

The rapid advancement in lithium-ion battery (LIB) technology has led to its widespread
application in both portable electronics and large- and medium-scale energy storage systems [12].
This study presents a novel composite membrane consisting of electrospun poly(vinyl
alcohol)/melamine (PVAM) nonwoven membranes sandwiched between zeolitic imidazole
frameworks-67 (ZIF-67) decorated cellulose acetate nanofibers (ZIF-67@CA).The separator plays
a crucial role in enhancing the lifespan of LIBs by providing ion transport pathways between the
cathode and anode and preventing electrical short circuits [5]. This novel composite nonwoven
membrane demonstrates potential for use in lithium-ion battery systems, offering high power
and safety, making it particularly suitable for electric vehicles (EVs) [8].

Based templates for lithium-ion metal electrodes
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The electrospinning method was employed to fabricate nanoscale cellulosic fiber templates,
which were subsequently used to develop one-dimensional hollow TiO, electrodes [12]. The
exceptional electrochemical performance of these electrodes is attributed to their unique hollow
nanostructure and optimized phase, which contribute to a large BET surface area and enhanced
ion diffusion.

Enhancement of triboelectric generator performance

The triboelectric nanogenerator (TENG) represents a promising technology for mechanical
energy harvesting, characterized by its low cost, high efficiency, and straightforward production
process [18]. The control of nanofiber diameter can be precisely achieved by adjusting humidity,
which affects the surface morphology, roughness, and frictional contact area of triboelectric
materials through the electrospinning process [19].

Moist-induced electricity generators (MEGs)

The combination of enhanced hydrophilicity increased specific surface area, and reduced pore
size enabled a single MEG derived from the optimized CA membrane to achieve an output
voltage of approximately 700 mV and a maximum output power density of 2.45 yW cm™2 [14].
To develop an affordable, effective, and wearable MEG, a novel tree-like structure cellulose
acetate (CA) nanofiber membrane was fabricated using a one-step electrospinning process
involving CA solutions and organic branched salt.
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Fig. 3. The potential and application of electrospun nanofibers
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Fig. 4. The potential and application of cellulose electrospun nanofibers in the electronic field
[20].

CHALLENGES

Cellulose electrospun nanofibers present several challenges in their application.
Methodologically, while nanofiber-based electrodes demonstrate exceptional rate capability and
cycle stability, large-scale industrial manufacturing faces significant hurdles due to the slow
production rates associated with electrospun nanofibers [15]. This low productivity stems from
the optimized electrospinning conditions, which involve low flow rates during spinning and
generally low polymer concentrations in the spinning solutions [16]. To address these issues, new
electrospinning units with advanced features have been developed. These innovations aim to
overcome the challenges while capitalizing on the high porosity, low density, and large specific
surface area of electrospun nanofibers, a technique that proves formidable in creating nanofiber
nonwovens and sponges with a wide range of potential applications [21].

Fig. 5. Shows the different optimised nanofiber morphology of the fibres during the solidification.
Fibres that are (a) PAN; (b) CA; (c) PAN with CA .

Despite the advantageous properties of cellulose nanofibers, optimization of their
composition for electronics and energy-related applications remains limited. To date, no studies
have systematically compared the morphological, rheological, and mechanical properties of
cement composites incorporating cellulose nanofiber (CNF) suspensions from various sources,
which differ in quality and uniformity, including mixtures of thick and thin fibers [23]. Cellulose
derivatives, with their structural modifications, exhibit significantly higher solubility in a wide
range of chemical and inorganic solvents compared to cellulose itself [16]. Therefore, to prevent
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defects, as depicted in Figure 3 [22], it is crucial to optimize the electrospinning solution,
methodology, and fabrication processes.

FUTURE DIRECTIONS

In the field of electronic materials for devices and technology, energy-related applications such
as energy storage, energy conversion, and conductive materials are likely to attract significant
attention regarding the prospects of cellulose electrospun nanofibers. Understanding the
importance of a three-dimensional porous structure in flexible support materials for developing
conducting electrodes, cellulose and its derivatives demonstrate great potential with the
emergence of numerous electro-conductive materials [16].

Cellulose acetate has emerged as a key material for developing flexible and durable non-
composite and composite conductive materials, owing to its straightforward manufacturing
process via electrospinning. Its higher solubility compared to cellulose makes cellulose acetate
(CA) a frequent choice in the production of electrospun nanofiber membranes [14]. While a
detailed cost assessment remains necessary, electrospun webs of CA and deacetylated CA are
suggested as promising electrolyte membrane materials for dye-sensitized solar cells [24]. The
application of simple electrospinning techniques combined with cellulose-based materials for
creating electrolyte membranes, electrodes [12, 14, 18, 19], and semi-conductive or conductive
materials opens avenues for advancing knowledge and enhancing the potential of cellulose
electrospinning within the electronics field.

CONCLUSION

Cellulose electrospun nanofibers exhibit considerable potential as future materials for electronics
and conductivity applications, leveraging the sustainable properties of cellulose and its
derivatives alongside the electrospinning technique. The methods of characterization are critical,
as they impact the accuracy and ability to diagnose both successful outcomes and issues related
to the developed materials. Although challenges related to scalability and material optimization
for specific applications may limit short-term utilization of cellulose-based electrospun
nanofibers, ongoing research and solution optimization have the potential to drive significant
advancements in nanomaterials development and related industries. The advancement of
electronics and energy-related technologies is increasingly vital, offering substantial benefits for
current and future technological applications.
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Abstract: Polylactic acid (PLA) is gaining popularity for green packaging due to its eco-friendly nature.
However, drawbacks like brittleness and low heat resistance limit its wider use. This review explores how
reinforcing PLA with nanoclay fillers can improve its properties, including mechanical strength, heat
tolerance, and barrier functions, while maintaining biodegradability for sustainable packaging. While
these enhancements offer advantages, challenges such as dispersion of the fillers, cost factors, and safety
regulations will also be addressed. Future research will focus on developing efficient techniques for using
nanofillers. Overall, this review emphasises the immense potential of PLA-nanofiller composites as a
promising and practical alternative for eco-friendly packaging, aligning with global efforts to reduce
plastic waste and environmental damage.

Keywords: polylactic acid (PLA); nano fillers; green packaging; biodegradability

INTRODUCTION

The growing concern for environmental degradation and pollution has spurred a surge
in interest for sustainable packaging solutions. These alternatives to traditional plastic packaging
offer significant potential to minimise environmental impact. As environmental awareness rises,
consumers increasingly demand products with reduced environmental footprints. This emphasis
on sustainability is driving industries to adopt practices that reduce waste and
pollution. Furthermore, consumers actively seek out products with eco-friendly packaging,
recognizing the link between environmental health and human well-being. Many companies are
strategically incorporating sustainability initiatives to improve their brand image and meet
stakeholder expectations. Phelan and co-workers have conducted a study on companies and how
they address plastic pollution and what are the sustainable packaging methods they practise [1].
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Polylactic acid (PLA), a biodegradable and bioactive thermoplastic derived from
renewable resources like corn starch, cassava roots, or sugarcane, is emerging as a key material
for sustainable green packaging. PLA is produced through polycondensation of lactic acid or
ring-opening polymerization of lactide. Marek Brzeziniski & Basko have stated that this structure
is known as a stereocomplex, which leads to enhanced thermal stability and mechanical strength
with decreased degradation time or drug release [2]. A study was conducted by Kalita and fellow
researchers to determine the biodegradation and characterisation of PLA infused with algae
biomass which eventually shows higher degradability [3]. Additionally, microorganisms can
break down PLA back into lactic acid, a naturally occurring and non-toxic compound, further
enhancing its biodegradability.

Nano fillers are microscopic particles, typically between 1 and 100 nanometers in size.
These tiny particles are incorporated into polymer matrices to improve various properties of the
material. They can significantly alter the physical, chemical, mechanical, and structural
(morphological) properties of materials. Nano fillers can be broadly classified into two categories:
organic and inorganic. Studies have been conducted by Abdul Khalil and friends between
organic and inorganic nano fillers and their improvements in the basic properties of composites

[4].

PLA IN GREEN PACKAGING

The range of physical, chemical and mechanical properties makes PLA a versatile
biodegradable polymer that is most suitable for packaging. PLA has a transparent appearance
which is similar to conventional plastics. The density of PLA is around 1.24g/cm: making it
relatively lightweight compared to other polymers [5]. The melting point ranges from 150°C to
180°C [6].

As for the chemical properties, PLA is known to have moderate chemical resistance.
However, it may be degraded by strong acids or bases. In a 3D printing materials corrosion test
the PLA has degraded when interacted with strong solvent [7].

PLA can be the most suitable polymer to be used in green packaging due to several
factors, particularly its biodegradability. Biodegradation of PLA has been determined under
composting conditions by Luo and team, proving the biodegradability nature of PLA [8]. Apart
from that, PLA is derived from renewable resources such as corn starch and sugarcane. However,
conventional plastic is produced from depleting non-renewable resources such as petroleum,
eventually causing harm to the environment. Besides, PLA is approved for food contact uses as
it has been given green light by the Food and Drug Administration (FDA) [9].

NANO FILLERS IN PLA

Nano fillers are reinforced with polymers such as PLA in order to come out with better
performance in various applications. There are several types of nano fillers available that can be
used to be incorporated into polymers like PLA such as nano cellulose, nano silica, graphene
oxide, nano chitosan and nano silver [10]. All these types of nano fillers can be included within
PLA as they tend to provide thermal and dielectric properties that can improve the
nanocomposites produced as stated by Nilagiri Balasubramanian & Ramesh [11].
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The very first common example of nanoclays is layered clay minerals that are used
together with PLA to prepare nanocomposites. The most common type of clay mineral used with
PLA is montmorillonite (MMT) which is used for packaging purposes [12]. Nanoclays are chosen
to be used due to their availability and its ability to transform into nano sized particles. Fig.1.
Shows the structure of the modified MMT studied when Nuruzzaman and his team were
researching nanoclay as a carrier in a pesticide delivery system [13].

Fig.1. Morphological features of nanoclay [13].

Carbon nanotubes are cylindrical in shape and consist of a single layer of carbon atoms
rolled up as sheets. This nano filler possesses limitations such as causing side effects to human
health when used as a drug carrier which was studied by Zhang and his researchers [14]. Fig.2.
Shows the applications of carbon nanotubes used in polymer composite materials as illustrated
by Chen and his team [15].
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Fig.2. The broad range of carbon nanotube applications in polymer composites materials [15].

Metal oxides are also a type of common nanofiller that is reinforced with PLA. Zinc oxide
(Zn0O) and titanium dioxide (TiO.) are types of metal oxides that are incorporated with PLA to
produce nanocomposites. Type of nanofillers used can be varied according to the final end
product that is being produced. Cellulose nanofibers and layered double hydroxides are also
types of nanofillers that are being studied by researchers.
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ENHANCED PROPERTIES OF PLA WITH NANO FILLERS

The incorporation of nano fillers into PLA can influence and improve various properties
of the nanocomposites produced. First, the mechanical properties of the PLA will improve
heavily due to the addition of nano fillers. Kiendl and Gao have said that PLA can be too brittle
to stand on its own which limits its widespread application [16]. The tensile strength of PLA will
increase due to the dispersion of nano fillers within the PLA matrix. Apart from tensile strength,
the flexural strength of PLA will also increase when nano fillers are added to the PLA. When
nano fillers are added to the PLA, the nanocomposites produced will withstand high stress
without having any breakage. These statements are evident in an experiment conducted by
Markos Petousis and his team with the results showing that mechanical strength which is
inclusive of tensile, flexural and impact resistance of PLA nanocomposites were enhanced due to
the addition of nano fillers which was ALO:; [17].

Other than that, the thermal stability of the nanocomposites can be improved compared
to the unmodified PLA. Neat PLA possesses 90rystallization behaviour which heavily affects the
thermal stability of the PLA [18]. The structure of PLA as a packaging will be maintained at
higher temperatures, making it suitable for robust applications. Fig.3. shows the distribution of
nano fillers with increasing percentages within the PLA matrix where it is observable that the
matrix is becoming rougher from image A to E compared to the neat PLA in image A [19].

Fig.3. SEM images of PLA/MMT with increasing percentage from A to E [19].

PLA on its own has very poor barrier property. Barrier property is defined as the resistance
of the material to substances such as gaseous, moisture and also ultraviolet rays. Nanofillers help
to create a pathway for gas molecules which eventually decreases their rate of diffusion within
the PLA matrix making PLA suitable for food packaging. Certain nanofillers do provide UV
blocking-properties which is purposeful in protecting contents inside the PLA packaging.

CHALLENGES AND LIMITATIONS

Reinforcement of nano fillers in PLA to produce green packaging can pose several
challenges. Agglomeration can occur within the PLA matrix where the nano fillers clump
together which was evident in research by Yan and his team. This is due to the high surface area-
to-volume ratio of the nano fillers that can lead to strong Van der Waals forces. Due to these
interactions, nano fillers will not be dispersed uniformly within the PLA matrix, eventually
reducing the performance of nanocomposites produced mechanically [20].There are some key
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factors to consider when scaling up the production of PLA as sustainable packaging. Raw
materials to make the packaging should be taken into account which was evident in the study
conducted by Wellenreuther and his researchers [21]. Since PLA is derived from renewable
sources, the raw materials are heavily dependent on the agricultural market. There might be
fluctuations in the agricultural market which can directly affect the cost PLA upscaling. Next, is
the scalability which can heavily influence the cost to produce green nanocomposites. Switching
from lab-scale to industrial-scale will be financially challenging due to high production costs [22].

Incorporation of nano fillers in PLA can be a difficult part which can be hazardous to the
health and environment. There are cases where certain nano fillers such as CNT are found to
cause respiratory problems which lead to inflammation and fibrosis [14]. Nano fillers that persist
for a long time period can have significant impacts on the ecosystem harming the soil and water
quality.

FUTURE PROSPECTS

PLA and nano filler technology is being explored to bring out the best of them to produce high
quality functional materials. Smart and responsive composites are one of the trends that are being
researched whereby the incorporation of nano fillers into PLA will make the nanocomposites
respond to external stimuli such as temperature, pH or water [23].

Industrial applications are increasingly utilising PLA for food packaging due to its
potential for enhanced properties without compromising biodegradability. This improved
versatility, coupled with eco-friendly practices, can significantly contribute to a greener
environment by promoting PLA as a sustainable alternative to conventional plastics, particularly
in packaging [24].

CONCLUSION

PLA biodegradable green packaging reinforced with nano fillers has all the potential to
be a substitute for conventional plastics highlighting its bio-friendly nature. There might be
certain limitations such as brittleness when it comes to using PLA on its own without modifying
which can be solved by the addition of nano fillers. The bigger aspect of the challenge can be
presented in terms of industrial and market scale addressing issues such as cost implications and
also health risks involving nanocomposites production. However, all these limitations need
proper further research not only scientifically but also from a marketing perspective to promote
PLA reinforced nano fillers as sustainable green nanocomposites.
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Abstract: Corn starch (CS)-based films incorporated with nanocellulose fiber (CNF) and thymol (Thy) were
prepared via the solution casting method. The combined effect of CNF and Thy on quality attributes of
fresh chicken meat stored at 10 °C was investigated regarding visual appearance, weight loss, pH, and total
viable count (TVC). In terms of visual appearance upon 7 days of storage, chicken meat samples exhibited
shrinkage due to moisture loss, except for the sample wrapped in commercial film. However, the samples
wrapped in CS/CNF/Thy films had better visual appearance, odor, and minimal pH change. Microbial
populations were the lowest for sample wrapped in CS/CNF/Thy film compared to the CS and commercial
films. In brief, the application of the active film considerably delayed the growth of microorganisms on
chicken meat sample, increasing the food shelf life (<7 days) compared to control samples (<3 days) thus
promising for active food packaging application.

Keywords—chicken meat; thymol; nanocellulose; starch film; quality attributes

INTRODUCTION

Fresh poultry meat, characterized by its high protein and moisture content, provides an ideal
environment for microbial growth and oxidative processes, thereby being highly perishable[1].
These factors contribute to the loss of quality attributes and safety, resulting in domestic food
waste, economic losses, and potential health hazards. To address these challenges, active
packaging films, which incorporate active compounds such as antimicrobial agents, is a
promising approach to preserving meat quality and prolonging shelf life[2]. For instance,
gelatin/carrageenan-based nanocomposite films incorporated with tumeric essential oil able to
reduce bacterial growth in chicken meat from 3.08 log CFU/g to 2.81 log CFU/g after 14 days of
refrigerated storage[3]. Similarly, bacterial cellulose/polyvinyl alcohol films that contain Perilla
essential oil emulsion displayed antimicrobial properties and mitigated the pH changes and
oxidative rancidity of chilled beef, which resulted in extended shelf life[4].

Active packaging film can be designed using biopolymers such as corn starch (CS) as the
base material, owing to its biodegradability, availability, and cost-effectiveness[5]. However,
pure CS film often had poor mechanical and barrier properties. Thus, nanocellulose fiber (CNF)
can be incorporated to overcome these limitations, while thymol (Thy) can provide additional
functionalities. Thy contains a phenolic hydroxyl group which possesses significant
antimicrobial and antioxidant properties[6]. The hydroxyl group of Thy and the hydrophobic
character allow it to disrupt the microbial cell membrane, leading to leakage of proton flux and
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intracellular constituents, and hence cell death[7]. Thy also bind with bacterial genomic DNA,
disrupting protein synthesis that resulted in significant structural changes, ultimately leading to
cell death[8].

Previous studies have utilized Thy in various packaging systems. In one study, Zabidi et
al.[9] incorporated Thy in PLA/PBS-based films, and found that Thy at 9 wt.% loading able to
show prolonged shelf life of chicken meat by having better odour and no fungal growth upon
storage for 3 days at room temperature. Nonetheless, to our knowledge, there is limited research
on the combined use of Thy and CNF in CS-based films for fresh poultry meat preservation. Only
Othman et al.[10] have demonstrated the effectiveness of thymol in maintaining the quality of
fresh beef wrapped in CS-based films, however, the study focused only on visual observation
and microbial growth reduction. Thus, the present work aims to evaluate the effect of CS-based
films incorporated with CNF and Thy in maintaining the quality attributes of fresh chicken meat
in terms of visual appearance, weight loss, pH, and microbial growth reduction.

MATERIALS

Corn starch (33% amylose, 67% amylopectin), glycerol, thymol crystal (99%), Tween 20
(polyoxyethylene-20- sorbitan monooleate), methanol, and ethanol (99.7%) were obtained from
R&M Chemicals Sdn. Bhd., Malaysia. The CNF suspension was purchased from Zoepnano Sdn.
Bhd., Malaysia. Plate count agar and peptone water were obtained from Oxoid Limited, United
Kingdom. The commercial plastic film and the chicken breast were purchased from a local
supermarket, Hero Mart Sri Serdang, Malaysia.

EXPERIMENTAL

Preparation of films

The CS-based films (CS and CS/CNF/Thy) were prepared by solution casting method as
described by Nordin et al.[11]. Briefly, CS was dispersed in distilled water (4% w/v) containing
glycerol (25 wt.%) and gelatinized by heating at 90 °C for 30 min at using a hot plate stirrer
(DAIHAN, Jakarta, Indonesia). Meanwhile, CNF/Thy emulsion was prepared by dispersing
thymol (10 wt.% of CS) in 40 ml of distilled water containing CNF (1.5 wt.% of starch) at 50 °C.
The concentration of thymol and CNF chosen in this study were based on prior studies by
Othman et al.[10], where this formulation exhibited optimum overall performance including
antibacterial activities. Tween 20 (fixed at 275 uL) was added as a surfactant and the emulsion
was continuously stirred for 30 min at 1000 rpm. Then, the emulsion was added to the gelatinized
film solution, dropwise at 50 °C with continuous stirring. Subsequently, the film solution
underwent ultrasonication in ice bath (Qsonica, 500 W, 20 kHz, Newtown, CT) before casting (40
mL).

The CS film was prepared using the same procedure but without CNF and Thy. All film
solution underwent drying in an air-conditioned room for 48 h and then placed in a ventilated
oven (Memmert, USA) at 40 °C for 15 min. The dried films were peeled and conditioned in a
desiccator containing saturated salt prior to further analysis.
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Application of the films for fresh chicken meat preservation

The chicken meat was first sprayed with 75% ethanol to kill any available bacteria. Then the meat
samples (3 cm x 3 cm) were enveloped in respective film (6 cm x 6 cm). In this part, a few
treatments were made for comparison: samples wrapped with CS film, CS/CNF/Thy, and
commercial film, individually. The samples were stored in a laboratory chiller at 10 °C for 7 days.

Evaluation of quality attributes of the chicken meat was conducted on days 0, 3, and 7,
for the weight loss, pH, and total viable count (TVC). The visual appearance of the samples was
photographed on each sampling day. The weight of the chicken meat samples was also
determined using an analytical balance (Shimadzu, Japan). The percentage of weight loss was
calculated according to equation (1).

Weight loss (%) = Weighti- WeighttWeighti x 100

where, weight: represents weight of the sample on the sampling day and weightis the initial
weight.

The pH changes of the chicken meat samples were determined by homogenizing 5 g of
chicken meat sample in 45 mL of distilled water and macerated using probe homogenizer
(DAIHAN, HG-15D, Korea) to produce a homogenized slurry[12]. Then, the pH of the
homogenate was taken in triplicates by immersing a glass electrode of a pH meter (Mettler
Toledo, China) in the slurry, and was averaged.

For the microbiological assessment, about 10 g of chicken meat sample was macerated in
90 mL of sterile 0.1% peptone water and then appropriate serial dilution of the homogenate was
prepared. The TVC was determined using the pour plate method, using 0.1 mL of the diluent.
After the molten media solidified, all plates were incubated at 37 °C for 24 h. Then, colony count
was performed and expressed in log CFU/g.

Statistical analysis
Statistical analyses were conducted using Minitab software (Minitab Inc, State College, PA, USA).
A p-value of <0.05 indicates a statistically significant difference between means.

RESULTS AND DISCUSSION
Based on Table 1, notable changes can be seen for samples in CS and CS/CNF/Thy films starting
from day 3 onwards.
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Table 1: Comparison of visual appearance of chicken meat samples over the storage time at 10 °C.

Films Day 0 Day 3
S

cs/
CNF/Thy

Comme-ercial

On day 3, the chicken meat sample packed in CS film exhibited notable shrinkage. The chicken
meat sample in CS/CNF/Thy film exhibited similar behavior, but less pronounced than that of
the CS film, indicating better film barrier against moisture loss with the presence of CNF. The
presence of Thy could also have preserved the meat color better by minimizing oxidation and
reducing the growth of microbes which responsible for the color changes. On day 7, the chicken
samples in CS and CS/CNF/Thy films exhibited severe shrinkage and discoloration, however,
CS/CNF/Thy film was slightly better at maintaining the visual appearance of the sample.
Meanwhile, the chicken meat sample in commercial film remained the pinkish color and fresh
look on days 3 and 7 but exhibited strong potent odor, which was linked to the presence of
chicken ‘juice’ observed in the packaging[13]. These juices, when trapped within the commercial
film packaging which has low permeability to water vapor, can provide a conducive
environment for microbial growth[9,14] and the production of off-odors, contributing to the
strong potent odor.

A general increasing trend in weight loss and pH was observed in all samples as the storage
duration increased from day 0 to day 7 (see Fig. 1 and Fig. 2). The weight loss was mainly
attributed to moisture loss whereas the pH changes were ascribed to the accumulation of alkaline
substances such as amines and ammonia caused by the breakdown of proteins by the proteolytic
enzymes of spoilage bacteria[15].

97



Proceedings of the 8th International Symposium on Advanced Materials and Nanotechnology 2024, (iISAMN2024), October 8-9, 2024

6.67
6.4+
6.2
6.0+
5.8+
5.64
5.4+
5.24

3
Storage time (day)

BCcs ECS/CNF/Thy Commercial

Fig 1: Comparison of pH values of chicken meat samples over the storage time at 10 °C.
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Fig 2: Comparison of percentage of weight loss of chicken meat samples over the storage time at 10 °C.

The samples in CS/CNF/Thy and commercial films had a slower increase in pH and
weight loss (p<0.05) compared to that of CS film which were attributed to the components present
in the film formulation. In particular, the Thy possessed antibacterial activity, while the CNF and
the highly branched structure of the commercial film could have induced additional barriers for
moisture and gaseous exchange potentially influencing metabolic processes that impacted the
pH and weight loss.
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The TVC of the sample packed in CS/CNF/Thy film remained below the maximum
permissible limit (7 log CFU/g)[16] up to day 3, and significantly lower than the samples in CS
and LDPE films during the 7 days of storage (Fig. 3). This was attributed to the presence of Thy
which possessed antibacterial activities that inhibited the growth of microbes, correlating to the
results of pH. The efficiency of CS/CNF/Thy films in retarding the increase of microbial load in
comparison to the CS and commercial films was also ascribed to the presence of CNF that acted
has physical barrier to provide controlled release of Thy[11]. This led to better retention of Thy,
which has the potent phenolic hydroxyl group that created unfavourable conditions for microbial
growth. Based on the TVC analysis, samples in CS and commercial films had a shelf life of <3
days, while it was <7 days for sample in CS/CNF/Thy film. These results proved the effectiveness
of the release of Thy from the film upon contact with the chicken meat sample.
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Fig 3: Comparison of TVC values of chicken meat samples over the storage time at 10 °C.

CONCLUSION

The findings proved the active functionality of CS-based film incorporated with CNF and Thy in
maintaining the quality attributes of chicken meat stored at 10 °C. Such effects are influenced by
the barrier properties and presence of active compounds in the film. Thus, CS/CNF/Thy film
produced in this study is promising to be used as active packaging material. Future studies are
necessary to explore the production of the active films in larger scale, ensuring the consistency in
controlled release behaviour while maintaining cost-effectiveness.
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Abstract: In this study, carbon quantum dots (CQDs) using watermelon peels were synthesized using the
carbonization technique at 220°C for two hours and their optical properties were investigated through
Photoluminescence (PL) measurements. The CQDs were synthesized in three different solvents: water (DI),
methanol (MtOH), and ethanol (EtOH) with variety of concentration of 3, 6, and 9 mg/ml, with excitation
wavelengths of 350, 375, 400, and 450 nm. It was discovered that CQD density increases with concentration
for ethanol (EtOH), which allows for more dispersion of incoming light, enhancing light dispersion. Di
water has the shortest PL emissions rate with concentration (6,9 mg/ml) in Ethanol and Methanol,
whereas concentration 3 mg/ml is slightly higher than 3 mg/ml Ethanol and Methanol.

Keywords: CQDs, photoluminescence, dispersion, synthesis.

INTRODUCTION

In recent years, carbon quantum dots (CQDs) have garnered significant interest from researchers
worldwide due to their unique properties, including small size (ideal =~ for  certain  bio-
applications), biocompatibility, photoluminescence (PL) properties, high-temperature stability,
chemically inert structure, and ease of functionalization [1]. The discovery of CQDs can be traced
back to a 2004 publication, which reported the generation of fluorescent nanoparticles from
single- wall carbon nanotubes. Subsequent synthesis of CQDs with surface passivation resulted
in improved fluorescence emission [2-3].

Carbon quantum dots (CQDs) can be synthesized using both bottom-up and top- down
methodologies. Top-down methods include mechanical milling, laser ablation, electrochemical
oxidation, chemical oxidation, and ultrasonic-assisted methods [4-9]. Bottom-up approaches
involve plasma treatment, hydrothermal synthesis, pyrolysis, and microwave-assisted
carbonization [10-14]. These methods often require complex procedures, expensive raw materials,
and harsh conditions, limiting large-scale production.

CQDs' fluorescence requires precise modification of size and particle surface chemical groups.
Various surface modification attempts using organic and inorganic methods have been made to
enhance luminescence and colloidal stability, but passivation remains complex due to persistent
dangling bonds. In this study, we synthesized CQDs from watermelon peels, exploring the
impact of different solvents and concentrations on their optical properties using
photoluminescence (PL).

METHODOLOGY
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Fig. 1 shows the preparation of CQDs where watermelon peels were first cleaned and then sliced
into smaller pieces. These pieces were dried in the sun for three days to remove moisture. The
dried peels were carbonized in a furnace at 220°C for two hours. After carbonization, the peels
were ground and sieved to obtain finer carbon powder particles.

The sieved carbon powder was then measured into three different amounts: 3 mg, 6 mg, and 9
mg, and used in three distinct solvents: deionized water (DI), methanol (MtOH), and ethanol

(EtOH).
Q-

Sun dried
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Bottle CQ ubtrasomlc
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Fig 1. Step by step the process of preparing of carbon quantum dot.

RESULTS AND DISCUSSION

This detailed analysis offers significant insights into the modulation of PL behavior as a function
of concentration, providing a non- destructive and sensitive approach for investigating CQD
optical properties. Fig. 2 to Fig. 4 illustrate the PL spectra of CQDs in DI-water at concentrations
of 3,6, and 9 mg/ml, with excitation wavelengths of 350, 375, 400, and 450 nm, respectively.
Fig. 5 illustrates the comparison of the PL spectra of CQDs in DI water at concentrations of 3, 6,
and 9 mg/ml, with an excitation wavelength of 375 nm. Fig 6 to 8 demonstrates the PL spectra of
CQDs Ethanol at concentrations of 3 mg/ml, 6 mg/ml, and 9 mg/ml at an excitation wavelength
of 350,375,400,450 nm. Fig. 9 presents a comparative analysis of the PL spectra for CQDs in
ethanol at concentrations of 3, 6, and 9 mg/ml, with an excitation wavelength of 375 nm. The PL
spectra of CQDs at methanol concentrations of 3 mg/ml, 6 mg/ml, and 9 mg/ml with excitation at
350,375,400, and 450 nm are shown in Fig 10, 11, and 12. A comparison of the PL spectra of the
CQDs at 3, 6.9 mg/ml of methanol with 450 nm excitation can be seen in Fig 13. Fig 14 portrays
the PL spectra of CQDs/DI  water/Ethanol/Methanol concentration 3 mg/ml, whereas Fig 15
illustrates the PL spectra of CQDs/DI water/Ethanol /Methanol concentration 6 mg/ml, and
Figure 16 represents the PL spectra of CQDs/DInwater/Ethanol /Methanol concentration 9
mg/ml.
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Fig 2. PL spectra of CQDs DI water concentration of 3 mg/ml with excitation of
350,375,400,450 nm.
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Fig 3. PL spectra of CQDs DI water concentration of 6 mg/ml with excitation of
350,375,400,450 nm.
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Fig 4: PL spectra of CQDs DI water concentration of 9 mg/ml with excitation of
350,375,400,450 nm.

The excitation's peak value (450 nm) within the 200-500 nm wavelength range is displayed in Fig
2. PL spectra have very narrow full-width halfway points (FWHMSs). The excitation's peak value
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(450 nm) in the 400-500 nm wavelength range appears in Fig. 3. The PL spectra's full width
halfway point (FWHM) is extremely narrow. Moreover, it was noted that the value of PL
emissions increased significantly from 3 mg/ml to 6 mg/ml in comparison to the initial
concentration of 3 mg/ml. Fig 4 demonstrates that the peak value of the excitation (450) nm is in
the region of (400-500) nm wavelength, and the full width halfway point (FWHM) of the PL
spectra is narrow. Furthermore, when the concentration increased from 6 mg/ml to 9 mg/ml, the
value of PL emissions increased in comparison to the concentration at 6 mg/ml.
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Fig 5. PL spectra of CQDs DI water Concentration of 3, 6,9 mg/ml with excitation of 375nm.

It was observed that at an excitation of 375 nm, within the wavelength range of 200 to 900 nm,
the full width at half maximum (FWHM) of the PL spectra is wide. The optimal concentration for
PL emissions was determined to be 3 mg/ml.
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Fig 6. PL spectra of CQDs Ethanol concentration of 3 mg/ml with excitation of 350,375,400,450
nm.
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Fig 7. PL spectra of CQDs Ethanol concentration of 6 mg/ml with excitation of 350,375,400,450
nm.
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Fig 8. PL spectra of CQDs Ethanol Concentration of 9 mg/ml with excitation of
350,375,400,450 nm.

The peak value of the excitation (350) nm was detected at a wavelength range of (200 to 900) nm,
and the full width halfway point (FWHM) of the PL spectra is quite broad. It is noted that as the
concentration increases, so does the peak value. Fig 7 (350) nm at the range of (200 to 900) nm
wavelength and Fig 8 with the peak value of the excitation (375) nm at the range of (200 to 800)
nm wavelength has the same width (FWHM).
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Fig 9. PL spectra of CQDs Ethanol concentration of 3,6,9 mg/ml with excitation of 375 nm.
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The results indicate that the 9 mg/ml concentration yields the highest emission intensity. At an
excitation wavelength of 375 nm, within the range of 200 to 900 nm, the PL spectra exhibit a wide
full width at half maximum (FWHM).
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Fig 10. PL spectra of CQDs methanol concentration of 3 mg/ml with excitation of
350,375,400,450 nm.
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Fig 11. PL spectra of CQDs methanol concentration of 6 mg/ml with excitation of
350,375,400,450 nm.
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Fig 12. PL spectra of CQDs methanol concentration of 9 mg/ml with excitation of
350,375,400,450 nm.
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It was noted that both had the full-width halfway point (FWHM) of the PL spectra and the peak
value of the excitation (375) nm at the range of (200 to 800) nm wavelength is extremely broad.
The excitation's peak value (375 nm) in the range of (200 to 800) nm is shown in Fig 11, and Fig
12's peak value (375 nm) at the same (FWHM) of PL spectra is shown in Fig 10 and 11.
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Fig 13:PL spectra of CQDs DI methanol concentration of 3, 6,9 mg/ml with excitation of
375nm.

It was observed that the peak value of the excitation (375) nm at the range off (200 to 800) nm
wavelength for the three concentrations and the best value was 6 mg/ml.

CQD PL spectra showed distinct emission peaks in the visible range, with the emission
wavelength dependent on the base material and CQD concentration. An insignificant redshift in
the emission peak location was observed as CQD concentration increased, indicating a reduction
in the bandgap of CQDs as well as the contribution that comes from CQD size. This can be
observed in the normalization graph of PL spectra in Fig 14, 15, and 16 as the energy shifts from
greatest to lowest concentration. The redshift can be explained by the quantum confinement
effect, which states that increasing the concentration of CQDs increases the probabilities of
exciton confinement, resulting in a reduction in the bandgap and a redshift in the emission
wavelength [15], [16]. The analysis is further examined by identifying the full width halfway
point (FWHM) of PL spectra in varied concentrations and comparing the three distinct base
materials Di Water, Methanol, and Ethanol, as demonstrated in Fig 14, 15, and 16. The intensity
of the PL spectra fluctuated with concentration. The PL intensity reduced at lower doses,
increased at middle values, and eventually reached saturation at higher concentrations (6-9
mg/ml). This tendency may be described by the conflict between radiative and non-radiative
decay processes, as well as the light scattering effect [15], [16].

At larger concentrations, the radiative decay processes dominate, resulting in a higher PL
intensity. Additionally, enhanced light scattering effects can lead to higher PL intensity at higher
concentrations. Light scattering happens when photons collide with particles having
dimensions on the order of their wavelength, such as CQDs. The density of CQDs rises with
concentration, allowing in more scattering of incoming light [15], [16]. When comparing the
three base materials, as shown in Figures 14,15, and 16, Di water has the shortest PL emissions
rate with concentration (6,9 mg/ml) in Ethanol and Methanol, whereas concentration 3 is slightly
higher than Ethanol and in the range of Methanol.
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The FWHM analysis reveals CQD homogeneity and size dispersion. A smaller FWHM may
indicate high purity and homogeneity if the size distribution is tighter [15], [16]. When compared
to other samples, the concentration of 9 mg/ml has the smallest FWHM linewidth spectrum, as
shown in Fig 16. This demonstrates that the CQDs' size and surface characteristics are more
homogenous, which leads to more consistent emission behavior.

Additionally, the intensity of the PL spectra fluctuated with concentration. The PL intensity
reduced at lower doses, increased at middle values and eventually reached saturation at higher
concentrations (6-9 mg/ml). This tendency may be described by the conflict between radiative
and non- radiative decay processes, as well as the light scattering effect. At larger concentrations,
the radiative decay processes dominate, resulting in a higher PL intensity. Additionally,
enhanced light scattering effects can lead to higher PL intensity at higher concentrations. Light
scattering happens when photons collide with particles having dimensions on the order of their
wavelength, such as CQDs. The density of CQDs rises with concentration, allowing in more
scattering of incoming light. When comparing the three base materials, as shown in Fig 14,15,
and 16, Di water has the shortest PL emissions rate with concentration (6,9 mg/ml) in Ethanol
and Methanol.
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Fig 14: PL spectra of CQDs/DI water/Ethanol /Methanol Concentration 3 mg/ml.
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Fig 15: PL spectra of CQDs/DI water/Ethanol/Methanol Concentration 6 mg/ml.
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Fig 16: PL spectra of CQDs/DI water/Ethanol/Methanol Concentration 9 mg/ml.

CONCLUSION

In conclusion, CQD density increases with concentration, allowing for more dispersion of
incoming light. When the three base materials are compared, as shown in Fig 14,15, and 16, Di
water has the lowest PL emissions rate with concentrations (6,9 mg/ml) in Ethanol and Methanol,
but concentration 3 is somewhat higher than Ethanol and in the range of Methanol. The radiative
decay processes take over at greater concentrations, resulting in a higher PL intensity.
Furthermore, increased light scattering effects can result in greater PL intensity at larger
concentrations.
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Abstract: Heterogeneous catalysts are attractive and sustainable and can replace homogeneous catalysts
due to their reusability, low cost, and ease of access. This research utilized hydrothermal carbonization
(HTC) to create hydrochar from desert date waste, and a novel catalyst (DDWAHC-S) was developed by
activating the hydrochar with H3PO4 and impregnating it with H2504. The acid catalyst, featuring an
amorphous structure, had a specific surface area of 98.47 m?/g, a pore diameter of 6.15 nm, and an acid
density of 13.71 mmol/g, proving effective for PEAD esterification in biodiesel production. Under optimal
conditions, it achieved a biodiesel yield of 91.56% and maintained over 85% efficiency after four cycles,
highlighting its promise as a sustainable catalyst for biodiesel production from PFAD.

Keywords: Biodiesel; acid catalyst; palm fatty acid distillate; Desert date waste; Hydrochar; Hydrothermal
Carbonization

INTRODUCTION

The widespread use of fossil fuels to power vehicles and generate electricity contributes to
hazardous emissions that pose risks to human health and the environment [1]. Biodiesel, a
renewable and sustainable alternative, has gained attention due to its minimal greenhouse gas
emissions and oxygen-rich molecular structure that enhances combustion efficiency [2].

This study focuses on utilizing palm fatty acid distillate (PFAD), aby-product of palm oil refining,
as a feedstock for biodiesel production. PFAD's high free fatty acid (FFA) content presents a
challenge addressed by employing acid catalysts. Homogeneous acid catalysts offer good
conversion efficiency but have limitations regarding recoverability and purification [3].

Heterogeneous catalysts are favoured for their reusability and simplicity in separation. The
research takes advantage of palm leaf waste as a low-cost and abundant source of biomass-based
catalyst support [4]. Rather than traditional drying methods, the study employs hydrothermal
carbonization (HTC) to produce hydrochar (HC) from wet biomass, offering an energy-
efficient alternative. HC produced using this method has various applications, including carbon
support for catalysts due to its active surface sites [1].

Using desert date waste (DDW) as a carbon source for producing hydrochar- based catalysts is
convenient and readily accessible, especially in regions with abundant resources, such as the
Sahara and sub-Saharan areas like Nigeria [5].
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The novelty of this research lies in optimizing the production of hydrochar- based catalysts and
biodiesel parameters for sustainability and waste management. The main objectives are to
produce HC from DDW, synthesize a heterogeneous hydrochar acid catalyst, and optimize
catalytic conditions for PFAD esterification. This study explores optimizing hydrochar acid
catalyst synthesis for biodiesel production, aiming to contribute to sustainable energy.

MATERIALS and METHOD

Materials

The desert date waste (DDW) was sourced from the Baturiya Game Reserve in Hadejia, Jigawa,
Nigeria. The PFAD feedstock was sourced from Jomalina R&D, Sime Darby Co. Bhd. in Malaysia.
Sulfuric acid (H2504) with 98% purity and phosphoric acid (H3PO4) with 50% purity was
obtained from Merck & Co. Methanol (MeOH) with a high analytical grade purity of 99.8% was
obtained from JT Baker. Hexane (90% purity) was purchased from Merck & Co., USA.

Preparation of Activated Hydrochar

The desert date waste mills were ground into smaller particles using a Fritsch Pulverized 16
cross-beater mill to enhance hydrochar formation. This ground material (5 g) was
hydrothermally carbonized at 200°C for 12 hours. The mixture was filtered and rinsed with
distilled water until it reached a pH of 7 at room temperature. It was then dried at 80 °C for 6
hours. The powder that was obtained was assigned as DDWHC. For the chemical activation of
DDWHC, the DDWHC powder was first activated with H3PO4 at a 2:1 weight ratio for 12 hours
at 27 °C to increase the hydrochar's porosity [1]. To eliminate any unreacted H3PO4, the slurry
was filtered and washed with hot distilled water at 80°C until the pH reached 7. The resulting
product was dried at 80 °C for 6 hours and named DDWAHC.

Synthesis of Acid Hydrochar-based Catalyst

The DDWAHC powder was then impregnated using a reflux method with 120 mL of
concentrated H2SO4 at 150 °C for 6 hours. The unreacted H2SO4 was removed through filtration,
and the product was washed with hot distilled water at 80°C until the pH was neutral. Finally,
the product was dried at 80 °C for 6 hours, resulting in the final product designated as DDWAHC-
S.

Esterificaation of PFAD

The PFAD is heated for 1 hour at 70°C before being filtered to remove impurities. The filtered
PFAD is used as a feedstock in biodiesel production. Batch esterification processes are performed
to produce biodiesel. Methanol, PFAD, and a catalyst were placed in a three-neck flask. The
mixture was heated to the temperature (0C) set by the variables and swirled at a rate of 450 rpm.
The esterification process began in a reflux reactor in a silicon oil water bath. Catalyst doses
ranging from 1 to 6 (wt.%), reaction temperatures ranging from 333.15 K to 383.15 K, reaction
times ranging from 1 to 6 hours, and Methanol to PFAD molar ratios ranging from 9:1 to 21:1 are
among the esterification process variables. After the esterification, the biodiesel product was
centrifuged to separate it from the catalyst and the final product as a biodiesel. Gas
chromatography was used to analyze the biodiesel yield.
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Biodiesel Analysis

The biodiesel product was analyzed using a GC-FID with a BPX-70 capillary. n-hexane was the
GC solvent, and methyl heptadecanoate was the internal standard. The reference standards
included methyl palmitate, methyl myristate, methyl linoleate, methyl stearate, and methyl
oleate at 1000 ppm each. A 1um sample of the biodiesel was injected into the port, and the GC
temperature ranged from 100 to 250 °C at a rate of 10 °C/min. Biodiesel yield (%) was calculated
using an Eq. (1).

Biodiesel yield (%) = (2 A—AMH)  (CMHXVMH) x 100 (1)
AMH wt

Where, ). A represents the combined area of the peaks corresponding to free fatty acids (FFA), Auu
is the area of the peak for the internal standard, Cuy is the methyl heptadecanoate concentration,
the methyl heptadecanoate volume used, and Wt. is the mass of the biodiesel.

Catalyst Characterization

FT-IR analysis used a Perkin-Elmer Spectrum (100 FTIR) Spectrometer in the 400 - 4000 cm-1. X-
ray diffraction (XRD) on a Shimadzu-6000 machine assessed crystallite size and structure,
employing a scanning range and rate of 4 min-1 of theta (0) from 20 to 80. FESEM (FEI, NOVA
NANOSEM 230) examined surface morphology, and energy-dispersive X-ray spectroscopy
(EDX) (Oxford Instruments, Model 7582) evaluated surface elemental composition. The
Brunauer-Emmett-Teller (BET) technique measured specific surface area with Thermo Fisher
Scientific (Sorptomatic 1990 series). Boehm titration (BT) was employed to measure catalyst acid
density [4] The thermogravimetric analysis (TGA) on a Mettler Toledo 990 machine was used to
determine thermal stability. CHNS analysis was used to determine sulfur leached during the
usability study.

Catalyst’s Reusability Evaluation

The spent DDWAHC-S catalyst, collected after biodiesel production, was purified with n-hexane
and dried at 110°C to eliminate solvents and moisture, ensuring optimal performance. After
drying, the catalyst can be reused, with evaluations continuing until a significant decrease in
biodiesel yield is observed, indicating diminished catalytic activity. These assessments were
crucial for determining the catalyst's practical applicability and sustainability in the esterification
of PFAD.

RESULTS AND DISCUSSION

Characterization of the Catalyst

The FTIR spectra of DDWHC, DDWAHC, and DDWAHC-S show significant absorption bands
in Fig. 1, including C=C stretching of polyaromatic carbon rings, Si-O-Si stretching from silanol
groups, carbonization of hemicellulose, presence of -SOsH groups, and -OH group vibrations
from sulfonic acid moieties in DDWAHC-S. Broad peaks in DDWHC and DDWAHC
correspond to C-H bond stretching, while absent in DDWAHC-S, suggesting substantial
hydrogen removal due to chemical treatment.
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Fig. 1: FT-IR results of DDWHC, DDWAHC and DDWAHC-S

Boehm's method confirmed the presence of acidic groups on DDWAHC-S surfaces. NaOH
titration was used to determine the acidic group concentration in the catalyst. PLAHC-S had an
acid content of 13.71 mmol/g, higher than Aliyu et al. [1]. Other weak acidic functional groups,
such as carboxylic acids, also contribute to PFAD esterification. Low-acidity sites corresponded
to the peak band of -OH functional groups in the FTIR spectrum.

The XRD analysis of DDWHC, DDWAHC, and DDWAHC-S revealed amorphous phases in Fig.
2. DDWHC contained graphitic structures at 23° and 30°, corresponding to carbon planes.
DDWAHC and DDWAHC-S were primarily amorphous, with a broad peak representing
amorphous polycyclic aromatic carbon rings. Due to activation and sulfonation, the impurity
peak at 15° in DDWHC disappeared from the spectra of DDWAHC and DDWAHC-S.

The surface morphologies of DDWHC, DDWAHC, and DDWAHC-S were examined using
FESEM at 25,000x magnification. Figs. 3b, ¢, and d reveal an irregular, undulating structure.
DDWAHC displayed a cracked porous layer, likely due to activation with phosphoric acid,
resulting in high porosity and surface area. DDWAHC-S showed agglomerated small and large
particles due to sulfonation.

EDX analysis confirmed the elemental compositions: DDWHC had 76.41 wt.% carbon, 22.90
wt.% oxygen, and 0.69 wt.% silicon, DDWAHC had 58.38 wt.% carbon, 38.14 wt.% oxygen, 0.73
wt.% silicon, and 8.75 wt.% phosphorus; DDWAHC-S had 69.28 wt.% carbon, 24.98 wt.% oxygen,
0.60 wt.% silicon, and 5.13 wt.% sulfur. High oxygen content indicated covalent bonds, primarily
oxygen atoms bonded to silicon (S-O-5i).

The BET analysis revealed that DDHC, DDWAHC, and DDWAHC-S had mesoporous structures
with surface areas 48. 55 m2/g, 105.23 m2/g, and 91.56.47m2/g, respectively. These structures
facilitated esterification by enhancing fatty acid diffusion.

Fig. 3a shows the TGA of DDWHC, DDWAHC, and DDWAHC-S. All three materials showed
similar initial weight losses of 14.88% from 302.86 °C to 424.09°C due to moisture and volatile
components. A subsequent 9.08% weight loss between 456.27 °C and 584.04°C was due to
hemicellulose. The final significant weight loss of 42.83% between 580. 45 °C and 1000 °C were
attributed to lignin decomposition. These findings suggest that DDWAHC-S has sufficient
thermal stability for esterification reactions.
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Optimization of Esterification of PFAD using Acid Catalyst

The study focuses on biodiesel production's economic viability and commercial feasibility,
highlighting DDWAHC-S as the most efficient catalyst. The one variable at a time (OVAT)
method was used to optimize critical variables influencing PFAD esterification reaction.

DDWAHC-S
£
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2 DDWAHC
2
2
=

DDWHC
10 20 30 40 50 60 70
20(degree)

Fig. 2: XRD results of DDWHC, DDWAHC and DDWAHC-S

Catalyst Dosage.

The impact of catalyst dosage on biodiesel yield was examined with a 3-hour reaction time, a 15:1
methanol to PFAD ratio, and a 353.15 K temperature, depicted in Fig 4a. Higher catalyst doses
increased active sites, enhancing esterification interactions and biodiesel yield. Increasing the
catalyst dosage from 1 to 4 wt.% led to biodiesel yield rising from 52.89% to 82.45%. However, a
further increase from 5 to 6 wt.% reduced biodiesel yield from 81.34% to 81.22%, attributed to
mass transfer challenges [2]. The optimal dosage was 4 wt.% for maximum biodiesel yield,
balancing active site availability and mass transfer efficiency.

Fig. 3: The result of (a) TGA and FESEM images of (b) DDWHC, (c) DDWAHC, & (d)
DDWAHC-S.
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Reaction Temperature

The impact of reaction temperature on biodiesel yield was studied between 333.15 K to 383.15 K
and is depicted in Fig. 4b. Increasing temperature from 333.15 K to 353.15 K enhanced biodiesel
yields from 61.34% to 84.34% due to the energy required for solid-to-liquid transformation and
improved methanol homogeneity. Beyond this range, at 363.15 K to 383.15 K, biodiesel yields
decreased from 81.23% to 75.34% due to the vaporization of methanol, leading to reduced
esterification efficiency [1]. The optimal temperature for maximum biodiesel yield was 353.15 K.

Reaction Time

The impact of reaction time on biodiesel yield using DDWAHC-S catalyst, with a catalyst dose
of 4 wt.%, methanol: PFAD molar ratio of 15:1, and a reaction temperature of 353.15 K is depicted
in Fig. 4c. As reaction time increased from 1 to 4 h, biodiesel yield rose significantly, from 59.55%
to 89.56%, due to enhanced collisions on active sites, promoting adsorption and desorption
processes [1]. No notable improvement was observed after 4 hours. This suggests 4 hours is the
optimum reaction time for the highest biodiesel yield.

Molar ratio of Methanol to PFAD.

The methanol to PEAD molar ratio was evaluated from 9:1 to 21:1 while keeping the temperature
at 353.15 K, reaction time at 4 hours, and catalyst loading at 4 wt.%. As shown in Fig. 4b, the
biodiesel yield increased from 60.45% at a 9:1 ratio to 91.56% at an 18:1 ratio due to better methoxy
species presence on the DDWAHC-S surface, enhancing PFAD conversion [5]. However, at a 21:1
ratio, yield decreased due to diluted PFAD and saturated catalyst sites. Further, increasing the
molar ratio did not significantly improve yield due to reaction reversibility and product
formation. The optimal methanol to PFAD molar ratio was 18:1.

Reusability of Catalyst

Heterogeneous acid catalysts are favoured for their reusability, as depicted in Fig 5. In six
consecutive reaction runs, the catalyst maintained over 85% biodiesel yield for the four cycles.
According to the CHNS analysis of biodiesel, the fourth reusability study revealed a 1.2%
reduction in sulphur species, implying that -SO3H groups are removed from the surface of
DDWAHC-S during the reaction. Eliminating -SO3H from the DDWAHC-S surface may result
in the loss of very acidic active sites and reduced esterification activity.

(a)

215 6215

2 3 1 s 5
Catalyst loading (w.%) Reaction temperature (K)

(d)

1
Methanol:PFAD

Fig. 4: Catalytic optimization variables: (a) catalyst dosage, (b) reaction temperature, (c)
reaction time, and (d) methanol: PFAD molar ratio.
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CONCLUSION

This study explored using desert date waste to synthesize a heterogeneous acid catalyst for
esterifying PFAD into biodiesel. Techniques included HTC, activation with H3PO4, and
functionalization with H2SO4. HTC preserved active polar species, H3PO4 activation increased
catalyst porosity, and H2SO4 treatment enhanced acidic sites by adding -SO3H groups, resulting
in a 91.56% biodiesel yield under optimal conditions. The catalyst showed good reusability,
retaining 85% yield after four uses. Overall, HTC-based catalyst preparation is a cost-effective
and energy-efficient alternative to conventional methods for biodiesel production.
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Abstract: Hydroxyapatite (HA), a calcium phosphate compound, is widely used in biomedical
applications due to its similarity to human bone mineral. Natural materials rich in calcium, such as
mollusk shells, can be utilized for HA synthesis. In this study, we synthesized HA from Polymesoda
expansa (lokan) mollusk shells at pH 7.4 using both room temperature and hydrothermal methods. The
HA samples were characterized using Fourier-transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD). Results indicated that the HA phase was detectable as early as day 2 at room
temperature, with its presence increasing over time. The hydrothermal method yielded a greater amount
of HA compared to the room temperature method. These findings suggest that Polymesoda expansa
(lokan) mollusk shells are a viable source of calcium for HA synthesis and that the hydrothermal method
is more efficient for producing HA in significant quantities.

Keywords: polymesoda expansa; mollusk shell; hydroxyapatite; room temperature; hydrothermal
method

INTRODUCTION

Hydroxyapatite (HA), with the chemical formula Cal0(PO4)6(OH)2, is a calcium phosphate
mineral used in biomedical applications such as bone grafts, dental implants, and coatings for
metal implants [1], due to its biocompatibility and similarity to human bone mineral. It naturally
occurs in bones and teeth and often contains trace elements like magnesium, fluoride, and
carbonate. Synthetic HA can be produced in laboratories using chemical methods, allowing for
customization to achieve high purity and controlled particle size.

Calcium and phosphate are the primary raw materials used in producing synthetic HA. Mollusk
shells, which are predominantly composed of calcium carbonate (CaCO:s), offer a sustainable
and abundant source of calcium for HA synthesis [2]. These shells, byproducts of the seafood
industry, are typically discarded as waste, leading to environmental concerns [3]. By utilizing
mollusk shells for HA synthesis, not only is the demand for natural calcium sources met, but
waste is also reduced, contributing to a circular economy. Furthermore, mollusks are a vital
food source globally, and the sustainable use of their shells ensures minimal environmental
impact, reducing the need for mining calcium from other sources and lowering the carbon
footprint associated with traditional HA production methods.

Among the various mollusk species used for this purpose, Polymesoda expansa (lokan), a
bivalve mollusk commonly known as the mangrove clam, offers distinct advantages for HA
synthesis. Found abundantly in tropical and subtropical regions, the shell of Polymesoda
expansa is primarily composed of calcium carbonate in the aragonite phase [4 ], one of the three
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polymorphs of calcium carbonate—the others being calcite and vaterite. Calcite is stable under
ambient conditions, while aragonite is metastable, and vaterite is the least stable. Aragonite’s
lower stability compared to calcite results in higher solubility, providing a faster dissolution
rate of calcium carbonate [5, 6], which enhances calcium availability during HA synthesis. This
characteristic gives Polymesoda expansa (lokan) shells an advantage in producing higher yields
in HA synthesis. Furthermore, aragonite’s metastable nature may influence the nucleation and
growth of HA crystals [6], potentially leading to unique structural properties that could enhance
the material’s bioactivity and performance in biomedical applications, such as bone tissue
engineering and dental implants.

THEORY/LITERATURE REVIEW

Synthesis of HA can be conducted by various techniques such as dry, wet and the combination
of dry and wet methods [7]. Dry method, such as solid-state and mechanochemical synthesis,
used the precursors (calcium and phosphate source) in their dry condition to synthesize the
HA. The characteristics of powders synthesized through dry methods are not significantly
affected by processing parameters and do not require precise control conditions, making them
well-suited for mass production [8].

Wet method such as chemical precipitation, hydrothermal and hydrolysis uses aqueous solution
for synthesizing HA. This method can control the morphology and size of the HA particle.
However, it gives samples with low crystallinity due to low processing temperature [8].
Chemical precipitation methods is conducted by mixing the calcium and phosphate containing
reagent at certain desired pH with the temperature ranging from room temperature until the
boiling point of water Whereas, hydrothermal method is conducted above the ambient pressure
and temperature [7].

Based on the various synthesis methods mentioned earlier, such as dry and wet techniques,
researchers have successfully applied these approaches to transform different mollusk shells
into hydroxyapatite, taking advantage of their calcium content and structural properties.
Vecchio et al. [9] converted small pieces of Strombus gigas and Tridacna gigas shells into HA
using the hydrothermal method. The shells were added to an autoclave filled with (NH4),HPO,
solution, sealed, and then heated at different temperatures (180-250 °C) for varying durations
(2-20 days). The study revealed that HA structures were formed from these shells in most of the
samples at a relatively low temperature of 200°C. The average fracture stress ranged from 137
to 218 MPa for partially converted conch shell samples and from 70 to 150 MPa for both original
and converted clam shell samples, values that are comparable to the mechanical strength of
compact human bone. These findings suggest that the converted shell samples could be suitable
for use as implants in load-bearing applications. Additionally, in-vivo testing demonstrated
good biocompatibility and bioactivity of the converted shell implants.

Ahmad et al. [10] synthesized nano-HA from snail shells using calcination and wet chemical
precipitation methods. The snail shell powder was heated at 900 °C for 3 hours to convert CaCOj3
into calcium oxide (CaO). Distilled water was then added to the CaO to produce a calcium
hydroxide (Ca(OH),) solution. Phosphoric acid was added to the solution at a rate of 15-20 drops
per minute with continuous stirring at room temperature to produce hydroxyapatite. NH,OH
solution was then added to the mixture until the reaction was completed, maintaining the pH
at 8 for 2 hours with constant stirring. A gelatinous white precipitate formed after the stirring
was stopped. The solution was then left overnight. The precipitate was rinsed, dried in an oven
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at 200 °C, and then sintered at 1000 °C for 4 hours. The results of their study showed that they
successfully synthesized nano-HA powders with diameters ranging from 13.3 to 15.2 nm and
high antimicrobial activity.

Roslan et al. [11] synthesized HA from powdered Polymesoda expansa (lokan) shells using
calcination and precipitation methods. Initially, the Polymesoda expansa (lokan) shells were
calcined at 900°C for 4 hours to convert them into CaO. Subsequently, 2.4 g of the obtained CaO
was dissolved in 100 ml of distilled water under constant stirring to form Ca(OH),. Phosphoric
acid was then added dropwise at a rate of 5.5 ml/min while maintaining continuous stirring.
Concentrated ammonia solution (NH4OH) was also added dropwise to adjust the pH to values
of 9 and 13. The resulting solution was allowed to age for 24 hours, after which it was rinsed
and filtered. The precipitates were then dried in a hot air oven for 6 hours at 110°C. Finally, the
hardened HA was ground into a powdered form using a mortar and pestle. This study
demonstrated that the researchers successfully converted the mollusk shells into HA, achieving
calcium-to-phosphorus (Ca/P) ratios of 1.78 and 1.97 at pH values of 9 and 13, respectively.

Ni and Ratner ['2 ] converted the nacreous shells of the red abalone gastropod directly into HA
using a simple method that did not involve converting them into calcium oxide (CaO) or
calcium hydroxide (Ca(OH),). In this method, the chips and powdered gastropod nacre shells
were soaked in citric-phosphate buffered saline solution at pH 7.4 for periods of 5, 7, and 14
days at room temperature. The researchers found that the shells were successfully converted
into HA, and the amount of HA produced increased with the soaking time.

In this study, local Polymesoda expansa (lokan) mollusk shells were used to synthesize HA
using a phosphate-citrate buffer solution at pH 7.4 and at room temperature. For comparison,
the reaction was also conducted hydrothermally in an autoclave under different time and
temperature conditions. This method offers a simple procedure that does not involve calcination
or the preparation of a calcium hydroxide (Ca(OH),) solution. To the best of our knowledge,
there are no reports in the literature regarding the conversion of Polymesoda expansa (lokan)
shells into HA using a citric-phosphate buffer solution.

MATERIALS
Polymesoda expansa (lokan) was obtained from a local market in Marang, Terengganu.
Na,HPO, (ACS grade) and citric acid (synthesis grade) were purchased from Merck (Germany).

EXPERIMENTAL
Preparation of Polymesoda expansa (lokan) shell powder

Polymesoda expansa (lokan) shells were thoroughly cleaned with tap water, rinsed with RO
water, and left to dry at room temperature. The dried shells were then crushed using a mortar
and pestle, followed by grinding in a planetary monomill at 600 rpm for 1 hour. The resulting
shell powder was used as the calcium source for HA synthesis.

Conversion of Polymesoda expansa (lokan) shell into HA

A 200 ml citrate-phosphate buffer solution at pH 7.4 was prepared by mixing 177.8 ml of 0.2 M
Na,HPO, solution with 22.2 ml of 0.1 M citric acid. A specific amount of Polymesoda expansa
(lokan) shell powder was then added to the buffer solution, maintaining a Ca/P ratio of 1.67.
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For the room temperature reaction, the mixture was left to react for 2, 4, 10, and 20 days
(hereafter referred to as 2D, 4D, 10D, and 20D) to study the effect of different reaction time on
the production of HA. For the hydrothermal reaction, the mixture was heated at 100°C and
120°C for 1 to 2 days in a hydrothermal rotating oven. After the reactions were completed, the
supernatant was removed, and the precipitate was rinsed with deionized water by centrifuging
at 1500 rpm for 5 minutes. This rinsing process was repeated three times, after which the powder
was dried in an oven at 60°C for 24 hours.

SAMPLES CHARACTERIZATION

FTIR analysis was performed on a Thermo Nicolet Nexus (UK) spectrophotometer with a
resolution of 4 cm-1 in the range of 4004000 cm-1. The XRD analysis of the powder samples
was carried out on Ital Structure APD 2000 X-Ray diffractometer instrument in the 20 range of
20-60°, using CuKa radiation (A =1.5418 A) at 40 kV and 30 mA. The relative peak height at the
specific peak of XRD diffractogram and FTIR spectra was measured to estimate the cyrstallinity
and percentage conversion of Polymesoda expansa (lokan) mollusk shell into HA.

RESULTS AND DISCUSSION

Analysis of raw Polymesoda expansa (lokan) shell

FTIR spectrum of raw Polymesoda expansa (lokan) shell in Fig. 1 shows bands at around 3435,
2922, 2522, 1787, 1477, 1082, 860 and 713-700 cm'. The broad band around 3435 cmis assigned
to the stretching mode of adsorbed water in the shell [13]. The band at 2922 cm™ is attributed to
the stretching of C-H bonds in proteins, 2522 cm™ to the OH group in HCOj37, and 1787 cm™ to
the stretching of the carbonyl group in acidic proteins [13]. The bands at 1477 cm™ corresponds
to carbonate ion [14,15]. The bands at 1082 cm™, 860 cm™, and 713-700 cm™ are the characteristic
of aragonite carbonate [16, 17].

The XRD pattern of raw Polymesoda expansa (lokan) shell in Fig. 2 shows that the shell is
composed of calcium carbonate in the aragonite form (Ref code: 98-001-6937), which further
confirm the results from FTIR.
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Fig. 1: XRD of raw lokan shell.
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Fig. 2: XRD pattern of raw lokan shell.

FTIR analysis of hydroxyapatite powder

Fig. 3 shows the FTIR spectra of samples synthesized at room temperature. After 2 days of
soaking, the sample exhibits bands at 1636, 1029, 962, 603, and 564 cm™. The band at 1636 cm™!
can be attributed to the adsorbed water in HA [18]. The bands at 1029, 962, 603, and 564 cm™
correspond to the PO,*~ group in HA [19]. Meanwhile, the bands assigned to the carbonate ions
at 1477, 860 and 713-700 cm™ become less intense, and the band at 1082 cm™ disappears. These
observations indicate that HA has formed during the reaction.

HA formation occurs through a dissolution-precipitation mechanism. In this process, Ca2* ions
are released from the Polymesoda expansa (lokan) shell and react with PO,*" ions in the solution
to form HA, as shown in Eq. 1. As seen in Figure 3, the characteristic HA peak becomes more
intense with increased soaking time, while the carbonate ion peaks diminish, indicating that
more HA is formed as reaction time increases. At room temperature, the nucleation and growth
of HA crystals proceed gradually. Over longer reaction times, more nucleation sites form,
allowing the crystals to grow. However, due to the limited kinetic energy at room temperature,
this process is slow, leading to the gradual development of HA.

10Ca?* +6P0O;” +20H - CalO(P04,)6(OH)2 (D)
) 962 700
1 < 24
2922 1787 7/ /713564
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Fig. 3: FTIR spectra of (a) raw lokan shell; and samples synthesized at room temperature
for (b) 2 days (c) 4 days (d) 10 days (e) 20 days.

In contrast, the FTIR spectra of samples synthesized using the hydrothermal method (Fig. 4)
show a more intense HA peak and weaker carbonate ion bands compared to those synthesized
at room temperature. This suggests that the hydrothermal method enhances the formation of
more crystalline and purer hydroxyapatite. The elevated temperature and pressure during
hydrothermal synthesis accelerate the nucleation and growth of HA crystals [6], resulting in a
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more stable and well-defined structure. Additionally, these conditions improve calcium
solubility, ensuring a more complete reaction and higher yield. As a result, the hydrothermal
process is more effective in producing high-quality HA.

To quantify these findings, a detailed analysis of the FTIR spectra provides insights into the
degree of HA formation and purity, as shown in Tables 1 and 2. By examining the relative peak
intensities, we can assess the extent of crystallinity [19], HA formation, and the reduction of
carbonate content in the samples.

120°C - 2D

/ \
1636 / \ 873 \\570

B
1476 962 505
120°C - 1D s

100°C-2D0
— \\\A//\‘ “‘,y “'f
100°C-1D V

% Transmittance (a.u.)

raw lokan shell

4000 35‘00 30'00 25'00 20'00 15‘00 10'00 5(')0

Wavenumbers (cm™)
Fig. 4: FTIR spectra of raw lokan shell and samples synthesized at 100 and 120 °C for 1 and
2 days using hydrothermal method.

Table 1 shows that the relative peak heights for the PO, group at 1029, 962, 603, and 564 cm™
increase with reaction time at room temperature (from 2D to 20D) and under hydrothermal
conditions (100°C to 120°C for 1D and 2D). The increasing phosphate peak intensities indicate
the formation and crystallization of HA as the reaction progresses. For the room temperature
reactions, the data demonstrate that longer reaction durations enhance HA crystallinity, as seen
in the increasing peak heights of the PO,*- group. For example, the peak at 1029 cm™ rises from
35.24 (2D) to 70.22 (20D). Similar trends are observed for the other phosphate-related peaks (962,
603, and 564 cm™), reflecting the gradual formation of HA over time.

In contrast, the hydrothermal reactions exhibit a significant increase in relative peak heights,
even over shorter reaction durations (1 to 2 days). The sample treated at 120°C for 1 day (120°C
1D) shows the highest relative peak height at 1029 cm™ (79.99). This suggests that hydrothermal
conditions promote faster HA formation compared to room temperature reactions, where 20
days are needed to achieve similar results.

Table 2: Relative peak height for bands assigned to PO.* group in HA

Samples Relative peak height for bands assigned to PO+* group
1029 962 603 564
cm? cm? cm?! cm?

Lokan raw - - - -
2D 35.24 1.44 5.73 8.92
4D 62.49 2.01 10.46 12.67
10D 65.86 5.28 16.75 15.05
20D 70.22 4.82 18.12 17.23
100°C 1D 64.84 6.06 20.22 20.43
100°C 2D 62.23 5.80 17.62 20.97

123



Proceedings of the 8th International Symposium on Advanced Materials and Nanotechnology 2024, (iISAMN2024), October 8-9,2024

120°C 1D

79.99

5.25

20.56

18.77

120°C 2D

78.12

4.56

16.87

20.51

Table 2 shows that the relative peak heights for the carbonate group (CO;%) at 1082, 860, 713,
and 700 cm™ diminish as the reaction progresses. This reduction in carbonate peaks reflects
successful decarbonation, a key process in transforming calcium carbonate (CaCOs) from
mollusk shells into HA. For samples prepared at room temperature, there is a noticeable
decrease in carbonate peaks with increasing reaction duration. For example, the peak at 860 cm™
decreases from 41.27 (2D) to 37.87 (20D), indicating the ongoing removal of carbonate species,
which is essential for forming pure HA. However, reactions at room temperature require
extended durations (up to 20 days) to achieve significant decarbonation. In contrast, for samples
prepared under hydrothermal conditions, the carbonate peaks decrease more rapidly. For
instance, the relative peak height at 860 cm™ drops to 29.58 for the 100°C 1D sample and further
to 23.40 for the 120°C 2D sample, confirming that higher temperatures expedite decarbonation
and lead to the formation of purer HA with fewer carbonate impurities.

Table 3: Relative peak height for bands assigned to CO?* group in calcium carbonate

Samples Relative peak height for bands assigned to CO* group
1082 860 713 700
cm? cm?! cm? cm?

Lokan raw 4.66 65.98 15.39 6.50

2D - 41.27 7.28 3.21

4D - 38.33 6.55 2.50

10D - 37.66 5.44 2.37

20D - 37.87 5.19 2.58
100°C 1D - 29.58 3.16 -
100°C 2D - 27.39 - -
120°C 1D - 31.64 2.79 -
120°C 2D - 23.40 - -

XRD analysis of hydroxyapatite powder

Fig. 5 shows the XRD patterns of samples synthesized at room temperature. After 2 days of
soaking, the peaks assigned to aragonite at 20 = 26.28, 27.27, and 38.40 become less intense,
while the peak at 20 = 33.16 disappears. Notably, a new peak at around 20 = 31.7§,
corresponding to hydroxyapatite (HA), appears. These observations indicate the formation of
the HA phase in the samples. After 10 and 20 days of soaking, the peak at 20 =27.27 disappears,
and the intensity of the peak at 20 = 31.78 increases. This reveals that the amount of the HA
phase increases while the amount of calcium carbonate decreases as reaction time extends.

Fig. 6 presents the XRD patterns of samples synthesized using the hydrothermal method. After
1 day of reaction at 100 °C, the aragonite peaks at 20 = 26.28, 27.27, 33.16, 36.07, 38.40, 45.90, and
48.5 disappear, while new peaks corresponding to HA at 20 = 25.58, 31.8, 39.9, 42.12, 46.66, and
49.28 emerge. The intensity of the HA peak at 20 = 31.78 increases with rising temperature and
reaction time. Compared to the reaction at room temperature, the hydrothermal method
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produces XRD peaks of higher intensity, indicating a greater formation of the HA phase through
this method.
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Fig. 5: XRD patterns of (a) raw lokan shell; (b-e) samples synthesized at room temperature
for 2, 4,10 and 20 days respectively; and (f) standard HA with Ref. No 96-004-0527.
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Fig. 6: XRD patterns of raw lokan shell and samples synthesized at 100 and 120 °C for 1 and
2 days using hydrothermal method.

To further elucidate these findings, a quantitative analysis of the XRD data was performed. By
measuring the relative peak heights [19], we can obtain information regarding the phase
composition and crystallinity of HA in the synthesized samples. Table 3 presents the relative
peak heights from XRD diffractograms at various 20 values (25.58°, 31.78°, 46.66°, and 49.28°),
which correspond to key diffraction peaks associated with the HA phase under different
synthesis conditions.

The gradual increase in peak intensities with reaction time (from 2D to 20D) indicates that
prolonged exposure at room temperature promotes the slow crystallization of HA. However,
the absence of certain peaks (46.66° and 49.28°) under these conditions suggests that the HA
structure remains incomplete, with fewer crystallographic orientations formed.

On the contrary, hydrothermal treatments at 100°C and 120°C result in much sharper and more
intense peaks, indicating rapid and complete crystallization of HA. The presence of peaks at
46.66° and 49.28° confirms that hydrothermal conditions allow the formation of more fully
developed HA crystals with multiple orientations, leading to a purer and more crystalline HA
structure. While both 100°C and 120°C conditions produce strong HA peaks, the 100°C samples
tend to have higher peak intensities at certain angles (e.g., 31.78° for 100°C 2D). This suggests
that 100°C may be the optimal temperature for promoting crystallization in a shorter reaction
time. However, the overall trend suggests that temperature results in highly crystalline HA,
with minor differences in peak intensities.
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Table 4: Relative height for peak assigned to HA phase

Samples Relative height of peak assigned to HA phase
20 20 20 20
25.58 31.78 46.66 49.28
2D - 13.55 - -
4D - 18.74 - -
10D 18.67 17.92 - -
20D 26.35 33.13 - -
100°C 1D 32.00 89.88 22.42 35.96
100°C 2D 41.57 126.44 23.19 2.09
120°C 1D 23.93 116.43 24.10 33.46
120°C 2D 23.83 97.83 31.89 34.55
CONCLUSION

The FTIR and XRD analyses confirmed the successful formation of hydroxyapatite (HA), with
FTIR revealing characteristic phosphate bands and diminishing carbonate peaks, and XRD
showing the disappearance of aragonite and the emergence of HA peaks. Hydrothermal
synthesis was found to produce higher crystallinity and purer HA more rapidly than room
temperature methods, where HA forms more gradually. Limitations include the longer reaction
times required for room temperature synthesis, incomplete crystallization, and the need for
additional characterization techniques. Future work should focus on optimizing hydrothermal
conditions, advanced material characterization such as SEM and BET, investigating
biocompatibility, and exploring scalable production methods for HA.
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Abstract: This study aimed to investigate the thermal stability of biochar and paste made from Prosopis
Africana biomass material using Thermogravimetric Analysis (TGA). The study was conducted using a
Mettler Toledo TGA/DSC1 instrument, with samples heated from 25 °C to 800 °C at a rate of 10 °C/min
with and without airflow atmosphere. The temperature was reported to influence weight loss. The TGA
results showed better thermal stability of biochar without airflow up to 700 °C as compared to that of the
stability with airflow. On the other hand, the onset decomposition for the paste in both conditions did
not show any significant difference until 500 oC. This study highlights the potential of Prosopis Africana
biomass as a sustainable source of biochar and paste materials and the importance of TGA in the study
of the thermal stability of materials.

Keywords: Prosopis Africana, Biomass, Thermogravimetric analysis (TGA), linseed stand oil, m-xylene,
a- terpineol.

INTRODUCTION

Thermogravimetric Analysis (TGA) is a technique used to analyze the thermal behavior of
materials. It is widely used in the study of biochar, which is a type of charcoal made from
biomass. Prosopis Africana is a tree species that is common in Africa and has been used for fuel
and other purposes for centuries. The combustion of this biomass produces biochar as a fuel
and a paste that can also be used as an electronic application. In this study, the TGA analysis of
both biochar and the paste made from Prosopis Africana biomass combustion can provide
insights into the thermal behavior of these materials, which can help in optimizing their
production processes and identifying potential applications.

Biochar has gained increasing attention in recent years as a promising material for a variety of
applications. Its properties, such as high carbon content, porosity, and stability, make it an
attractive candidate for soil amendment, carbon sequestration, and energy production. TGA has
been widely used to study the thermal behavior of biochar, which can provide valuable
information about its thermal stability and decomposition behavior.

Carbonaceous materials, such as graphite, carbon nanotubes, nanodiamonds, carbon alloys, and
activated carbon, are widely recognized for their substantial surface area, excellent electrical
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conductivity, and cost-effectiveness [1]. Recently, porous carbon has been extensively
investigated for its thermal behavior as a material.

For the last few years, carbon nanomaterials have been widely used in the electronics industry.
It has been demonstrated that carbon nanomaterials have electrical and mechanical properties
that are comparable to metals [2]. Among these carbon materials, CNT [3], graphene, [4], carbon
black [5] e.t.c have gained significant attention due to their exceptional electrical and mechanical
properties and low cost. These carbon materials have numerous applications, including RFID
tag antennas, sensors, and photonics. In the present work, to the best of my knowledge does not
report elsewhere, the combustion behaviors of P. Africana lignin in biochar and paste are
investigated with thermogravimetric analysis (TGA), and the characteristics of the thermal
degradation at different forms. In this study of TGA is for antenna application from the porous
carbon or advantages of porous carbon that can be exploited to be used in specific applications
like supercapacitors, batteries, sensors, and antennae. In this work, a new PAC biomass of
powder and paste with an organic vehicle made from linseed oil is proposed and this has never
been done before.

METHOD AND MATERIAL

Biochar and paste made from Prosopis Africana biomass material were subjected to TGA using
a Mettler Toledo TGA/DSC1 instrument. The samples were obtained locally from sub-Saharan
Africa in Nigeria and burned out from a warehouse locally by blacksmiths. The blacksmith’s
producer carbonized the Prosopis Africana wood to create carbon charcoal locally.

After selecting the pieces of charcoal with the least resistance to electricity to produce a higher
conductivity, once chosen the most conductive pieces of charcoal, the next step is to crush them
with a mortar and pestle and then sieve with an average particle size <20 um to obtain the
micron-sized powder used as the active material, fig. 1 shown the procesess of obtaining the
biochar.

Fig. 1: Process of obtained the Biochar from Biomass Material.

The PAC biochar was weighed to the desired weight and mixed with a prepared binder
composed of linseed stand oil, m-xylene, and a-terpineol. The binder was first mixed by
combining 85 wt% linseed stand oil and 12.5 wt% m-xylene using a magnetic stirrer at 250 rpm
for 3 hours, followed by the addition of 2.5 wt% a-terpineol and further stirring for 2 hours
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while maintaining the temperature at 40°C. The weight ratio of the components of the binder
was based on the previous study carried out by[6], [7].

Table I: Chemicals and Ratio Used in Binder Preparation

Binder made with linseed oil wt (%)
Linseed stand oil 85
M- xylene 12.5
Alpha - terpineol 2.5

The weight ratio of Prosopis africana biochar and the binder is set with the amount of 40 wt%
of char and 60 wt% of the binder. The mixture is then stirred using a magnetic stirrer with the
speed of 300 rpm at 40°C for 24 hours to obtain a homogeneous paste[8], [9], [10].

RESULTS AND DISCUSSION

Thermal characteristics of Prosopis Africana biochar with and without airflow

The TGA of PAC powder in the absence of airflow shows an initial weight decrease caused by
moisture absorption. After the weight loss of 10 % occurs at 108°C, the sample indicates
considerable stability, followed by the decomposition at 740°C. A total weight loss of 15% was
observed in the PAC biomass due to the thermal decomposition of the carbon content. The
finding is similar to the work reported [11], [12].

Meanwhile, the TGA of P. Africana powder with airflow represents two weight loss stages. The
first stage indicates the decomposition of moisture content in the biomass with 10% weight loss
at 109 °C. The next stage is the combustion of the complex and thermally stable structure that
takes place from 450 °C. The major weight loss of 97 % was observed at 750 °C which describes
the oxidation of the carbon content in biochar. Both the TGA plots have been popularly applied
to determine the composition of water, volatile compounds, combustible carbon, and impurities
in PAC and its related materials [13].

The thermal degradation behavior of P. juliflora char, an invasive species, was investigated in a
TG furnace over a temperature range of normal to 800°C [14]. The thermal degradation process
was found to occur in three distinct stages. The first stage corresponds to the drying process,
followed by a devolatilization stage, and finally, the third stage indicates the formation of
carbonaceous residue. P. juliflora demonstrated a greater weight loss percentage when
subjected to pyrolysis temperatures ranging between 200°C and 500°C. Fig. 2 shown the TGA
of prosopis africana biomass power with and without airflow.
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Fig. 2: TGA of Prosopis Africana of Biomass Powder with and without airflow.

Thermal characteristics of Prosopis Africana Paste with and without airflow

The TGA profile in fig. 3, shows that the paste of PAC without air flow oxidized in two stages,
The first stage shows the decomposition of volatile matters which comprised m-xylene and
alpha-terpineol at 1000C with 5 % weight loss, and whereas the second stage of decomposition
could be attributed to the non-volatile matters which is the linseed stand oil. The carbon residue
from biochar observed from 490 to 800 oC signifies the major decomposition contributed by the
organic binder. This is in accordance to the finding from a similar work with graphite [9].

On the other hand, the heating of the paste of PAC in airflow shows the oxidation in three stages,
Similar to the sample without airflow, the first and second stages of decomposition was due to
the evaporation of volatile and non-volatile matters in linseed stand oil binder. However, the
degradation in airflow was further occurred up to 660°C, leaving only 0.7% of residue. This
finding could be related to the decomposition of the carbon content in biochar as the higher
concentration of oxygen could accelerate the oxidation and therefore the decomposition. It is
similar to values reported for the TGA of CNT [15]. Fig 3 shown the TGA of Prosopis africana
paste with and without airflow.

100 —— Paste with airflow
—— Paste without airflow!
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60
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Fig. 3: TGA of Prosopis Africana of Paste with and without airflow.
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CONCLUSION

This study shows the potential of PAC biomass as a sustainable source of biochar and paste
material. The TGA results showed that biochar prepared from PAC has good thermal stability
with minimal weight loss up to 800 °C without airflow whereas the degradation is accelerated
with the increase in the oxygen concentration. This indicates that these materials can withstand
high temperatures and have potential applications at high-temperatures in ambient. The
thermal stability of biochar and paste made from Prosopis Africana biomass combustion is an
important factor in their potential applications, such as soil improvement and carbon
sequestration. with airflow the oxidation process happens when exposed to air and is not stable
at open airflow also, its combustion reaction occurs. It broke the carbon bonding due to the air
it turned to ash at 0% loss at 600°C no carbon residue left. More degradation happens with
airflow and its consumed more energy and heat. While without airflow It terminates at a low
temperature means no oxygen in the process the degradation of decomposition is stable at
temperatures around 490°C and terminates carbon residue. Further research is needed to
investigate the properties and applications of these materials in detail.
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Abstract: The fabrication of high-quality graphene has long been sought, leading to the development of
various synthesis pathways. One popular route is the chemical synthesis of graphene oxide (GO)
followed by hydrothermal reduction to produce highly reduced graphene oxide (rGO) with good
electrochemical activity. In order to avoid harsh conditions and toxic reagents, a green approach using
Garcinia mangostana peel extract as an additive for hydrothermal reduction has been proposed. The GO
precursor was synthesised via a modified Hummers’ method and reduced hydrothermally at 180 °C for
six hours. The UV-Vis, FTIR, and Raman analyses were used to characterise the effects of adding the peel
extract on the reduction of GO. It was revealed that the modified rGO had a higher oxygen content and
fewer structural defects than the unmodified rGO. This resulted in a significant increase in specific
capacitance (Csp) from 75.98 F g1 to 175.48 F g1 at 20 mV s, showing a two-fold improvement from the
unmodified product. This study demonstrates that G. mangostana peel extract can enhance the synthesis
of hydrothermal rGO, offering a scalable and non-toxic reagent to fabricate an electroactive rGO material
for supercapacitor applications.

Keywords: Mangosteen peel; hydro-thermal, reduced graphene oxide; highly oxidised; supercapacitor

INTRODUCTION

The fabrication of high-quality graphene and its derivatives has rapidly matured ever since its
discovery. In particular, chemical synthesis via oxidation and reduction has been widely used
to synthesise GO and rGO. Hydrazine hydrate and sodium borohydride are some of the
commonly used reducing agents for the chemical reduction of GO [1]. However, the toxic nature
of these popular reductants became a concern which resulted in growing interest towards the
adoption of environmentally friendly methodologies as alternatives.

LITERATURE REVIEW

Hydrothermal reduction has been a go-to technique because of its low cost and scalability in
producing rGO. However, it is difficult to precisely tune graphene’s microstructures such as
structural defects and its morphology [2]. Previously, different hydrothermal parameters have
been studied to improve the quality of the hydrothermal rGO products [3]. However, little
effects were reported in mitigating the defect formation and layer aggregation. Recently,
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chemical-aided reactions have been introduced to resolve such limitations. Previously, Zhou et
al. reported the use of glucose during the reduction of NiO-graphene nanosheet to produce a
high surface area material with low defects with little observable particle agglomeration [4].
Other green additives have also been proposed such as metal salts as templates to synthesise
3D-porous graphene with stable and rigid microstructures as well as fewer defect levels [5].

Inspired by Gopalakrishnan et al. [6], the peel extract of G. mangostana shows potential in
reducing GO into high-quality graphene using the hydrothermal method. The fruit is rich in
metabolites such as phenolic acid, terpenoids, tannic acid, and flavonoids with previous
successes in reducing metal nanoparticles [7]. To the best of our knowledge, the study on the
application of G. mangostana peel extract as a green additive for the chemical reduction of GO
is still limited. Therefore, the objective of this study was to investigate the utilisation of G.
mangostana peel extract in the hydrothermal reduction of GO and its effects on the
electrochemical performance of supercapacitors.

MATERIALS

All chemicals except graphite, commercially purchased from Merck, Sigma-Aldrich, Bendosen
Chemicals, and HmbG Chemicals, were used without purification. Deionised water and
distilled water are referred to as DI water and water in this study. Mature mangosteen fruit was
sourced from a local fruit market in Puchong, Selangor (Malaysia).

EXPERIMENTAL

Preparation of Mangosteen Peel Extract

The mangosteen fruit was washed with water and wiped dry to remove any dirt or foreign
materials. The fruit was processed by separating the flesh and peel wastes before the extraction.
Next, the fruit peels were cut and dried under indirect sunlight for three hours, followed by
oven-drying overnight at 55 °C. The dried peels were ground, packed into zip-lock bags, and
stored in a -14 °C freezer with aluminium foils to prevent freeze burns. Prior to use, the powder
was thawed to remove any ice formed during the storage.

A fresh peel extract was prepared using a modified reflux extraction method [8]. 6.00 g of the
peel powder was weighed and transferred into a 500-mL boiling flask with 200 mL DI water.
The mixture was refluxed at 60 °C for an hour and cooled before the liquid was decanted into
centrifuge tubes and centrifuged at 4000 rpm for 10 minutes to separate any sediments. The
supernatant was filtered and stored at 0 °C for a maximum of two weeks.

Synthesis of Modified Reduced Graphene Oxide

Graphene oxide was prepared via the modified Hummers” method described by Lee et al. [9].
The dried GO product was ground using an agate mortar pestle to form GO powder.
Hydrothermal reduction of GO was carried out using a modified method from Johra and Jung
[10]. The methodology was applied using the peel extract to produce the modified rGO,
classified as 6HT-MWrGO and 6HT-rGO (unmodified) respectively.

Material Characterisation

The optical property was analysed using the Scinco S-3100 UV-visible spectrophotometer in a
wavelength region of 200 to 800 nm. A quantitative Fourier-transform infrared (FTIR) analysis
was measured using the Perkin Elmer Spectrum 100 spectrometer in a wavenumber region of
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400 to 4000 cm, prepared by the KBr pellet technique with a fixed ratio between GO and KBr

of 1:74. Defect analysis was investigated via Raman analysis using the Witec Alpha 300R with
an excitation laser of 531.94 nm, analysed in the wavenumber range of 0 to 4000 cm.

Electrochemical Analysis

The electrodes used to evaluate the electrochemical performance of 6HT-rGO and 6HT-MWrGO
are prepared based on [11]. Their performance was assessed using a three-electrode system
consisting of the working electrode (rGO-coated Ni-foam), counter (Pt wire), and reference
(Ag/AgCl in 1M KCl) electrodes connected to Gamry Interface 5000E. The cyclic voltammetry

(CV) measurements were made in 1 M Na250s electrolyte.

RESULTS AND DISCUSSION

Physicochemical Analysis

The UV-Vis spectra of GO, 6HT-rGO, and 6HT-MWrGO are shown in Fig. 1. GO shows a strong
peak at 231 nm (triangle label) and the shoulder peak at 303 nm corresponds to the mt-m* peak
of the aromatic C-C bond and the n-n* transition peak of C=O respectively [12]. After the
hydrothermal reduction, the observed strong peak red-shifted from 231 nm to 298 nm and 252
nm for 6HT-rGO and 6HT-MWrGO respectively corresponding to the restoration of C=C
conjugations through rehybridization of carbon atoms from sp? to sp?. The difference in red-
shifting observed between 6HT-rGO and 6HT-MWrGO suggests a variation in the degree of

reduction of the two reduced products [11]. Hence, BHT-MWrGO experienced a lower degree

of reduction compared to 6HT-rGO when the G. mangostana peel extract was used during the
hydrothermal process.

The GO curve from the quantitative FTIR analysis revealed various oxygen functional groups
such as hydroxyl (O-H), carbonyl/carboxyl (C=0O), and epoxy (C-O) groups (see Fig. 2), deriving
from graphite oxidation [13]. Next, carbon functional groups were also observed in the spectra,
belonging to the sp3-C-H stretching and the sp?>-C=C stretching at 2918 cm™? and 1622 cm!

respectively. The calculated peak area (%) for C=C stretching increased from 5.89% (GO) to
15.33% and 15.76% for the 6HT-rGO and 6HT-MWrGO respectively,
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Fig. 1: The UV-Vis spectra of GO, 6HT-MWrGO, and 6HT-rGO.

confirming the complete reduction of GO. Subsequently, a decreasing trend in the amounts of
oxygen functional groups is observed: 89.98% (GO) > 81.69% (6HT-MWrGO) > 78.11% (6HT-
rGO), which correlates with the observed lower degree of reduction from the UV-Vis analysis.

These findings of 6HT-MWrGO show the possible simultaneous functionalisation and
reduction when using the peel extract during the hydrothermal process. This is based on the
insignificant difference in the peak area (%) of C=C stretching yet visible distinctions were

recorded in the existing peak areas (%) of oxygen functional groups between 6HT-MWrGO and
6HT-rGO.
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Fig. 2: The FTIR spectra of GO and the synthesised hydrothermal rGO products.
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The metabolites in G. mangostana peel extract may be the main factor responsible for preventing
the complete removal of oxygen functional groups or even by functionalising onto the graphene

layer [14]. This claim is supported by the rich presence of oxygen functional groups in the highly
oxidised 6HT-MWrGO.
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Fig. 3 shows the Raman spectra of GO and rGO which highlights the presence of two strong
peaks: D-mode and G-mode vibrations at 1350-1370 cm™ and 1580-1610 cm™ wavenumber range
respectively. The D-mode peak shows the defects arising from the C=C bond deformation and
heteroatom introduction while the G-mode peak forms from the in-plane Ez; stretching between
C=C bonds in the planar graphene which are indicators of structural defects and disorders in
carbon domains, quantified as the Ip/Icratio [13]. Table 1 summarises the Ip/Ic ratio and the
mean crystallite size, L. values of GO, 6HT-rGO, and 6HT-MWrGO calculated using the
following formula [15]:

. Peak intensity of D-mode peak
Ip/Igratio = 1
Y Peak intensity of G-mode peak ( )
2.4 x 10710 x
L, (nm) = 2
Ip/l

Where A = the excitation laser wavelength (nm). The trend in the degree of defect in the samples
is as follows: BHT-MWrGO < GO < 6HT-rGO. The increase in defects of

TABLE 1. The Raman peak analysis of GO, 6HT-MWrGO, and 6HT-rGO samples

Wavenumber (cm?)
. L. value
Sample Iv/Ic ratio (nm)
D-mode G-mode nm
GO 1363.8 1591.9 0.92 20.93
6HT-MW 1351.5 1584.7 0.88 21.91
rGO
6HT-rGO 1356.6 1601.8 1.06 18.11

6HT-rGO is due to the removal of oxygen functional groups, generating vacancies and defect
regions [2]. Surprisingly, the 6HT-MWrGO has a lower defect with a larger L. value than GO
and 6HT-rGO. This finding corroborates the proposed functionalisation of G. mangostana to aid
in the restoration and repair of the sp?-carbon network.

Electrochemical Analysis

The CV analysis was measured from 0.0 to 0.6 V at different scan rates (5 - 100 mV s) to study
the electrode mechanisms of the two samples. Fig. 4 shows the CV curves of the two rGO
samples at the scan rate of 20 mV s, where a clear difference in their curve shapes can be
observed. The 6HT-rGO sample exhibited a quasi-rectangular shape often associated with an
EDLC-dominant mechanism while the 6HT-MWrGO displays an irregular rectangle curve,
demonstrating a mixture of EDLC and pseudo-capacitance. The performance analysis from the
CV analysis is calculated using the following equations [9]:

;’2 Idv
Cep@CV (Fg') = —1—-1 (3)
q,=av 2+q, @)
Loav+l )
v t
qi= qt - qo (6)
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where Vi =initial potential (V), V2=final potential (V), I = current (A), m = mass of active material
(8), v=scan rate (V s1), AV
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Fig. 4: The CV analysis of 6HT-MWrGO and 6HT-rGO in 1 M NazSO: electrolyte.

= the potential window (V), g0 = stored charge at a scan rate, g0 = stored charge at the outer
surface, and gi = stored charge at the inner surface. The Cs values of each sample can be
calculated using (3) where the samples recorded Csy values of 17548 F g and 75.98 F g for
6HT-MWrGO and 6HT-rGO respectively. This is accredited to the oxygen-rich nature of 6HT-
MWrGO for pseudo-capacitance towards the improved storage capacity over 6HT-rGO [16].

Next, Trasatti’s analysis of the CV curves at different scan rates elucidated the percentage
contributions of EDLC and pseudo-capacitance for the hydrothermal products (see Fig. 5). The
capacitance contributions were calculated using (4) — (6) and tabulated in Table 2. The improved
performance of 6HT-MWrGO can again be attributed to the richer presence of oxygen, in
comparison to the unmodified 6HT-rGO. Additionally, the EDLC value in 6HT-MWrGO is
more than double the EDLC value of 6HT-rGO which can be a result of the lower surface defect
and larger carbon domain to allow more ion adsorption on the graphene material [17].

CONCLUSION

An oxygen-rich rGO material was successfully synthesised via hydrothermal reduction of GO
with G. mangostana peel extract. It was shown that 6HT-MWrGO underwent a lower degree of
reduction as compared to 6HT-rGO based on the UV-
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Fig. 5: The breakdown of contributions from the different types of capacitance mechanisms
determined from Trasatti’s analysis.

TABLE 3. The calculated capacitive distribution of 6HT-MWrGO and 6HT-rGO samples

Type of Capacitance value (F g)
capacitances Mi?i;o 6HT-rGO
C (outer), qo 128.08 52.90
C (inner), gi 128.33 48.11
C (total), qt 256.41 101.01

Vis and FTIR analyses. This resulted in the synthesis of an electroactive carbon product without
needing harmful or toxic reagents. The modified rGO displayed enhanced storage capability
with a recorded Cspvalue of 175.48 F g which more than doubled the capacitance of unmodified
rGO. Hence, the natural plant extract can be considered a beneficial additive to the
hydrothermal process to synthesise an active electrode material with boosted electrochemical
performance for supercapacitors.

ACKNOWLEDGEMENTS: The authors wish to thank the Ministry of Higher Education for the
Fundamental Research Grant Scheme (FRGS/1/2020/STG05/UPM/02/3) and Geran Putra-IPM
(GP-1IPM/2020/9683600) for providing financial support for this research.

REFERENCES

[1] V. Agarwal and P. B. Zetterlund, “Strategies for reduction of graphene oxide — A comprehensive
review,” Chemical Engineering Journal, vol. 405, pp. 1-29, 2021.

[2] H. H. Huang, K. K. H. De Silva, G. R. A. Kumara, and M. Yoshimura, “Structural Evolution of
Hydrothermally Derived Reduced Graphene Oxide,” Sci Rep, vol. 8, no. 1, pp. 1-9, 2018.

[3] E.T.Mombeshora, E. Muchuweni, M. L. Davies, B. S. Martincigh, and V. O. Nyamori, “Nitrogen-
doped reduced graphene oxide-polyaniline composite materials: hydrothermal treatment,

characterisation and supercapacitive properties,” New Journal of Chemistry, vol. 47, no. 7, pp.
3502-3515, 2023.

140



Proceedings of the 8th International Symposium on Advanced Materials and Nanotechnology 2024, (iISAMN2024), October 8-9,2024

[4]

[5]
[6]

[7]

[8]
[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

M. Zhou, H. Chai, D. Jia, and W. Zhou, “The glucose-assisted synthesis of a graphene nanosheet—
NiO composite for high-performance supercapacitors,” New Journal of Chemistry, vol. 38, no. 6,
pp. 2320-2326, 2014.

J. Pang et al., “From crumple conformation to gel configuration of reduced graphene oxide: The
cation induction engineering,” Ceram Int, vol. 49, no. 3, pp. 4531-4540, 2023.

A. Gopalakrishnan, P. Sahatiya, and S. Badhulika, “Low temperature, one-pot green synthesis of
tailored carbon nanostructures/reduced graphene oxide composites and its investigation for
supercapacitor application,” Mater Lett, vol. 198, pp. 46—49, 2017.

E.-Y. Ahn, S.-W. Shin, K. Kim, and Y. Park, “Facile Green Synthesis of Titanium Dioxide
Nanoparticles by Upcycling Mangosteen (Garcinia mangostana) Pericarp Extract,” Nanoscale Res
Lett, vol. 17, no. 1, pp. 1-12, 2022.

H. J. Chu, C. Y. Lee, and N. H. Tai, “Green reduction of graphene oxide by Hibiscus sabdariffa L.
to fabricate flexible graphene electrode,” Carbon, vol. 80, no. 1, pp. 725-733, 2014.

S.P.Lee, G. A.M. Ali, H. H. Hegazy, H. N. Lim, and K. F. Chong, “Optimizing Reduced Graphene
Oxide Aerogel for a Supercapacitor,” Energy and Fuels, vol. 35, no. 5, pp. 45594569, 2021.

F. T. Johra and W. G. Jung, “Hydrothermally reduced graphene oxide as a supercapacitor,” Appl
Surf Sci, vol. 357, pp. 1911-1914, 2015.

C. Bing, Y. Jiahao, L. Xiaoying, J. Qi, W. Guoping, and J. Linghua, “Effects of reduction method
on reduced graphene oxide and its electrochemical energy storage performance,” Diam Relat
Mater, vol. 114, pp. 1-9, 2021.

N. H. Aminuddin Rosli, K. S. Lau, T. Winie, S. X. Chin, and C. H. Chia, “Microwave-assisted
reduction of graphene oxide for an electrochemical supercapacitor: Structural and capacitance
behavior,” Mater Chem Phys, vol. 262, pp. 1-7, 2021.

M. Karbak, O. Boujibar, S. Lahmar, C. Autret-Lambert, T. Chafik, and F. Ghamouss, “Chemical
Production of Graphene Oxide with High Surface Energy for Supercapacitor Applications,” C
(Basel), vol. 8, no. 2, pp. 1-12, 2022.

Sainz-Urruela, S. Vera-LOpez, M. Paz San Andrés, and A. M. Diez-Pascual, “Surface
functionalization of graphene oxide with tannic acid: Covalent vs non-covalent approaches,” J Mol
Lig, vol. 357, pp. 1-13, 2022.

F. Tuinstra and J. L. Koenig, “Characterization of graphite fiber surfaces with Raman
spectroscopy,” J Compos Mater, vol. 4, pp. 492-497, 1970.

Z. Li et al.,, “Three-dimensional oxygen-doped porous graphene: Sodium chloride-template
preparation, structural characterization and supercapacitor performances,” Chin J Chem Eng, vol.
40, pp. 304-314, 2021.

H.J.Kil, K. Yun, M. E. Yoo, S. Kim, and J. W. Park, “Solution-processed graphene oxide electrode
for supercapacitors fabricated using low temperature thermal reduction,” RSC Adv, vol. 10, no. 37,
pp. 2210222111, 2020.

141



Proceedings of the 8th International Symposium on Advanced Materials and Nanotechnology 2024, (iISAMN2024), October 8-9,2024

Nuclear Power Plants Safety- A Preliminary Review

Arunagiri Szeyuan Lam and Siti Amira Othman

Faculty of Applied Sciences and Technology, Universiti Tun Hussein Onn Malaysia, 84600, Pagoh,
Johor.
sitiamira@uthm.edu.my

Abstract: Becquerel’s discovery of radioactivity would gradually pave the way for nuclear physics
developments over the next 87 years, leading to the harnessing of nuclear energy in power plants, a
process that stands at the forefront of modern technological marvels. The International Atomic Energy
Agency (IAEA), formulated guidelines upon which general reactor designs and operation procedures
would be based. There are several components where radiation exposure is expected due to the
containment or/and transfer of radioactive material. Designs should be constructed on the basis of a
layout that is logical and divided into different zones, each housing a sector providing specific functions
that are accessible for delegated personnel to conduct operations, assessments and safety inspections.
Radioactive fission products and corrosion products also escape from the core, which can be minimised
by pre-selecting proper materials that, upon identifying their compatible properties, could reduce
corrosion and erosion rates of the circuit materials. This review looks at safety aspects in various
components such as the Spent Nuclear Fuel (SNF) storage pool, ion exchange resins, fuel materials,
shielding, ventilation systems and waste management. It also looks at a study on the Thorium-based
Molten-Salt Reactor (TMSR) as a potential alternative to commercial power plant designs.

Keywords: Radiation, Nuclear, Nuclear Power Plants, radioactivity, exposure

INTRODUCTION

This article reviews the meticulous domain of nuclear reactor management, where precision
and innovation converge to unlock the immense potential within atomic nuclei. Built on decades
of dedicated research, various reactor designs, be it commercial, breeding or research alike, have
undergone revolutionary enhancements in several crucial aspects, namely their energetics.
From its the lethal cautionary application by the Americans on the Japanese populace during
the second World War, although denounced by Oppenheimer and Einstein [1, 36], to the
establishing of atomic energy organisations for its safeguarding based on the principles of
seeking safer alternatives to nuclear energy exploitation for civil purposes, emphasis on the
safety aspect of harnessing such energy has become more evident

In time to come, the promise of pure energy would inspire attempts to gradually reduce
pollution-inducing fuel reliance (i.e. oil and gas), as nuclear fuel proved to be “clean, safe,
efficient and economical”. The first functioning reactor was birthed in December 1942 at the
University of Chicago [2, 23]. Primarily designed as a research prototype, the Chicago Pile-1
underwent several evolutionary stages — a continuous process of testing its limitations. Despite
its small electrical output, large radioactive fuel consumption, lack of shielding and a team of
experts only in nuclear theory to test it out for the first time, its ability to operate at 200W paved
the way for further research in the mechanisms surrounding reactor operations. It also meant
that advancing into higher energy capacities required stringent safety measures, as concerns
about this energy’s effects on not only operating personnel but the surrounding environment
also were raised.

Subsequently, steering nuclear power in the direction of commercial electricity resulted in the
world’s first commercial Nuclear Power Plant (NPP) in 1942 at Obninsk, Russia [29]. Other
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countries, which had the means to follow suit, were namely Calder Hall of the United Kingdom
in 1956 and Shippingport of the United States in 1958. These NPPs were actively connected and
supplied megawatts (MW) worth of electricity to a power grid. Unfortunately, the series of
events took a horrific turn when later constructed NPPs experienced fatal failures. The Three-
Mile Island (TMI), Chernobyl Reactor, and Fukushima Daiichi accidents are the three most
notable accidents [34] that, though further perpetuated a generally negative perception over
nuclear energy dependence, drove more diligent analysis into radiation protection measures
before, during and after NPP operations, hence a generation of improved power plants globally.

Therefore, one ought to recognize that nuclear reactors involve unstable, high-energy nuclei,
which have spontaneous and ionising properties. In our pursuit of energy excellence, we must
also navigate the complex landscape of risks associated with nuclear reactors, acknowledging
the dual nature of this powerful force — one that holds promise for a sustainable future, yet
demands vigilant consideration of potential hazards. As part of managing power plant
operations, this review considers the principles and effects of radiation, as well as safety
elements in reactor designs.

LITERATURE

Reactor Safety Specifications

The agency, which involves an IAEA Secretariat and 4 safety standards committee, prepares
and reviews the safety standards in 4 main areas. They include radioactive waste safety, the safe
transport of radioactive material, nuclear and radiation safety. In a 2005 report detailing
radiation protection aspects of NPP designs, IAEA emphasised on provision compliance of any
design with objectives under two main areas — radiation protection and technical safety [14]. As
learned in the past, ensuring “radiation exposure within an installation” or resulting from
intended “release of radioactive material” is well below the prescribed dose, as well as “taking
all reasonably practicable measures” [13] to mitigate the consequences from these incidents are
of the utmost importance for all operating personnel undertaking the task.

When planning the layout of the facility, the design target should follow an appropriate fraction
of the dose limits [14] specified by the National Council on Radiation Protection and
Measurements (NCRP) to reduce the effects to a level as low as reasonably achievable (ALARA).
A team of experts in reactor physics including radiochemistry, material specialisation, nuclear
engineering, computational physics and radiation protection are crucial in the setting of dose
limits and regulations through which the welfare of every individual takes precedence above
all else. Additionally, nuclear professionals are equipped with comprehensive knowledge
(through competency training) that earn themselves the responsibility of NPP management
from its preliminary stage of planning and construction to its decommissioning and permanent
shutdown.

Part of the procedure involves developing a means of controlling exposure in the working
environment. Initially, designers consult with Radiation Protection Officers (RPO) on assessing
radiation exposure possibilities. This is in order to engineer technological systems that cater to
the decontamination and containment of radioactivity in NPPs. Using MORET6 codes, a study
on patchy nuclear chain reactions showed with the Reactor Critical Facility of Rensselaer
Polytechnic Institute, a relatively higher but uneven neutron flux distribution at the mid-section
of the reactor column [5].
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Figure 1: Power spatial distribution within the RCF.

The 2D simulated power map is projected onto a 3D cut of the 1.2 mW RCF experiment. a —
power map averaged over 100s acquisition time. b — power map averaged over 1ms acquisition
time. The corresponding axial power profiles are superimposed in c [5]

The MCNP6 model image, based on Figure 1, which was numerically designed using actual
RCF data, is indicative of the gradual change in interaction frequency between neutron source
and surrounding fuel pins throughout the reactor column. Assessing its maximum power
output is an essential parameter in determining other properties of the core such as the thickness
of the shielding and the capacity of the coolant in retaining operable core temperatures. Reactor
benchmarking, as it is also known is a useful method of assessing NPP performance using
computer-simulated experiments. However, it is worth noting that such simulations are
approximations and based on assumptions made about the possible behaviour of radiation in
the reactor that is physically impossible to see.

Secondly, the design of NPPs is followed up with the development and documentation of
general pre-requisites. This involves diligent research on the fuel type, materials and geometry
of each individual component. These three key aspects, when combined, influence the manner
in which the nuclear reactions and their resulting energy output will transpire. Each NPP is
generally divided into 7 distinct areas where radiation exposure certainly occurs: the Core and
Vessel, Coolant and Fluid Moderator systems, Steam and Turbine systems, Waste Treatment
System, Irradiated fuel, Storage of new fuel and finally Decontamination Facilities [14]. Taking
these sources into consideration, the NPP design should be constructed on the basis of a layout
that is logical and divided into different zones, each housing a sector providing specific
functions that are accessible for delegated personnel to conduct operations, assessments and
safety inspections.

Upon identifying these precursors, the reactor safety committee formulates a maintenance
programme and operational tasks for trained personnel in order to execute periodically. From
these actions, Radiation Protection Officers (RPO) determine radiation risks and protection
measures to be carried out by operators according to their area of work as can be seen in Figure
2 below.
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Figure 2: Schematic flow chart of the origin of doses at a plant (dashed lines indicate the
possible impact of certain blocks on others) [14]

In an inspection, RPOs correlate the layout, operating procedures and a valid database to
evaluate collective and individual doses. This way, a schematic flowchart of factors that
determine such doses can be presented before establishing preventive measures to manage
those factors. In retrospect, NPP operators have the necessary information to conduct
optimisation studies where options are viable.

What is of concern for NPP operators is the source of radiation. NPPs commonly use materials
that spontaneously and passively decay which, while although requires no continuous
triggering to initiate energy production, will only stop emitting strong ionising radiation when
they have decayed to their stable forms. The main source of radiation is radioactive fission
products — high energy atomic fragments remnant from the fission chain reactions inside the
reactor core. Along with fast neutrons, these materials can be located in almost any component
of the power plant including the fuel elements, systems and equipment from which they
originate [14].

Corrosion products also escape from the core through reactor coolant and moderator, in a
Liquid-Moderated Reactor (LMR) for example. Corrosion products like hematite and magnetite
[35, 41] cause damage to metallic reactor components, gradually reducing their structural
integrity. This can be minimised by pre-selecting proper materials that, upon identifying their
compatible properties, could reduce corrosion and erosion rates of the circuit materials. Since
nuclides are also a major source of radiation, it is preferred if low-nuclide-concentration based
materials were selected. Typically, commercial NPPs use lower and natural grades of fuel such
as Low-Enriched Uranium (LEU) [4], depleted Uranium, natural Uranium and Mixed Oxides
(MOX) as their low nuclide concentrations aid in balancing neutron economy and hence prevent
reactors from achieving supercriticality.

Various zones occupied by NPP personnel require proper ventilation systems as a means of
controlling the contamination in human-occupied working environments. As such, NPP
operators and related professionals are prone to radiation exposure anywhere within close
proximity of the reactor core. No exceptions are made for the rooms in which they work. For
safety reasons, these spaces typically have ventilation systems integrated with specialised
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particulate filters like High-Efficiency Particulate Air (HEPA) to prevent radioactive aerosol
leakage into the environment [21]. However, such air filters come with limitations such as their
inability to remove particles of certain sizes and gradual decrease in reusage efficiency. Another
study in 1990 by Ruedinger discussed the obvious pros and cons of such filters, which at the
time were being tested in many aspects [33].

2112 15 kV 5000x 1 um WD30

Figure 3: SEM image of fine structures in a clean HEPA particulate filter [33]

These filters, for instance as shown in Figure 3 were made from glass fibres which were
“impregnated” with silicon to compensate for their high sensitivity to the effects of water. Since
particulate filter efficiency has a strong correlation with radiological safety of the workers, this
system requires regular maintenance.

Storage pools are another component of certain NPPs that regulate SNF activity and fuel
temperatures. They are a zone adjacent to the reactor, found in plants that use fuel assemblies.
During reactor operations, fuel assemblies are irradiated with a neutron source, causing them
to emit heat from the energy generated via fission. The assemblies are limited to a burnup
threshold to ensure criticality is maintained under a safe level. When fuels are exhausted and
require replacement or repositioning with fresher fuels, they are transferred to storage pools to
cool down, after which safety committees determine the age of SNF assemblies [37].
Thermohydraulic calculations are necessary in this respect, to run estimates of time-based water
evaporation conditions when high-temperature assemblies are immersed.
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Figure 4: Layouts of Spent fuel assemblies arranged in a spent fuel pool (SFP) (right) and
emergency assembly discharging compartment (left) [11].

The layouts in figure 4, are pools designed for the RBMK-100 reactor with which simulations
were run to provide a correlation between cooling time, temperature and water levels for SNF
[11]. This, according to the study, served as an indicator of the approximate time operators have
to restore pool water levels as the complete termination of radio-thermal emissions is crucial in
preparing SNF for future storage.

Ion exchange resins (IER) are utilised to reduce corrosion of reactor components and systems.
They are employed in process water systems and are typically effective in transferring
radioactive material from large volumes of liquid into a small solid [12]. Entailing a complex
process, the use of ion exchange resins also requires detailed assessment with respect to an
integrated waste management system. They primarily remove dissolved contaminants
contained or streamed in systems to create ultrapure water that will be recycled. Cationic resins
and anionic resins are general forms that NPP process water systems incorporate to produce
reusable ultrapure water [7]. Flores does not, however, recommend that spent exchange resins
being regenerated considering these substances eventually contain high activity from process
water radio-filtration.

Figure 4: a) cationic resin (CR) b) anionic resin (AR) isolated by fluidization from mixed-
bed nuclear-grade resins (LM)[7].

Cationic resins (CR) and anionic resins (AR) include strong and weak acid or basic functional
groups which play crucial roles in demineralisation and radionuclide removal processes. In
tigure 4, the CR is of IRN-77 (strong acid) and the AR is of IRN-78 (strong base), both of which
are polystyrene composites. Ion exchange has a special feature whereby the reversible process
between solid does not permanently alter the structure of the solid itself. In practice, resins that
typically come in spherical or granule shapes retain their structural integrity to carry out
repetitive radio-purification. Additionally, such resins gradually lose their functional properties
due to deterioration and therefore are rinsed and stored in hold-up tanks as “spent resins” [10].

Shielding Material

It is known that different types of radiation are each inhibited by a certain type and thickness of
material. That is due to the properties of the radiation and its interaction with target material.
For instance, a-radiation is carried by a heavy particle carrying a proton pair and a neutron pair,
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which makes it easily stoppable with a thin sheet of paper. 3-radiation is energy carried by a
fast-travelling electron no further beyond a piece of clothing. vy rays, in spite of their low ionising
power relative to the former two, is capable of penetrating thin layers of metal but is inhibited
by a thick layer of Lead and other Lead-based composite variations. In nuclear reactor physics,
the mechanical build of the core revolves around its material properties and their scattering
nature with products of reactor fission reactions. Elastic and inelastic collisions between
neutrons and fuel nuclides transpire from either scattering, absorption or fission-inducing
collisions, each of which vary in probability. Overall, the collective outcome is a bulk generation
of thermal energy that carries radiation in all directions.

The design of reactor shielding as outlined by the IAEA [14] should account for its durability
and shear resistance. Principally, durable shielding prolongs radiation protection; coupling it
with high resistance to shear pressure makes it an impenetrable core layer capable of containing
a thermally energetic reactor. Additionally, shielding preferably should be of high-density
elements. Such elements are typically stable and have high neutron-absorption cross-sections.
That makes them favourable materials in limiting the perpetual fission chain reactions as well
as the complete blocking of penetrating radiation. Considering nuclear fuels generate high
thermal energy in a reactor, it is safer for personnel to operate outside the reactor core with
thermally-insulating shielding. Moreover, reactor shielding is integrated together with other
components and materials, with which, when finalising the design, it is to be compatible. Some
examples of shielding material include concrete, and lead

A core issue is that penetrations through shielding will bring about pathways through which
neutrons and gamma radiation can propagate. High-energy neutron and gamma ray exposure
would result in radiation defects in the structure and thus component failure [31]. IAEA
proposed modifications in the design of shielding to alleviate this issue. These included
fabricating internal zigzag and curved pathways, integrating grouting into the shielding gaps
as well as adding shieling plugs for the reactor vessel, like that of the Pressurised Water Reactor
(PWR). This, in theory, would also hinder the straight-through penetration of fission products.

Reactor chamber adit
Reactor pit chamber channel
shielding wall

Reactor chamber adit
shielding door
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Figure 4: Simplified MCNP model of the Hualong One Reactor shielding door outside the
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reactor chamber[38].

One study to analyse the heat-resistant properties of shielding materials of the reactor door
inside the Hualong One Reactor (HOR) [38] discussed Lead-boron (PbB) polyethylene, Boron
steel, and Epoxy resin as usual shielding materials [24, 39, 9, 22]. In figure 4, the shielding door
is in close proximity to the reactor core, exposed to higher temperature, humidity and
irradiation. In this test, PbB polyethylene composite possessed useful qualities for a Loss of
Coolant Accident (LOCA) — high temperature resistance, and processing performance with
proportions between 30% and 50%. Additionally, it exhibited satisfactory mechanical strength
and shield performance [38].

Taking from Li’s 1982 book, Xiao stated Iron, Lead and other high-atomic number materials
[38], which are good absorbers and scatterers of gamma rays, serve as effective attenuating
layers surrounding fission radiation. Considering its molecular property as a retarding factor of
fast neutrons, Boron-10 in Boron Carbide became a much sought after material for moderators.
To potentially obtain the best shielding, according to Xiao-Ling, was to combine the
aforementioned materials in polyethylene form. However, this reduced the composite’s heat
deformation temperature to 85°C and melting temperature to 130°C, which proved ineffective
for high temperature radiation environments. Instead, as an improvement measure, Ling
proposed optimising the components including developing lead-boron polyethylene and
modifying the raw materials.

Another study, which aimed to show the use of thermo-shielded structural concretes in a
Nuclear Safety vessel, discussed its findings on thermal conductivity measurements [3].
Concrete is a major core material used as the final barricade against high temperature heat
waves and other fission products from inside the reactor. Its attenuation ability is influenced by
the aggregate, water-cement proportions, element composition, moisture content and finally
density [30]. Computationally, an effective way of identifying its suitability in a reactor is by
measuring its thermal conductivity — a key parameter influencing thermal trapping efficiency
which, when low enough, can prevent fission products including ionising radiation from
dispersing into the surrounding environment. This study demonstrated also, that well
thermally insulated materials are possible with the addition of lightweight aggregates (LWA)
such as pumice, coconut shell and volcanic rock [3]. This enhancement also did not compromise
on the mechanical qualities of the concrete while an increase in moisture in the structure did
show a correlation. Lightweight Aggregate Concrete (LWAC) would be used for its thermal
diffusivity and low unit weight, which comes with porosity that reduces thermal conductivity
[3]. Irregularities in material structure were also a design feature found to disrupt radiation
paths and heat dispersion. This is further supported by the fact that thermal conductivity lessens
in the presence of concrete cracking while its specific heat capacity is still maintained. The use
of LWAs in place of conventional aggregates showed to improve thermal insulation. Significant
improvements in concrete are partly due to when incorporated with hydrogen-rich polymer
fibres [31]. Moreover, its “gamma- and neutron-shielding ability” improves greatly with high-
density iron and lead aggregates, further lessening the weight of concrete. Despite this
composition, these substances are not completely compatible with concrete, and thus contribute
to structural defects that diminish concrete’s resilience against external pressure and radiation.

2.3 Initiatives for The Thorium fuel-based Molten Salt Reactor
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Researchers have explored other sources of fuel to tackle safety issues related to performance.
NPP operators stand a better chance at sustaining chain reactions with a fuel material that has
lower probability of proliferation and higher radiation resistance. Jam Emblemsvag (2022)
proposed the alternative implementation of Thorium-based Molten Salt Reactors (TMSR),
weighing the potential advantages in Thorium’s inherent properties against Uranium’s as a
source of fuel [6]. Not much research on the TMSR apart from its commencement in the 1960s
has been done but its use as a “safe, clean, proliferation-resistant and cost-effective” power plant
has garnered more analysis over the years. Thorium’s chemical properties serve more as a
counterintuitive component to the fission process in an NPP. The IAEA described 232Th to be a
“better fertile material than 238U in thermal reactors due to its relatively higher neutron
absorption cross-section, rendering it a more efficient substance for conversion into fissile fuel
for sustaining the chain reactions [15]. Rubbia further supported this by stating that 1 tonne of
Thorium produced the same amount of electrical energy as 200 tonnes of natural uranium and
3 million tonnes of coal [32].

However, the safety of operating personnel observing and monitoring the fuel energy yields is
one of 4 key issues that, if guaranteed, will encourage a better acceptance of nuclear power and
a more positive perception among people who ‘observe from a distance’ [26]. Emblemsvag
compared the use of a TMSR with LWR to demonstrate its potential advantages. The TSMR has
the advantage of passive safety, which means they will not “fuel meltdown” [6], owing to the
fact that metal fluorides are stable to reactor irradiation and that these ionic fluids experience
no intense reactions when exposed to air or water [8,18,20].

In light of this, TMSRs can achieve the desired state of criticality without the concern for either
excess buildup in energy from a high fission-to-absorption ratio (supercriticality) or shutdown
due to insufficient fission-inducing neutrons (subcriticality). With only a small excess reactivity
of 2% [27] this means that energy production is controllable. With respect to its subcriticality,
the latter condition is a result of reactor poisons that accumulate in the fission chain reaction.
Poisons resulting from the fission of Uranium, such as Xe-135, that have extremely high neutron
absorption cross-sections, negatively impact the reactor’s ability to sustain the energy
generation by limiting fission-inducing interactions itself. While power plants circumvent on
reactor poisoning to maintain safe fission levels, the Thorium-based reactor’s safety mechanism
eliminates the risk of arriving to an operational standstill. This is due to the fact that the TSMR,
compared to reactors like the LWR, require no increase in fission generation (increasing neutron
population) that would gradually overcome the naturally short-lived poisons. Emblemsvag,
2022 further substantiated this by stating it needs “no Xenon override’ that meant no large
power surges as well [6].

The active replacement of molten carrier salt as the reactor still operates complements the
reactor’s zero reliance on an energetic override as well. For sustainability of the produced
energy, salt fuels irradiated to their burnup limit are channelled and recycled at a processing
plant before being reactivated at the reactor. Other nuclear power plants that incorporate online
refuelling regulate thermal load more efficiently than others. This technique is combined with
a continuous process of matter removal to alleviate the risk of radioactive gas emissions even
under an accidental circumstance and to remove fission products within the salt during a leak
or volatile substances [8, 20, 27]. Generally, such reactors like the MSR design include a failsafe
solution — under the circumstance that an electrical outage may occur, a freeze plug in the
reactor melts, allowing the fuel to cool down in a passive drain tank filled with borated water,
hence ensuring the reactor automatically shuts down.
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Radioactive Waste Management and Decontamination Systems

Achieving a conducive environment for NPPs to operate efficiently is paramount. This
collective goal is to guarantee two vital aspects to reactor operations — the safety of operating
personnel working within the area of potential radiation exposure, and that the functioning of
the power plant can sustain an efficient cycle of fuel-to-energy production. Both aspects can be
analysed in terms of the plant’s radioactive waste management system whereby every process
is a contributor to a potential accident that may disrupt the process. The manual for research
reactor designs documented by the IAEA [17], includes a waste management programme that
requires designers to maintain a minimum practicable yield of radioactive waste in terms of
both activity and volume. Technological designs that facilitate radioactive waste should be
resistant to radiation exposure which would allow waste management departments time to
make crucial decisions such as consider the possible reuse of materials or collect, characterize
and store radioactive waste safely.

NPPs, based on their design type can produce solid, liquid and gaseous forms of nuclear waste.
To distinguish these forms from one another, systems both managerial and mechanical are to
be developed. At a research reactor, for instance, safety officials assess dose amounts of waste
that have been collected before labelling their packaging with placards that indicate the level or
lethality of the substance. Uranium ores, fuel assemblies and SNF are bulk items which require
special care when transporting them from operating spaces that utilise them actively to a storage
unit that protects the surroundings from any remaining radiation leakage. A balanced exchange
rate between fresh fuel material and expended material would ensure calculated and
maintained amounts of stored waste. An example of ideal solid waste is when critical mass is
too low that fission reactions cannot be contained and quickly die out. Some reactors encounter
otherwise, due to compact, integrated designs and relatively quick high burnup which requires
more fuel replacement and thus increased nuclear waste. An example of this is the Small
Modular Reactor (SMR) which, according to Krall et al., attributed its excess waste to the use of
chemically reactive fuels among other components [19]. One of the 3 SMRs studied used 5%
enriched UO2. The critical mass of water-moderated UO2 exponentially reduces when enriched
from 1% to 5% [28] which, in this case, 1) only makes the SNF more easily fissile and 2) is
unfavourable for waste storage or reprocessing. SNFs should be stored and disposed of in
subcritical configuration to inhibit them from sustaining any further fission chain reactions.
Even the configurations of the containers capacity and distancing should allow heat to dissipate
from the SNF.

Liquid effluents originate usually from the reprocessing of SNFs, otherwise known as High level
waste (HLW). The procedure involves the dissolution of the fuel for further treatment. As part
of separating fissile remnants from the fission and activation products, the main stream that
carries high radioactivity and actinides is the nitric acid waste stream [16]. In other such cases,
liquid waste can come from the maintenance of reactor coolants and other radioactive systems.
The way to treat such waste is through the use of evaporators, filters and demineralisers [40]. A
reactor safety committee takes Radiation Protection Standards that “prescribe charge limits” for
gaseous and liquid radioactive waste into account. The data is set as a yardstick for RPOs and
RP personnel to base their assessments on, in the case of monitoring this form of waste.
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waste waste
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Figure 5: Contaminated waste treatment procedure for decommissioning sites [40]

Figure 5 shows an example of a waste management system implemented by South Korea during
the Decommissioning and Decontamination (D&D) of their first Korean Research Reactors, KRR
1 (est. 1962) and KRR 2 (est. 1972). Liquid waste would either be naturally evaporated if it had
significantly low doses and radioactive nuclide concentrations or channelled through a
membrane for fission material filtration and demineralisation before being compacted into solid
waste for long-term storage.

Gaseous radioactive waste would require more specialised technology as volatile particles in
this case may carry radiation undetectable by smell or visibility. The main source of gaseous
waste effluents is off-gas — released from the SNF during reprocessing dissolution containing
fission products and rare gases. Elaborating further on the related discussion in subtopic 2.1,
NPP ventilation systems have well-arranged airflow pathways, strategical discharge points and
detachable filters that minimise contamination resuspension and enable the safe removal of
airborne nuclear waste. In research reactors, for instance, a ventilation system is located above
the reactor to ideally minimise activation products like 41Ar and fission products such as Xe
gas. Carbon filters are also integrated into these systems as they are chemically inert yet effective
particulate trapping materials [17]. It is important to note that radioactive gases are filtered and
retained till complete decay to stable products is achieved before being expelled. Further
improvements to the ventilation system have also been put forth, one of which was an off-gas
scrubber made of hydroxide base for MSRs. The study, by Medina A. S., focused on the
capturing capacity of the molten hydroxide scrubber on iodine radionuclides when an off-gas
waste stream travels through it [25]. With promising results, Medina further added that such
scrubbers were capable of isolating aerosols and particulates as well as neutralising acidic
species [25].

Conclusion

NPPs stemmed from a short history of discoveries in nuclear physics combined with the
atrocities of war that led to international consensus on the redirection of their energy source. In
the years to come pure energy would come to generate electricity for power grids, allowing
homes to be run and industries to thrive. Reactor operation requires vigilant observation and
control, given the nature of radioactive sources. In the interest of long spans of sustainable
fission energy, various mechanisms were developed. However, this comes with the
consequence of radiation exposure from radionuclides such as uranium, plutonium and their
constituent isotopes decaying to more stable forms over extremely long periods. The
development of an NPP requires detailed planning and scrutiny in its phase of drafting a layout
and specific function, its operations by personnel and finally its decommissioning and the
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management of nuclear waste. Among all this is the aspect of radiation protection, which takes
into account the safety of all operating personnel based on stipulated dose limits, and technical
safety. The IAEA publishes regularly revised guidelines upon which NPPs around the world
refer to for the design of a reactor. These guidelines consider the possible presence of radiation
in zones within the power plant compound that should be safely and properly contained from
the environment and operating personnel. NPPs consist of safety elements such as storage
pools, shielding, freeze plugs, moderators, and ion exchange resins which, all, control the
emission of thermal energy and radioactivity to a significant degree respectively. Much research
over time has helped reactors improve conventional methods and material applications
including reinforcement initiatives of shielding material and nuclear waste management
procedures. In all areas of reactor safety, studies in this paper demonstrated that almost all
materials and procedures had pros and cons, most notably in maintaining balance between
energy sustainability and exposure risk management. The operation of a reactor eventually
raises the question of waste management and decontamination, whereby the proper disposal of
spent fuel and other radioactive sources takes precedence over anything else.
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Abstract: Thermal energy storage (TES) using solar energy is one of the most prominent techniques to
store the energy and reduce to gap between energy demand and supply. There are many useful
applications that can be fuelled by TES. Phase change materials (PCM) as TES materials are of great
importance as far as the energy storage applications are concerned. However, there are various bottleneck
problems with pure PCM like liquid phase leakage, low thermal conductivity, supercooling etc. To
overcome this deficit, highly porous foam is used to improve the leakage problem of PCMs during phase
transition. Additionally, nanoparticles and nucleating agent are the most commonly employed in-practice
approaches to get rid of the issue of low thermal conductivity and supercooling, respectively. In addition,
even after being subjected to multiple heat cycles, foam-stabilized PCM composites showed remarkable
stability without being degraded. This paper discusses the major foams that has been incorporated with
different PCMs along with their critical outcomes. This paper also discusses the significant uses of foam
stable PCMs reported by several researchers. As a result of its high latent heat, good thermal conductivity,
balanced chemical compatibility, and high thermal stability, the foam-stable PCM composite is a viable
choice for thermal-energy management systems.

Keywords: FSPCM, porous materials, foam stabilization, thermal management, TES

INTRODUCTION

Nowadays the whole world is witnessing the technical advancement at an exponential rate,
with such a huge jump in the demand of energy especially from the last decade and growing
greenhouse concern has prompted the scientist to look for some alternate sources of energy [1].
The other prominent reason to look for the alternate energy resources is the fast depletion of
conventional energy sources such as natural gas, oil, coal, or nuclear [2]. Among the available
alternate energy resources, the renewable resources of energy are the most promising ones since
it is capable enough to meet global energy demand as well as a perfect answer to attain a low-
carbon future [3]. Solar energy holds a dominating position as far as thermal energy storage is
concerned compared to other sources of renewable energy like biomass and wind. In current
era, TES is the need of the hour for the continuous energy supply in a vast number of
applications like buildings, power generation etc [4]. Fig. 1 shows the potential application
areas where TES is being used.
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Fig. 1: Major applications of TES.

Phase change materials (PCM) are extensively used in TES, latent heat from melting and
freezing can be stored in a quantity far greater than that of sensible thermal storage alone [5].
Since pristine PCMs witness several types of problems such as the leakage of liquid phase, low
thermal conductivity, supercooling etc therefore it is recommended to enhance the property of
PCM prior to its use [6]. There are various methods to resolve these issues with the PCM e.g.,
addition of nano particles and nucleating agents to improve its heat transfer rate and avoid
supercooling respectively, encapsulation to protect the PCM from external environment pure
PCMs, use of FSPCM to improve the thermal conductivity of PCM [7]. This article will
summarize the recent advancements and challenges of foam stable phase change materials
(FSPCM).

Overview of FSPCM

In order to overcome the problem of low thermal conductivity in PCM, porous materials and
metallic foams are used [8]. The liquid PCMs are poured over or embedded into the foams and
allowed to solidify, thereby the surface area gets increased as a result of which the heat transfer
rate will also get enhanced. The rate at which heat transfers through foam depends on its PPI
i.e., the number of pores per linear inch, fibre length, porosity (the ratio between total volume
vs actual volume occupied by the foam), relative density, fibre thickness, surface area per unit
of volume and pore density [9]. Fig. 2 shows the various types of foams that are commonly used
by researchers.
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Fig. 2: Various types of foams/porous material

RECENT PROGRESS AND CHALLENGES IN FSPCM

Impregnation of PCM into a foam/ metal foam (MF) is a commonly adapted technique for
preparing the FSPCM. It might not be convenient to immerse the MF into the liquid PCM
directly without impregnation due to the presence of trapped air molecules in the porous
structure, thus it would lead to creation of voids hence the strength of FOCM might get reduced.
Finally, these air bubble trapped inside the micro-pores of a composite PCM will lead poor heat
transfer and a lower PCM loading ratio. To avoid the formation of air bubbles the process of
vacuum impregnation is carried out. The air bubble in the PCM are be removed with the use of
a vacuum [10]. Fig. 3 depicts method of making FSPCM with the use of a vacuum, metal foam,
and paraffin.

@y e @ Gy, e
/26 foam D O N PCM Foam filled with

PCM
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(1) Placing (2) Heating (3) Impregnation (4) Cooling (5) Wall reheating (6) Separation
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Fig. 3. Vacuum impregnation for the preparation of FPCM [8]

In the course of making shape stabilized PCM composite Warzoha et al. [11] compared vacuum
impregnation to direct submersion infiltration by measuring the impregnation ratio (mass of
impregnated PCM to mass of the perfectly impregnated case). The results showed that vacuum
impregnation was far more effective than simple submersion, resulting in an almost 100%
impregnation ratio for composite PCMs of paraffin and carbon foam. It has also been shown to
be particularly successful in creating FSPCM [8]- [11].

Due to the porous structure, Cu foams have a large surface area relative to their volume. Among
metals, copper has high thermal conductivity stands out as a top option for use in heat
transmission. For the best heat conduction, PCMs are being combined with copper foam of
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varied pore sizes and densities [12]. In order to increase heat transfer, [13] employed paraffin
wax RT58 as PCM, which contains metal foams imbedded within it. Bottom surfaces of the test
samples have been heated at a constant flux of heat. The authors discovered that by
incorporating metal foam, the overall heat transfer rate can be increased by a factor of three to
ten [14]. The thermal characteristics of a copper foam/paraffin composite were examined
experimentally by the authors. It was shown that PCM temperatures could be lowered by using
copper foam/paraffin composites as they considerably improved the heat transfer rate. Fig. 4
shows the aluminum foam that was prepared by [15] and copper foam prepared by [16] along
with the geometrical dimensions of both foam and their respective plates. He came out with the
results that copper foam, while similar in morphology to aluminium foam, has superior thermal
performance.

Fig. 4. Prepared samples of (a) Al-foam and (b) Cu-foam

Using numerical methods, [17] compared two PCM-based cold thermal energy storage systems.
Comparing two units, one with a bio-PCM and while the other with aluminium foam,
concluded thatthe one with Al foam shows minimal free convection in both the
cooling charging and discharging processes.

Despite of low thermal conductivity (89 W/m-K) of Nickel, its relatively higher melting point
(1455 °C) makes nickel foam a good candidate to be employed to acquire heat transmission rate.
A significant improvement by almost three times higher than pure paraffin in the heat transfer
of the paraffin/nickel foam composite was observed. Deviations in the peak melting
temperatures by 0.55 °C and 0.40 °C of Paraffin/nickel foam composite and paraffin/copper
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foam composite respectively with a pore size of 25PPI were also recorded as compared to pure
paraffin due to the presence of the porous metal foam [8]. In order to enhance the properties
of the nickel foam (NF) skeletons, [18] employed reduced graphene oxide (rGO) nanosheets
adorned with Ni nanoparticles (Ni@rGO) impregnated with acidic graphene oxide solution and
then thermally reduced. NF/Ni@rGO supported CPCMs are superior to their bare Ni-Foam
supported counterparts in terms of form stability, heat storage density, and recycling potential.

Expanded graphite is among the most popular carbon - containing foam for heat transfer
because of its lower density. Relatively minimal density and exceptionally conductive
expanded graphite is used to improve the thermal conductivity and heat transfer of phase
change materials (PCMs). Expanded graphite (EG) has a low density because it is extremely
porous (porosity >99%) [19]. Chriaa et al. (20) used Hexadecane as PCM, and expanded graphite
(EG) was added to analyze the performance of expanded graphite on the phase change materials
composites [20]. This composite consists of 75% PCM, and 15% expanded graphene rest were
the supporting materials. He claimed that EG has a positive impact on the thermal conductivity
(TC) of PCM composite thereby increasing the TC 1.24 W/m. Some of the important studies
related to FSPCM are summarized in Table 1.

Table 1: Some crucial findings on different foam stable PCM

Application

Ref No. Foam used Method
Focused

Findings

Thermal
Conductivity
(TC) of the
FSPCM were
enhanced
TC of PW/HGF
is 87% higher
Solar/thermal energy than PW/GF
conversion and 744%
higher than
pure PW
) TC was
Salts solution enhanced by

. impregnation - Lo
binaly/EGF (SI) method 4.9-6.9 time

Vacuum Thermal

[8] Ni, Cu . . ..
Impregnation charecterization

chemical vapor
deposition
(CVD)

PW/HGF

21
[21] composite PCM

[22]

FSPCM
demonstrated
Thermal management excellent

electronic device endothermic

Bi-Sn-In
[23] alloy/Ag/copper —

foam .
and exothermic

properties
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base
[24] GNF/PCM transient thermal tezie;;?g;[()f
response of PCM

enhanced 1.6
times

As a result of the improved thermal conductivity of PCM, the rate of heat transfer is improved.
However, in most cases the specific heat of FSPCM gets lower thus it might not suitable for
applications that need heat storage. When FSPCMs are employed for electronic cooling,
they lower the base temperature, this limits FSPCM potential usefulness over longer cycles by
decreasing its latent heat.

The rate of charging and discharging of thermal energy gets enhanced in FPCMs, the larger
surface area aids in the passage of heat by conduction. Within PCM, temperature distributions
become more even, because liquid PCM mobility is impeded, hence free convection heat
transmission is reduced.

CONCLUSIONS

The current article reviewed the recent progress in foam stable phase change materials.
Commonly used metallic (Al, Cu and Ni) and carbon based (C, Gr and Ex. Gr) foams were
summarized to show their effect on the overall characteristics of PCM including the
thermophysical properties. The following conclusions could be drawn based on the current
study:

e The most important use of foam-stable PCMs is to enhance the thermal conductivity and heat
transfer rate (k).

¢ In terms of thermal distribution, composite PCMs showed the most consistency.

e The time required to store and retrieve energy was reduced by a significant ratio due to the
increment in the thermal charging and discharging speeds.

e FSPCMs are used to reduce the interface temperatures of electronic devices and Li-ion
batteries therefore they are preferred to use in electronic devices.
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Abstract: The Spinodal Decomposition equations, as proposed by Cahn and Hilliard, are described by a
fourth-order partial differential equation (PDE) that remains unsolved analytically up to the present time.
This article delves into an exploration of these equations in their various forms, investigating solutions
for both steady-state and transient scenarios using a variety of methodologies. Furthermore, the study
addresses the moving boundary associated with the transformation through the lens of heat transfer
principles. An attempt is made to solve this boundary using a combination of series and similarity
transformation approaches. The equation under consideration is believed to consist of two components:
one stemming from the conventional Laplacian and Fickian contributions, for which Stefan solutions are
well-established, and another involving a Double Laplacian term that has yet to be thoroughly
investigated. To facilitate the analysis, the thin film approximation is employed to simplify certain aspects
and to facilitate the derivation of a numerical solution.

Keywords: Cahn Hilliard (CH) ; Spinodal Alloys ; Nanomaterials ; Thin Films, Perturbation

INTRODUCTION

The Cahn-Hilliard equation describes the process of phase separation in binary mixtures, alloys
and polymer blends. This study focuses on the perturbation solutions of the one-dimensional
Cahn- Hilliard equation with a double-well free energy potential, specifically applied to thin
films. While many studies have described abstract approaches to the formulation and basis of
the equations, few have attempted thin film perturbation analysis to understand time evolution
and thin film aspects near the initiation of spinodal transformation. Such materials are now
being applied towards sustainable metal processing because of the outstanding properties and
reusable features exhibited. The micro-structure of these alloys creates these outstanding
qualities. These alloys can be recycled without much reheating or re-working to retain such
microstructures. Thus, it would contribute to sustainable manufacture and processing

THEORY
The Cahn-Hilliard equation in one dimension with a constant mobility M and a double-well
free energy potential is given by:

du/dt = M V?(2 V2u + f'(u)) (1)

where u is the order parameter,epsilon € is a parameter related to the interfacial width, and
f(u) is the free energy density with a double-well given by:

f(u) =1/4u*-1/2u? 2

Linearization and Fourier Transform:

Starting with a uniform state and introducing a small perturbation, let:
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u(ét) =uo +us(€ ,t ) 3)

Assuming Uo = 0 (a solution of the unperturbed system), the equation becomes:

Jul/t=-MUA( 020Pu1 +ul) (4)

Applying the Fourier transform: iy (k,7) = @, (k, 0)exp (= MiE(s7k" + D)1) (5)

(note t becomes (111 x tranforms to [ [] ontransforming. We use tand " interchangeably in places as
the transform in x does not affect t.

Thin Films and Fourier Series Expansion
For thin films with no-flux, or non zero boundary conditions at { =0 and &= L, we use a sine or cosine
series expansion:

ut(CL ) =1 ()t (6)

Substituting this into the linearized equation, we obtain after some simplifications, and solving the ODE
for the coefficients:

4
{"L’? +(TM7)

(")

The final solution for u1 inathin film is on retranforming:

a,(9) = a,(0)exp (- M(&

[

u(G6) = Y a, (0)cos

nng

i
L

Yexp (- M(A(T)*

n=0
+ G-I
L (8)
Evaluation of the first few terms
with boundary conditions
u(f,t) =a and u(L,t) =b, we get:
For very small times ¢, the term From (3) a= wy twi(0.t ) = uo + a(0) +
T - a;r’O}
£(nmfL)* becomes negligible compared to b= uo+ as(0)-a:(0) (10)
Since uy=0 ( by condition)
fna'L). The first few terms are:
B u(e 1) = 222+ Leos (Zexp (— M(2)20) (11)
~ . nmE _M{nn}g! For small £, the approximation gir\é'es:
u(x, t) = la, (O)cos (——)exp {T]J wy & ag(0) + a; (0)(1 — M(I)zt )
n=0
_ (9) ~(a+b)2 +(a-by2 (1-M(n/L)*1)  (12)
Since u(x, 'E; =uy tu(€) = uy +ap() + Examining the growth of the two regimes
T ST Tr 1 P . 1 . P
a(£)cos (=), (m_mll time .md_ §1n'i3|1 distance), take the
L ratio of the quantities:
1=(me&fL)*2/2 (13)
U(xE) = up +uy (§) = Uy + ap(8) + Py
nf If L is large compared to £ and Mt the
ﬂl(a}tﬂs ( L ) (3-1) expression can be expanded by the binomial
theorem:
T
ul€, 0) = wp + uwyl£,0) = ug + ag(0) + ay(0) cos | — 5
L (1—(15) /2% (14 M(5y2n) ~ 1+ M(Sy2
(9.2) L L L

(14)
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Boundary Layer Thickness

Given the function, need to estimate the thickness of the boundary layer where the variable u changes
rapidly. Using the definition of boundary layer as that where the variable drops to 1/e of its original
value:

k=1/mZL(1 — 1/e)
(approx 0.3578 \-'T} (16)

Perturbation Analysis

In the context of the Cahn-Hilliard equation with a double-well potential, the equation takes the form:
op/ct = Ve(MV(-£2Vp + of/cp)) (17)

where f is the order parameter, M is the mobility, and € (epsilon) is a small parameter related to the
interface width.

A singular perturbation approach involves re-scaling the spatial and/or temporal variables to exploit the
small parameter epsilon. The idea is to separate the solution into an inner region, where rapid changes
occur (like at an interface), and an outer region where the solution varies slowly.

Step 1: Inner and Outer Expansions

We expect different behavior in the inner region (near the interface) and the outer region (away from
the interface).
Inner Region (Interface)

In the inner region, we introduce the scaled coordinate > ¢ . The order parameter ¢ is expanded as:
@ = @olg) T €EP1LE) T € P2(g) + -

Substituting into the CH equation and considering leading-order terms, we get

BolBE2 =580 | d=tho (19)
This simplifies to: d*po/dE? = po{pa’-1)
(20)

This 15 a well-known equation
describing the profile across the

interface. The solution 1s:
ol E)=tanh(——) (21)
2

This represents the smooth transition layer between the two phases.

Outer Region (Bulk)
In the outer region, where variations are  slow, the small parameter ( epsilon, [1) does not play a

significant role in the leading order. Thus, the equation simplifies to
colot =MV ?(éfidg) (22)
where we take ¢ = o (x) +

&g (x) ... . and epsilon — 0
Step 2: Matching Conditions
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The inner and outer solutions must match in the overlap region. For the leading-order
terms, we require that: 1im]ooow@o()) = Houter (X) (23)

This implies that far from the interface, the inner solution matches the outer solution.

Step 3: Composite Solution
The composite solution combines the inner and outer solutions to provide a uniform approximation
across the entire domain. It is given by

X—xg

'i’ = dJI.I'.I".'EI {I;I + I.'rfhl'.l[: :]l - ¢{H.I.|.EI (xli' )
(24)

where xp 15 the location of the

13

mterface. The expansion of
tanh(x/€V2) is given from Wolfram
as tanh(x/ev2) = x/ev2 - (x3/6e® 274(1/2))
+...(25)

-
X .\'3 ,\'5 17 x’

- + - +
VZe 6(VZE) 302 2520(V2€)
a1 691 x!!

22680v2 ¢ 2494800(vV2 €'!)

+0(x*?)

Fig.1 Expansion (from WOLFRAM)

(It may be noted that this is an odd series and in fact tanh(x) ~ sinh(x) for small x)

RESULTS
The singular perturbation approach for the CH equation with epsilon [ as a small parameter reveals
that:

3.1 Inner Region (Interface): The order parameter (| transitions smoothly across the interface

3
¢o(&) = tanh [ —
according to: @ (\/5)

3.1.1 The solution near the inner boundary varies as exp(-/1)cos(x)Outer Region (Bulk): Away from
the interface, the order parameter  satisfiesthe simpler diffusion equation (22). The solution is

the well  known erf(x) error function.

3.1.2 Composite Solution: Combines inner and outer solutions to provide a uniform approximation. This
is done by applying the boundary conditions at each interface and adjusting constants. This approach
highlights how singular perturbation methods can effectively capture the behavior of the order
parameter near the interface and in the bulk, providing a comprehensive understanding of the
solution to the Cahn-Hilliard equation.

LITERATURE REVIEW

The perturbation solutions for thin films has rarely been attempted. The references provide a
comprehensive overview of the development and expansion of the Cahn-Hilliard equation,
which is pivotal in modeling phase separation and microstructural evolution in materials
science.
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Cahn and Hilliard [1] introduced the Cahn-Hilliard equation, focusing on interfacial free energy
and concentration gradients, establishing a cornerstone for phase transition studies. Voorhees
[2] extended this by developing the theory of Ostwald ripening, explaining the coarsening
process during phase separation, a crucial phenomenon  for understanding
microstructural evolution in materials. Novick-Cohen [3] emphasized mathematical rigor in
studying phase separation, offering new insights into the equation's forms and applications.

Glasner [4] improved numerical simulations of phase separation by introducing a boundary
integral method that handles complex boundary conditions more effectively. Allen and Cahn
[5] applied the equation to ordered binary alloys, broadening its utility in modeling
complexmaterial systems. Chen [6] reviewed phase- field models, positioning the equation as
central to understanding dynamic microstructural changes across various materials.

In recent advancements, Wu [7] reviewed the Cahn-Hilliard equation with dynamic boundary
conditions, providing a more comprehensive understanding of its behavior in realistic
settings. Bonfoh, Grasselli, and Miranville [8] introduced new analytical techniques for the
one- dimensional equation with singular perturbations, aiding in better modeling of interface
behavior. Miranville and Zelik [9,10,11] explored the equation with logarithmic potentials,
enhancing its applicability to systems with complex energy landscapes, and focused on
handling singularities in potentials and dynamic boundary conditions.

Finally, Londen and Petzeltova [12] contributed a detailed analysis of solution regularity near
potential barriers in the equation with singular potentials, crucial for model stability.
Linearising and applying perturbations give a good approximation of the solution, especially
for small times “t”. The authors [12] investigate the regularity properties of solutions and
explore how these solutions behave near potential barriers. Specifically, they examine the
conditions under which solutions stay separated from these barriers, an important
consideration in ensuring the stability and physical relevance of the model. This study is
significant in understanding phase separation processes in materials science, particularly
when the potential involved has singularities, which can represent more realistic physical
situations.

MATERIALS
This study being computational, no experimental materials or equipment were used, apart
from online simulators like WOLFRAM.

DISCUSSION

Graphs showing the variation of solutions for different regions are attached. Fig.2 shows the
three curves for the inner, transition and outer solutions separately.

inner, Trarsition, and Outer Sehsions

Fig. 2: The inner, transition and outer solution curves
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Fig 2 shows the inner,transition and outer solutions in different colours. The transition is a
sigmoid curve due to the tanh form, the inner a trig function(1-cos) which can satisty both
nonflux and dirichlet conditions, and the outer solution approaching a constant (erf at large
arguments). (Fig 4 shows the curves marked with symbols also)

Piot of y = 1 + ax for different values of a

Fig. 3: Ratio of the x and t solutions for small values

Fig.3 shows the linear approximation to the ratios of the small x and t expansions given by egn.
13. Matching of the inner and transition regions at present depends on the functions cos(x) and
sinh(x) for small x. It will be easier if the inner solution is chosen as a sine function, however
our choice of non zero B.C’s has facilitated the application of a cos function. For zero
boundary conditions, a sine function is preferable and matching may be easier. The matching
is not done here for space reasons.

Inner, Transition, and Outer Solutions

s o
-‘h-\

Order Parameter ¢
.

Fig 4. Transition curves highlighted with different symbols

The results of the study highlight the complex dynamics of spinodal decomposition in thin
tilms, particularly through the application of the Cahn-Hilliard equation. By employing a
singular perturbation approach, the study successfully captures the distinct behaviors in
different regions of the thin film. The inner region, near the interface, exhibits a smooth
transition described by a hyperbolic tangent (tanh) function, while the outer region,
representing the bulk material, follows a simpler diffusion equation modeled by an error
function (erf). The combination of these solutions into a composite model provides a
comprehensive understanding of the phase separation process, emphasizing the critical role
of boundary conditions in thin film geometries. Additionally, the exploration of boundary
layer thickness offers valuable insights into the spatial extent of phase boundaries, which is
crucial for determining the material properties. Overall, the results underscore the importance
of considering both inner and outer regions to accurately model the early stages of spinodal
transformations in confined systems.
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The results presented in the paper show that the inner solution, characterized by a hyperbolic
tangent (tanh) profile, and the outer solution, described by an error function (erf), can be
successfully combined to model phase separation in thin films. This composite solution
provides a uniform approximation that captures the essential physics of spinodal
decomposition in confined geometries.

The discussion of boundary layer thickness further enhances our understanding of how the
order parameter varies near the interface. By estimating where the order parameter drops
to a fraction (1/e) of its original value, (where e is the euler constant). The paper elaborates on
the spatial extent of phase boundaries in thin films, a factor in determining material
properties.

One of the contributions of the paper is its application of singular perturbation techniques to
the CH equation in thin films. This approach separates the problem into inner and outer
regions, corresponding to areas near the interface and the bulk material, respectively. The inner
region experiences rapid changes in the order parameter, which is modeled using a scaled
coordinate system. The solution in this region reveals a smooth transition layer, a hallmark of
spinodal decomposition.

In contrast, the outer region experiences slower variations, allowing the equation to simplify to
amore classical diffusion equation. The combination of these solutions via matching conditions
gives a comprehensive view of the phase separation process across the entire film. The use of
a thin film approximation simplifies the analysis, making it easier to derive solutions that can
be compared with experimental or numerical data. In the context of the Cahn-Hilliard equation
with fourth-order terms, the small parameter\(\epsilon\) represents the interfacial width.
The equation includes both second-order diffusion terms and higher-order fourth- order terms,
which introduce the complexity in describing phase separation processes, particularly near
interfaces.

Neglecting the Fourth-Order Terms

For small (g), the fourth-order term, which is proportional to (g2), becomes negligible compared
to the second-order term. This situation often arises when analyzing behavior far from
interfaces or at longer timescales, where the rapid changes in concentration occur over much
larger spatial scales. In such cases, the second- order terms dominate, and the fourth-order
contributions can be omitted, reducing the equation to something akin to a standard diffusion
equation.

In thin film scenarios, as in this analysis, for early stages or regions where time (t) is small, the
fourth-order term £2( ")*becomes negligible compared to the seeond- order term ( ™ )?, as
expressed in equation (9). -

Stretching Parameter and Fourth- Order Effects

The stretching parameter involves scaling spatial or temporal coordinates with € (epsilon),
which is important in separating inner and outer regionsin singular perturbation methods.
In the inner region (near the interface), the scaled variable magnifies the region where the
fourth-order term is significant. Here, the rapid variations across the interface are described
by the hyperbolic tangent profile that incorporates (¢), making the fourth-order term
essential to capture the smooth transition. As we scale space and time, the small parameter
(¢) balances the fourth-order effect, allowing the analysis to retain the critical information
about the phase boundaries and interfacial movement. In contrast, in the outer region (bulk),
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where ¢ tends to zero, the fourth- order term vanishes, and the simpler diffusion dynamics
(second-order) dominate.

In summary, the fourth-order terms can be neglected when (g) is small, and far from the
interface, but they are critical in regions where rapid transitions (interface regions) occur,
especially when stretched coordinates are applied to focus on such transitions.

FUTURE WORK

Future research could extend this perturbation approach to two and three- dimensional
systems, consider the effects of varying mobility M, and more complex free energy potentials.
Numerical simulations could also validate the analytical predictions and explore the nonlinear
regime of the Cahn-Hilliard equation.

CONCLUSION

The simulation given in the paper shows the characteristics of the start of the phase
development process. It is emphasized that due to the 4™ order terms in the CH eqution,, it is
an extension of the regular Stefan or diffusion problem, where the 4™ order terms appear as a
small perturbation due to the parameter & . After using transformations, this obvious feature is
recognizable, and further analysis is much simpler.
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Abstract: A glutinous rice dough, Japanese Mochi, was subjected to a deep-frying process at various
temperatures. Three thermocouples were inserted into the cooking oil, dough surface, and dough core
using a data logger to record the in-situ temperature profile. The heat transfer coefficient was calculated
according to the temperature profile and was compared to the crust formation along the frying process.
During frying, the maximum convective heat transfer coefficient occurs at 50 s with values between
156.83 to 398.32 W/m2K when the temperature was varied from 170-190 °C. It was found that the crust
formation was proportional to water removal until the end of the falling rate. At this phase, water
migration occurs from the dough'’s core into the oil phase, eventually degrading the cooking oil by
hydrolysis. This observation suggests that the frying time should not exceed the maximum heat transfer
coefficient values to avoid large amounts of water migration into the cooking oil and shorten its cycles.

Keywords: Heat transfer coefficient, crust formation, glutinous rice flour, mochi, deep-frying kinetics.

INTRODUCTION

The increase in food prices since mid-2020 has been driven by factors such as the recovery in
demand following the Covid-19 crisis, adverse weather impacts on supply, a growing number
of trade restrictions on food products, and rapidly soaring input costs, notably energy and
fertilisers [1]. To minimise the impact, optimisation in food processing needs to be further
investigated by referring to the food processing principles and fundamentals. This work
focuses on fried food products due to their wide application worldwide. The frying process
comprises physicochemical reactions and transformations, such as starch gelatinisation, water
vaporisation, protein denaturation, and crust formation [2-4]. Improper heat transfer in the
frying process may ruin the fried food product and increase the cooking oil degradation rate.
Uncontrollable heat transfer may also affect the cooking lifecycles as the oil hydrolysis
oxidation and polymerisation contribute to total polar material (TPM) and other organoleptic
compounds [10], which shortens the cooking oil life cycle and eventually contributes to the
cooking oil wastage. Many countries already recognize the relationship between TPM and
cooking oil life cycles, and in fact, it has been adopted by most national standards and laws
[11]. Although the relationship of TPM with hydrolysis, oxidation and polymerisation was
established by many workers [1-4], the impact of leftover debris by crust with repeatedly used
frying oil is not well studied because of enormous food formulation around the globe, plus
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the requirement of the samples to be in a prolonged in repeatedly heated cooking oil which
can be only demonstrated in commercial frying process. Therefore, a significant study relating
this unique food formulation is essential and should not depend on degraded cooking oil
caused by hydrolysis, oxidation, and polymerization, as mentioned by many workers.

THEORY/LITERATURE REVIEW

The heat transfer during the frying process is governed by convection from the heat source to
cooking oil, followed by conduction inside the fried food. The heat transfer profile can be
illustrated in Fig. 1, which consists of several continuous phases: A: Initial heating, B: Surface
boiling, C: Falling rate and D: End of bubble point. The crust formation of stray fried food
typically develops from phase B to phase D. During phase B, the fry's surface temperature
reaches the water's evaporation temperature. This phenomenon can be described according
to Eq. (1)- Eq. (3),

Phase A:
QCO?lU(W) = hA (E'Ts) (1)
hA(To—T: _dm HjNOMC ar
( o— S)__ vap+ pa (2)
Phase B:
~0
hA(To-Ts) = T an + me 0L 3
(To— S)_E ”“P+/ID/E ()
Where,

h =heat transfer coefficient

Ts = surface temperature

To = oil temperature

Cp = specific heat capacity

AHyqp = heat of water vaporization
A = area

dm/dt= rate of mass

Starting from phase B, water evaporation is greater than the internal heat of the fried food, so
the latent heat of evaporation initiates the drying of the food moisture from the outmost layer
to the inner core. A significant crust thickness is developed as the drying progresses from the
outer layer to the core. Thus, the basis for frying is connected to heat transfer coeffcient, and
allows an accurate description of the kinetics of water loss during frying can be developed to
optimize the frying process [4-5].
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Fig. 1 The heat transfer profile along the frying process according to the phases. The crust
formation is developed from phase B to phase D.

The microstructure of the crust region formed during the first moments of frying and the
moving boundary at the crust/core interface determines the texture, crispness, oil-uptake, and
outer appearance of the food. Frying time, capillary pressure, thickness and microstructure of
the crust (inclusive of leftover debris), and permeability of fried food products to o0il seem to
be decisive for the oil degradation level. After the frying process, total mass of fried product
is used to calculate the heat transfer coefficient according to Eq. 3

The heat transfer coefficient were have been used to predict the water loss that eventually
contributes to cooking oil hydrolysis in post-frying [12] as well as for other cooking method
[13-15]. The migrated water along the frying process is hypothesized to cause dramatic
changes in TPM value as cooking oils are non-polar in nature. Therefore, in this work the
increment in TPM value is postulated to be caused by the polar compounds acting as
emulsifying agents that can lower the interfacial tension and make the crust prone to rupture.
The rupture is later identified as leftover debris that occurred after the frying process.

MATERIALS

A series of mochi dough formulations were developed with various water contents while the
compositions of other ingredient were fixed to verify the water migration with the function of
heat transfer coefficient. The formulations of fried mochi are shown in Table 1.

EXPERIMENTAL

The heat transfer coefficient & of fried mochi was calculated using the Eq. (4) [5-6].

= e @
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The oil temperature and the mochi surface temperature will be measured in this study using
a thermocouple and data logger. Additionally, the heat of water evaporation was obtained
from the saturated water (liquid-vapour) table. The temperature changes in this study were
recorded using a data logger, GL240, Graphtec Corporation, Japan, throughout the deep-
frying process. The temperature of the fried mochi's surface and core and the oil temperature
are the control variables in this system.

To measure the cooking oil TPM during frying. The mochi samples were fried at different
frying temperatures, 70 °C, 120 °C, 150 °C and 180 °C at 5 minutes per batch. The same frying
oil will be used to deep-fry the same mochi batch samples until it reaches 25% of the TPM
value. The oil degradation was measured using Testo 270, Testo SE & Co. KGaA, Germany.
After completion of the TPM measurement, the moisture content of each sample was
measured using a Moisture Analyzer.

Table 1: Dough formulations of deep-fried mochi.

Formulation of Fried Ingredient Composition
Mochi 3043wt% 3696 wt% 4348 wt%  50.00 wt%
Amount (g)
Glutinous rice flour 70 85 100 115
Water 130 115 100 85
Sugar 30 30 30 30

RESULTS AND DISCUSSION

From Fig. 2, the maximum values of heat transfer coefficient for 30.43 wt.% dough
composition were found to be 225.043, 276.575, and 398.323 W/m?K at temperatures of 170°C,
180°C, and 190°C, respectively. The maximum values occurred at 50 s of frying time, whereby
the highest rate of water loss is noticed.

Convective Heat Transfer Coefficient for 30.43 wt.% mochi

S0 —e—170

80 T e—180
70 gi 190

u
S
o
<

W/m2K

Heat transfer coefficient,

&
-1
—

Fig. 2: Heat transfer coefficient of various dough compositions at 170, 180 and 190 °C
together with crust picture along the frying process.

Furthermore, to obtain a good cooked product, the core of the fried food needs to reach a pure
water boiling point so that starch gelatinization occurs, whereby a high heat value greater
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than core temperature is required to obtain sufficient water loss [7]. Besides that, this figure
clearly shows that the maximum heat transfer coefficient at 190°C is much higher than 180°C
and 170°C. This is because as the oil temperature increases, the oil and mochi temperature
gradient's driving force also increases, resulting in a higher value of the maximum heat
transfer coefficient [8].

Refer to Fig. 3, the crust thickness for all dough compositions increases as frying time and oil
temperature increase. After the falling rate phase, the surface layer becomes completely dry,
and heat transfer increases the core of the dough to boiling point temperature. Referring to
the given formulation in Eq. (3)- Eq. (4), it was found that greater mass contributes to higher
crust thickness as less water is used in the formulation. This means that the 50.00 wt.% dough
has greater crust thickness than the dough composition of 30.43, 36.96, and 43.48 wt.%.
Interestingly, the crust formation was proportional to water removal until the end of the
falling rate. After the falling rate, the crust formation rate was exponentially developed,
caused by water migration from the dough's core into the oil phase, which degraded the
cooking oil. The observation was valid for all dough formulations.

Crust thickness of varies dough composition
1e at 180°C

£’
E e |
b8
S
L ;
£ b 30.43 Wt %
o4 g7 1 36,96 wt %
T A43.48 Wt.%
® 50.00 wt.%
0.0
50 100 150 200 250 300 350 400
Ti'ﬁe,t

Fig. 3: Crust thickness of varies dough composition fried at 170, 180 and 190 °C.

For precise observation, several selected sample formulations were subjected to a frying
procedure followed by TPM measurement. From Fig. 4, the TPM rate /cycles for both 150 °C
and 180 °C increased from 2.7+0.1, 3.1+0.01 and 3.2+0.5 when the moisture content of the
dough formulation was reduced from 36.96 wt%, 43.48 wt% and 50 wt% respectively. Only
temperatures greater than 150 °C are considered, as these are the typical frying temperature
standards when referring to EU standards. The allowable TPM value is <25%. Temperature
lower than 150 °C are considered as the reference in this work. Referring to the TPM
rate/cycles, shorter frying cycles were noticed when dough with low water concentration was
subjected to frying. This phenomenon showed that the TPM value was not only contributed
by cooking oil polymerization and oxidation but also depending on water hydrolysis caused
by migrated water that eventually contributed to crust formation left after a series of frying
cycles.

The increment of TPM value in Fig. 4 was significant to the increment of crust thickness
in Fig. 3. Therefore, we presumed that the dramatic changes in the microstructure of the crust
region thickness have also caused a reduction of surface tension by the degraded cooking oil
by hydrolysis. As a result, a large amount of leftover crust was found in the bottom of the
fryer after the completion of the frying cycles when exceeding the TPM value.
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Fig. 4 TPM vs Frying cycle of mochi dough (36.7-50.0 wt%) at different frying
temperatures.

A picture of leftover debris after the completion of the cycles is shown in Fig. 5. All debris
were expected to develop from crust left over especially with samples with low water
concentration, as mentioned in Fig. 3 earlier.
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Fig.5 Leftover debris of 36.7 wt% dough formulation after TPM >25% of 150 °C and 180 °C
with densier and darker colour of left over debris is noticed in (b) compared to (a). Cooking
oil was drained with a filter at the bottom of the fryer after the completion of the cooking
oil cycles.

CONCLUSION

This study confirms the importance of heat and mass transfer measurement relation to crust
formation. Optimal heat transfer produces minimal water migration into the cooking oil and
thin crust formation. The whole process contributing to more significant cooking oil cycles
with less cooking oil wastage. This information is essential not only to reduce carbon footprint
cause by the discarded cooking oil waste but also to produce healthy fried food. Exceeding
the TPM value not only abused the cooking procedure but also increase the leftover crust
inside the used cooking oil caused by increase thickness of microstructure of the crust region
and reducing surface tension between the degraded cooking oil.
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Abstract: In this article, we present the process of studying halogen group atoms adsorbed with Si-C
and the results obtained by the DFT calculation method. This shows that, due to its
high electronegativity, the adsorbed adsorption is very strong in the F(p) electronic orbitals. This
contribution makes the compound form a metal. Similarly for Cl(p) and Br(p), especially for I(p), these
orbitals are weaker so the band gap still exists although with a relatively small value. Research results
show that doping with halogen elements has fundamentally changed the band gap of pristine Si-C,
providing application orientation for future electronic devices and sensors.

Keywords: silicon carbide, halogens adsorbed SiC, SiC applied

INTRODUCTION

Two-dimensional (2D) graphene has been synthesized in recent decades [1-3]. The
performance of many traditional devices can be significantly enhanced by the unique
properties of these materials, many studies have focused on graphene [4-6]. Silicene is also
recognised as a two-dimensional material of graphene, which exists as a symmetrical
structure with insignificant elasticity [7-8]. Many abnormal properties of graphene, including
such as the Dirac hooks formed by the 7 bands at the symmetrical bonding point of the first
Brillouin region, along with the total dominance of the 7 ranges at low energy, and the
separation of the o and T strips at deep energy, have been found in silicone [9]. Furthermore,
silicene exhibits a number of special characteristics, including a large boundary width
resulting from the combination of orbits at the Dirac point [10], the appearance of a polarized
metal phase in the valley area with an abnormal quantum Hall effect [11], a study of the Hall
rotation effect of the quantum at low temperatures [12], and the transformation of the
topological insulator into a phase of insulation in response to external electrical fields [13].
Since silicon atoms are the main component of silicone [14], which is the main element in the
field of silicon electronics [15], silicone is also more likely to be compatible in electronic
devices than graphene. Since silicon has the advantage of being easy to integrate with Si-based
electrical devices, it has become the main subject of many recent studies [16,17]. However, the
small bandwidth of silicene limits its enormous potential for useful nanoelectronic field
applications [18]. Therefore, in order to extend the beneficial properties of silicon to envisaged
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nanoelectronics applications, it is necessary to expand the area of prohibition [19]. Several
techniques, including atomic absorption [20], substitution [21], chemical function [22],
mechanical capture [23], stacking configuration [24], application of external fields [25], and
finite quantum limitation [26], have been used to expand the silicone capture area.

With the results achieved after doping SiNRs and C in a 1:1 ratio, we get a SiC compound
with a significantly increased band gap from 0.26 eV to 2.37 eV. On the other hand, the initial
SNRs structure had a warping of 0.75 A, after doping with SiC the warping decreased to zero.
This proves that the doping of C into SiNRs with different ratios is very important, it changes
the Si-Si and Si-C bonds strictly based on the electromagnetic force of orbital electrons [27].

Following this result, we tried to dope halogen elements into the substrate to obtain SiC
through DFT simulation, to investigate the changes in structural properties, electromagnetics
and band gap energy

COMPUTATIONAL METHOD

The Vienna ab initio package simulation (VASP) incorporates the first principle density
function theory (DFT), The computed VASP takes into account the distribution and
concentration of adatoms. Exchange and correlation energy, which are obtained from
numerous Coulomb interactions, are calculated using the Perdew-Burke-Ernzerhof function
(PBE) in accordance with the gradient approximation. Projector amplified wave simulations
are used to characterise electron-ion interactions. Building on a flat wave basis with a
maximum power cut of 400 eV, functional wave and state energy are constructed. The
Monkhorst-Pack diagram's k-point grids of 12 x 1 x 1 and 100 x 1 x 1 are used to further
compute the structure's electronics and optimise the structure, respectively. The upper bound
on the Hellmann-Feynman forces is less than 0.01 eV-'. The energy convergence between the
two closest ion stages is set at 10 eV.

RESULTS AND DISCUSSION

The atomic structure of pristine SiC is presented in Fig 1(b) consisting of six Si atoms and six
C atoms, of which four H atoms are located on the edge where Si and C are aligned on an
Armchair structure with six lines or Dimer index N = 6. The binding length of Si-C atoms is
about 1.77 A [27] and the flexibility is zero, similar to the structure of Graphene. The halogen
groups F, Cl, Br, and I are fused at top (T), valley (V), bridge (B), and hollow (H) locations.
Fig 1(a) represents the top-position fusion of the X halogen atoms including F, Cl, Br, and L
Fig 1(a) represents the top-position fusion of the X halogen atoms including F, Cl, Br, and L.
By applying the DFT method, using the VASP software, we calculated the forming energy
values, the parameters for link length, magnetic moment and forbidden area width for each
of the different cases presented in Table 1.

Considering the electron zone structure and the density of the DOS state of the SiC substrate
in Fig 2, we see the wine-colored Si(s) electron orbits primarily located at the bottom of the
chemical region of about -8 eV to -4 eV and the most active at -7.5 eV; the Si(px) green color
electron orbit operating at the top of the chemical region, from fermi to -2eV, and the base of
the conductive region of 2 eV to 3 eV. For C alone, the dark-cyan colored C(s) electron orbit
extends from the chemistry to the conductive region, but the energy is very weak; for the C
(px) orbital electron, the cyan carries from -3 eV to the top of the chemistry and from the bottom
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of the region to 5 eV, with the strongest energy being -1 eV up to the fermi level with three
very strong peaks at -1.2 eV, -0.8 eV, and -0.2 eV. For the C(p-) electron orbit, the blue works
from -1.4 eV to-8 eV butis strongest at-1.5eV, -2.6 eV, and -3.2 eV. The remaining C(py) navy-
colored electron orbits operate with weak energy but range from -1 eV to -7 eV.

In general, the orbital electrons that contribute to the formation of fermi levels are primarily
C (px) and Si (px).

c b a

L L L

m: ©0-0-0-0-0-0 G2—0d (¢

o ° ° o (] (-]
si c H F cl Br 1

Fig 1. (a) Structural of SiC-F(T), (b) SiC-CI(T), (c) SiC-Br(T), and (d) SiC-I(T) and (e) pristine
SiC

SiC_N6
Si(s) Si(py) = Si(pz) Si(px)
— C(8) Cipy) =—C(pz) Cipx)

Energy(eV)
DOS(States/eV.Unit cell)

Fig 2. The BAND and PDOS structure of SiC

We look at the structure of the electron zone and the density of the DOS state of the compound
after fitting from Fig 3 to Fig 6 of each of the atoms in the halogen group with the SiC substrate,
we generally use for the fitting electronic orbits of the Halogen group as F, Cl, Br, I with the
symbol X, namely the corresponding electronic orbit X(s) orange, X(px) red, X (py) yellow, and
X(p-) magenta.

First, we investigate the case of the F-atom fusion with the SiC substrate at the three positions
of the bridge, hollow, and top of the red orbital F(px) electron with very strong energy, with
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two characteristic peaks of -0.2 eV and -0.7 eV approximately the same, specifically with the
position of the valley of this orbit F(px) moving around -2.2 eV and -3.2 eV. In the hollow and
top positions, the purple F(p:) orbit is perpendicular to the fermi and -1.9 eV, but for the bridge
position, it is replaced by F(py), and the electron orbits F(p-) coincide with F(px). For the valley
position alone, the F(p-) orbit has a very strong peak, but it moves towards -4.8 eV, and a peak
is at -1.9 eV. This suggests that the orbital electrons of the F atom, including F(px), F(py), and
F(p2), have significantly contributed to reducing the Eg ban area energy width to zero, making
the fissile material metal. We call AE the absorbed energy after doping, Esic the energy of the
SiC substrate before doping, Ex the energy of the halogen atom and Esic-x the energy of the
system after doping, we apply the following formula:

- ESiC (1)

In terms of initial charge density, the pristine orbital charge density has the form SiC(s'2%,
ple®, d°0, tot?®7%) and halogen atoms also have similar orbital charge density. respectively,
considering the case of top position (T) which we present in Fig 4, F(s'72,p%%,d%?, tot>®), Cl(s'2,
P32, d°9, tot4#), Br(s'®3, p3%4, d°0, tot*?”), and I(s'*, p2¢>, d°?, tot*1%). After doping together, the
results show that the orbital electrons mainly transition to the s and p orbitals. Specifically, for
SiC_F(513.49, p19.26/ d0.0/ t0t32.76)/ SiC'C1(513'78, p18.72/ dO.OI t0t32.10)/ SiC_Br(sl3.39/ p18.43’ dO'O, t0t31.84)/ and
SiC-1(s132,p'7%, d°0, tot*2¢). We apply the following formula:

AE=E E

Sic-X =X

AP = Psicx = Px = Pic (2)
Then pg._y is the orbital charge density, p, is the orbital charge density of halogen atom X,
and pg is the orbital SiC.

Table 1: Calculation results for halogens atoms when adsorbed with Si-C

. . no AE . . «. Buclking Si-C-Si Eg Mag
Conflgngation —wy @w TS ST A e V) gw
SiH (125i:4H) 100 X X 2.26 0.75 X 0.33 0
SiC 6:6 X 1.77 X 0 120.00 2.10 0
SiC-F(B) 6:6:1 -1.00 1.87 X 0.10 119.98 0 -0.53
SiC-F(H) 6:6:1 -0.98 1.87 X 0.09 119.96 0 -0.20
SiC-F(T) 6:6:1 -1.02 1.87 X 0.10 119.97 0 0.56
SiC-F(V) 6:6:1 -0.99 1.88 X 0.08 119.99 0 0.57
SiC-CI(B) 6:6:1 -2.46 1.92 X 0.42 119.20 0 0.26
SiC-CI(H) 6:6:1 -2.37 1.91 X 0.42 118.75 0 0.99
SiC-CI(T) 6:6:1 -2.47 1.94 X 0.42 119.19 0 0.38
SiC-CI(V) 6:6:1 -2.34 1.92 X 0.42 119.99 0 -0.41
SiC-Br(B) 6:6:1 -1.83 1.94 X 0.40 119.32 0 0.41
SiC-Br(H) 6:6:1 -1.82 1.94 X 0.40 119.14 0 041
SiC-Br(T) 6:6:1 -1.86 1.9 X 0.41 119.28 0 0.17
SiC-Br(V) 6:6:1 -1.83 1.91 X 0.33 119.97 0 0.83
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SiC-1(B) 6:6:1 -1.09 1.94 X 0.36 119.85 0 0.93
SiC-1(H) 6:6:1 -1.08 1.93 X 0.37 119.26 0 0.72
SiC-I(T) 6:6:1 -1.10 1.89 X 0.37 119.42 0 0.06
SiC-I(V) 6:6:1 -1.23 1.85 X 0.37 119.87 0 0.99
SiC_F_B_N6

——Si(s) = Si(py)— Si(pz) — Si(px)
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Fig 3. The BAND and PDOS of F adsorbed SiC for 4 positions
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Fig 4. The CHARG of halogen adsorbed Si-C at top positions

For halogen atoms we can calculate the following results:
AQr(s026,pr141, d00, tot166),

Agai(s13,p125, 00, tot152),

AQB(s0%,p130, d09, tot1:56),

AQI(S-OA27,p-1A39, dOAOI tOt'1‘65),

CONCLUSIONS

The results of the calculation showed that most of the halogen group atoms mixed with SiC
are very small in width, almost metal-like compounds. This result can be applied to the
manufacture of SiCs as sensors to detect halogen atoms in the environment; it shows very
wide potential applications in practice.

ACKNOWLEDGEMENTS: This research used resources of the high-performance computer
cluster (HPCC) at Thu Dau Mot University, Binh Duong Province, Vietnam.

REFERENCES

[1] K. Novoselov, et al., “Electric field effect in atomically thin carbon films”, Science,
vol.306, pp. 666—669, 2004.

[2] D.K. Nguyen, N.T.T. Tran, Y.H. Chiu, G. Gumbs, M.F. Lin, “Rich essential
properties of Si-adsorbed graphene”, Sci. Rep, vol.10, pp. 1-16, 2020.
3. N.-T.T. Tran, D.K. Nguyen, O.E. Glukhova, M.F. Lin, “Coverage-dependent
essential properties of halogenated graphene: a DFT study”, Sci. Rep. vol.7, pp. 1-
13, 2017.
4. N.J. Roome, ].D. Carey, “Beyond graphene: stable elemental monolayers of
silicene and germanene”, ACS Appl. Mater. Interfaces, vol. 6, pp. 7743-7750, 2014.

[3] Nguyen, D.K., Tran, N.T.T., Nguyen, T.T.et al. “Diverse Electronic and Magnetic
Properties of Chlorination-Related Graphene Nanoribbons”. Sci Rep 8, pp. 17859, 2018.

185



Proceedings of the 8th International Symposium on Advanced Materials and Nanotechnology 2024, (iSAMN2024), October 8-9,2024

[4] M. Pumera, Z. Sofer, “2D monoelemental arsenene, antimonene, and bismuthene:
beyond black phosphorus”, Adv. Mater, vol. 29, pp. 1605299, 2017..

[5] S. Huang, W. Kang, L. Yang, “Electronic structure and quasiparticle bandgap of
silicene structures”, Appl. Phys. Lett. vol.102, pp. 133106, 2013.

[6] N.T.T. Tran, G. Gumbs, D.K. Nguyen, M.F. Lin, “Fundamental properties of
metaladsorbed silicene: a DFT study”, ACS Omega, vol.5, pp. 13760-13769, 2020.

[7] D.K. Nguyen, N.T.T. Tran, Y.H. Chiu, M.F. Lin, “Concentration-diversified
magnetic and electronic properties of halogen-adsorbed silicene”, Sci. Rep 9, pp.
1-15, 2019.

[8] C.C. Liu, H. Jiang, Y. Yao, “Low-energy effective Hamiltonian involving spin-
orbit coupling in silicene and two-dimensional germanium and tin”, Phys. Rev. B,
vol.84, pp. 195430, 2011.

[9] M. Ezawa, “Valley-polarized metals and quantum anomalous Hall effect in
silicene”, Phys. Rev. Lett, vol.109, pp. 055502, 2012.

[10]C.C. Liu, W. Feng, Y. Yao, “Quantum spin Hall effect in silicene and two-
dimensional germanium”, Phys. Rev. Lett. vol.107, pp. 076802, 2011.

[11]M. Ezawa, “A topological insulator and helical zero mode in silicene under an
inhomogeneous electric field”, New J. Phys, vol.14, pp. 033003, 2012.

[12] A. Molle, C. Grazianetti, L. Tao, D. Taneja, M.H. Alam, D. Akinwande, “Silicene,
silicene derivatives, and their device applications”, Chem. Soc. Rev, vol.47, pp.
6370-6387, 2018.

[13]L. Venema, “Silicon electronics and beyond”, Nature, vol.479, pp. 309-309, 2018.

[14]N.D. Drummond, V. Zolyomi, V.I. Fal’Ko, “Electrically tunable band gap in
silicene”, Phys. Rev. B, vol. 85, pp. 075423, 2012.

[15]M.A. Kharadi, G.F.A. Malik, F.A. Khanday, K.A. Shah, S. Mittal, B.K. Kaushik,
“Silicene: from material to device applications”, ECS J. Solid State Sci. Technol,
vol. 9, pp 115031, 2020.

[16]Z. Nj, et al., “Tunable bandgap in silicene and germanene”, Nano Lett, vol.12, pp.
113-118, 2012.

[17]Y. Du, et al., “Tuning the bandgap in silicene by oxidation”, ACS Nano, vol. 8, pp.
10019-10025, 2014.

[18]S.Y. Lin, S.L. Chang, N.T.T. Tran, P.H. Yang, M.F.H. Lin, “Si-5i bonding-induced
unusual electronic properties of silicene: a method to identify hydrogen
concentration”, Phys. Chem. Chem. Phys, vol. 17, pp. 26443-26450, 2015.

[19]R. Qubhe, et al., “Tunable and sizable band gap in silicene by surface adsorption”,
Sci. Rep, vol. 2, pp.1-6, 2012.

186



Proceedings of the 8th International Symposium on Advanced Materials and Nanotechnology 2024, (iSAMN2024), October 8-9,2024

[20]B. Huang, H.J. Xiang, S.H. Wei, “Chemical functionalization of silicene:
spontaneous structural transition and exotic electronic properties”, Phys. Rev.
Lett, vol. 111, pp.145502, 2013.

[21] R. Qin, C.H. Wang, W. Zhu, Y. Zhang, “First-principles calculations of mechanical
and electronic properties of silicene under strain”, AIP Adv, vol.2, pp. 022159,
2012.

[22] H. Fu, ]J. Zhang, Z. Ding, H. Li, S. Meng, “Stacking-dependent electronic structure
of bilayer silicene”, Appl. Phys. Lett, vol.104, pp. 131904, 2014.

[23]C. Lian, J. Ni, “The effects of thermal and electric fields on the electronic structures
of silicene”, Phys. Chem. Chem. Phys, vol.17, pp.13366-13373, 2015.

[24]Y.L. Song, Y. Zhang, ]. M. Zhang, D.B. Lu, “Effects of the edge shape and the width
on the structural and electronic properties of silicene nanoribbons”, Appl. Surf.
Sci, vol.256, pp. 6313-6317, 2010.

[25] Thanh Tung Nguyen, V. N. Hoang, T. P. T. Huynh, D. K. Nguyen, V. O. Vo, “Diverse
structural and electronic properties of carbon-substituted armchair silicene nanoribbons:
A first-principles study”, Physica E, vol.142 , pp.115309, 2022.

187



Proceedings of the 8th International Symposium on Advanced Materials and Nanotechnology 2024, (iISAMN2024), October 8-9, 2024

NANOMATERIALS SYNTHESIS AND PROCESSING

Review on Synthesis and Evaluation Performance of Ap Based Solid Composite
Propellants with GO and CNT as Burning Catalyst

Muhammad Faizridhwan Ramle?, Norkhairunnisa Mazlan!23

! Aerospace Malaysia Research Centre (AMRC), Universiti Putra Malaysia, 43400 UPM Serdang, Selangor
2 Department of Aerospace Engineering, Faculty of Engineering, Universiti Putra Malaysia, UPM Serdang,
Seri Kembangan 43400, Selangor Darul Ehsan, Malaysia
3 Nanomaterials Processing and Technology Laboratory, Institute of Nanoscience and Nanotechnology
(ION2), Universiti Putra Malaysia, 43400 UPM Serdang, Selangor

*Corresponding author’s phone: +603-9769 6403
E-mail: norkhairunnisa@upm.edu.my

Abstract: Military sources widely utilize composite solid propellant (CSP) to fabricate weapons, while
aerospace industries use it for rocket propulsion. Due to its stability and high burning efficiency, AP has been
a popular choice for oxidizers. However, AP needs an addictive catalyst to improve CSP's thermal and
mechanical performance. The first part of this review paper will explain aluminum (Al) as a metallic fuel. The
researcher explores the properties of the aluminum used in CSP that can improve performance. In addition, the
study highlights the synthesis of diverse burning catalysts using AP and other metallic fuels, examining their
impact on the system. Finally, this paper examines the synthesis of graphene oxide (GO) and carbon nanotubes
(CNT) using Al, highlighting the achieved improvements. highlighting the achieved improvements, for
example, GO at 1 wt% increases the burning rate from 8.3 mm/s to 11.1 mmy/s. Other than that, Al/CNT improves
the burning rate from 1.18 mmy/s to 2 mm/s with 1 wt% of CNT. This review aims to This review aims to provide
a comprehensive overview of Al/GO and Al/CNT as burning catalysts that can improve the performance of AP-
based CSP since it can be applied in the military or aerospace industry for rocket improvement.

Keywords: Ammonium perchlorate (AP), Aluminum (Al), Catalyst, Carbon nanotube (CNT), Composite solid
propellant (CSP), Graphene oxide (GO)

INTRODUCTION

A type of jet propulsion known as rocket propulsion uses stored matter known as propellant to
produce thrust [1]. Specifically for model rockets, a motor generates thrust by ejecting burned
propellant at high velocities, thereby increasing rocket velocities [2]. In addition to overcoming
gravitational force, the fuel, also known as propellant, aids in accelerating against gravity to reach
space [3]. The propellants typically fall into one of three categories: solid, liquid, or hybrid. The
performance of a rocket relies upon the decision of fuel with proper qualities regarding weight,
power, and execution boundaries [4].
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Types of Rocket Propellant

In solid state, solid propellants are a mixture of fuel and oxidizer [5]. It is used in space shuttles,
military weapons, and other applications as an energetic particle [6]. The propellant's simplicity,
dependability, storage capacity, high thrust, mass flow during launching, and other characteristics
are intriguing [7]. Simpler rockets like boosters and fireworks typically use them due to their lower
efficiency and inability to throttle or restart once ignited [8].

According to researcher [9], liquid propellants are propellant products in liquid form, stored in
separate tanks, and fed into the combustion chamber where they ignite. Liquid propellants offer
greater efficiency and control than solid propellants but are also more complex and expensive [10].

Hybrid propellants are propellants that combine a solid fuel with a liquid or gaseous oxidizer [11].
They offer some of the advantages of both solid and liquid propellants, such as the simplicity of solid
propellants and the controllability of liquid propellants [12]. However, hybrid propellants are also
more complex to develop and manufacture than solid propellants [13].

Solid rocket motors have become increasingly popular as aerospace technology advances because of
their many benefits. Compared to liquid propellant, solid propellant has short volume, extended
storage cycle, good performance, high safety, and ease of use. Current propellants often lack precise
control over burning rates, limiting performance optimization for different missions. Thus, this paper
will explain on how to ovcercome thos gaps.

Composite Solid Propellant

Composite Solid Propellant (CSP) is an essential component in the construction of any effective solid
rocket motor [14].Without CSP, achieving the necessary attitude, distance, and force for a rocket
would be challenging and highly unlikely to succeed. Current CSPs have fixed burning rates once
ignited, making it difficult to optimize propulsion for various stages of flight or mission profiles. To
imporve the perfromance liability, additcitve can be added in the propellant. CSP consists of many
constituents that form a heterogeneous mixture. These elements include oxidizers (such as
perchlorates, nitrates, nitramines, and nitramides), energetic fuels (in the form of fine metallic
powders), binder, and other additives [15]. Oxidizers used to provide the fuel with the necessary
oxygen for a self-sustaining exothermic reaction, generating the hot gasses that propel the rocket.
Fuels react with the oxidizer to release energy and generate hot gasses while the binder holds the
propellant grains together, ensures proper burning characteristics, and maintains structural integrity
during storage and launch.

Rocket propellants commonly use Ammonium perchlorate (AP) as an oxidizer due to its
advantageous energy properties, such as high thermal stability, specific impulse, low shock
sensitivity, great compatibility, and extended shelf life. Some reseacher [16] prefer AP due to its
increased density and greater oxygen content. AP component constitutes about 60% of the weight of
CSPs [17]. Hence, the velocity of AP breakdown is a crucial factor that directly influences the
propellant's performance [18].

Other than that, hydroxyl-terminated polybutadiene (HTPB) is an example of good binder in CSP
because it can bind the various propellant ingredients, such as the oxidizer, fuel, and any additive
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materials, together into a stable and homogeneous mass [19]. This guarantees the uniform
distribution of all components and their effective contributions during combustion.

The propellant burning rate goes up when the AP particle diameter is reduced; however, reducing
the particle diameter beyond a certain point does not provide an increase in the burning rate and can
result in processing issues and safety concerns during grain manufacturing. The agglomerate event
can affect CSP's performance. It reacts with compounds that have a reducing effect, releasing
significant amounts of energy and force [20]. Various additives, including catalysts, can modify the
burning rates and ballistic properties of AP-based CSP, in addition to its dependence on particle size
[21].

In order to get a consistent burning rate and a low pressure exponent, it is advisable to incorporate a
burning rate catalyst into the propellant [22]. Adding a catalyst, like ferric oxide (Fe20O3), can change
how quickly the oxidizer breaks down, which lets the burning rate of the propellant be more precisely
controlled [23]. Moreover, reseracher [24] suggest using catalysts synthesized with fuel to boost the
reaction rate and lower the reaction temperature.

APPLICATION OF SYNTHESIS GO AND CNT AS CATALYST IN AP BASED CSP

Rockets depend on AP-based CSP as their primary engines, although it has the potential to improve
their combustion efficiency. Nevertheless, a novel technique called in-situ synthesis offers a more
straightforward resolution [25]. In this case, the propellant mixture consists of metallic fuels like as
aluminium or boron. During the process of burning, these fuels undergo a chemical reaction with AP
oxides, resulting in the formation of metal oxides that function as catalysts [26]. An benefit of the in-
situ technique is that catalyst particles are optimally sized and evenly dispersed inside the propellant,
resulting in enhanced efficiency and controlled combustion [27].

Utilizing aluminium (Al) as a fuel in AP-based CSP

Aluminium (Al) is an essential component in the creation of CSP. Solid propellants sometimes use
aluminium powder as a metallic fuel to improve the energy efficiency of solid rocket motors [28]. Al
metal is a very promising catalyst because it has the potential to attain a high burning rate, is easy to
make, uses readily available ingredients, and is inexpensive to manufacture [29]. Fig. 1 [30] indicate
that the ilustration of AP, binder, and catalyst in a rocket.
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Figure 2.1: Illustration inside CSP [30].

Researchers have used boron (B) and magnesium (Mg) as alternative fuels in CSP, instead of
employing Al as a metallic fuel [31]. Despite its lower weight compared to aluminium and its high
energy density, magnesium is more challenging to store due to its increased reactivity with
atmospheric water vapour. Moreover, boron has an exceptionally elevated energy density;
nonetheless, it might be challenging to initiate combustion, resulting in the production of a hazardous
residue upon burning.

The research conducted by Korotkih et al. (2018) [32] demonstrates that substituting the ASD-4
aluminium powder with boron powder results in a reduction of the ignition delay time of solid fuel
samples by a factor of 2.2-2.8 as can seen in Fig. 2. By using aluminium borides, fuels may decrease
their ignition delay time by 1.7-2.2 times compared to the original composition. There was a disparity
in the time it took for high-energy materials (HEM) to ignite when exposed to radiant heating. Upon
analysis, it was shown that this phenomenon is correlated with the pace of the oxidation process and
the heat generated during the heating and ignition of the metal additives used.
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Fig. 2: Ignition dealy time vs laser heat flux density [32]
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Nanoaluminum and microaluminum

Within the realm of CSP applications, Al is often used in two separate manifestations: either as
nanoparticles with dimensions on the nanometer scale or as particles with dimensions on the
micrometre scale. The ignition temperature of nano-sized aluminium (n-Al) is lower and its reactivity
is higher in comparison to micro-sized aluminium (u-Al) [33]. However, n-Al tends to aggregate and
has a greater ratio of non-reactive AI203. For example, a nanoparticle made of aluminium (n-Al)
measuring 50 nm in diameter is coated with a layer of aluminium oxide (Al203) that is about 2 nm
in thickness. The shell constitutes around 30% of the overall mass of the n-Al particle. Thus, u-Al
particles [34] are still extensively used in practical applications.

The ignition delay of formulations including nAl is shorter compared to formulations containing pAl.
Fig. 3 [35] state that nAl powders have properties that make them simpler to ignite, such as smaller
particle size, bigger specific surface area, thinner oxide layer thickness, and improved interaction with
other propellant components. The minimal slopes of the curves that show the relationship between
ignition delay time and radiant flux also indicate the chemical activity of nAl, which enhances the
release of heat in the condensed phase [36].
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Fig. 3: Ignition delay vs radiant flux intensity at atmospheric pressure [36]

Synthesis AL with burning catalyst in AP based CSP

In order to enhance efficiency, researchers added or developed catalysts in conjunction with Al. When
constructing a solid composite propellant, it is crucial to consider the burning rate, total impulse, and
thrust as the primary considerations. According to researchers [37], the use of extra burning rate
catalysts may improve the ballistic performance of rocket propellant. These catalysts work by
reducing the activation energy needed for combustion and enhancing the thermal breakdown
process. Furthermore, the use of a highly efficient combustion catalyst to improve performance is the
most cost-effective method for developing rocket motors [38]. These catalysts are compatible with all
propellant compositions.

Catalyst effect on burning rate performance in AP based CSP
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Elbasuney and El-Sayyad (2020) [39] state that the burning rate catalyst has advantageous effects on
the CSP. For example, burning rate catalysts may be readily found on the market at affordable rates.
Only a tiny fraction of weight is required for fuel and CSP production, and they have the ability to
enhance the performance of rocket propellant. Therefore, previous research has used several catalysts
to examine the improvements achieved with different types of combustion catalysts. Table 1
demonstrates that prior research used several catalysts to augment the combustion rate of the CSP.

Table 1: Burn Rate of AP/HTPB/AL with different types of catalyst

Formulation Catalyst %owt Burn Rate References
(mm/s)
AP/HTPB/AL-
s CATOCENE 2 - [18]
AP/HTPB/AL-
HIC HIC 5 40.3 [40]
1 35.4
AP/AI/HTPB- n-
Fe203 n-Fe203 [41]
2 38.2
AP/AI/HTPB-
Graphene Graphene 1 6.4
AP/AI/HTPB- n- .
Tio2 n-TiO2 1 7.9 [42]
AP/AI/HTPB-
GTNC GTNC 1 9.1
AP/AL/HTPB - 1 10.37
43]
AP/AL/HTPB-G- [
799-Fe G-792-Fe 1 13.36
0.11 12.15
AP/AI/HTPB- 0.42 14.65
Butane/HTPB Butane/HTPB [44]
1 19.03
2.33 21.2
AP/AL/HTPB - Fe Fe 1 15.69 [45]
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The impact of catalysts on the mechanical characteristics of CSP.

CSPs are prone to deterioration over time as a result of variables such as temperature variations and
storage conditions. CSP may be evaluated for changes in mechanical properties by the use of
destructive testing. The tensile strength and other mechanical qualities may degrade with time. For
example, research papers state that by adding 1% of graphene as catalyst, it can improve the
maximum tensile strength of AP-HTPB propellant from 1.33 to 2.01 MPa [46]. Destructive testing is
used to assess the remaining operational lifespan of the propellant. Destructive testing may detect the
occurrence of undesired breakdown products that may affect stability.

The normal composition of solid propellant formulations includes nanocatalysts, which are
commonly included in Al powder at a mass percentage (wt%) ranging from 5% to 10% [47]. The study
conducted by Cheng et al. (2020) [7] used cobalt (Co) wt% Al powder as a sample to investigate the
synthesis efficiency of Co/Al composite fuels. This research demonstrates that Co/Al composite fuels
with 9.1 wt% Co effectively encapsulate the Al particles and exhibit thermal stability up to 1000 °C
without any breaking of the Al particles. This is because the increased concentration of cobalt (Co
wt%) is unable to attain the threshold energy required for oxidation-induced rupture.

The impact of catalyst on the process of thermal decomposition

Cobalt nitrate (CoFe:0s) indicated as an example of a catalyst that can improve thermal
decomposition., which can decrease the value of high thermal decomposition, T_HTD by 108.99 C.
The surface of CoFexOs acts as a Lewis acid, attracting electrons from the oxidizer molecule and
weakening specific bonds. This weakens the overall structure of the oxidizer, making it easier to
decompose. Also, Liu et al. (2023) [48] paper says that Xiong et al. (2016) [49] used a colloidal crystal
template method to make nanoCoFe:0: with a three-dimensional porous structure. The synthesised
CoFe:20s particles have a pore size of around 200 nm and a distinctive spinel structure. The material
has a specific surface area of 55.646 m2/g, which is significantly greater than that of the 40 nm
spherical CoFe20s. Furthermore, link between the reactant effects of permeable nano CoFe20s and
circular nano CoFe20: on how well AP worked with warm corruption when using DSC were found.

Fig. 4, depicts the DSC curves. The high-temperature decomposition (HTD) of AP may be effectively
reduced by up to 91.46 °C at a concentration of 6% porous nanocoFe:0s. Also, the porous CoFe204
might expand the intensity of the disintegration interaction by up to 1120.88 J/g, which is 2.3 times
more prominent than unadulterated AP.Porous nanocomposite metal oxides (MOs) possess a
substantial specific surface area of 55.646 m2/g, enabling them to efficiently adsorb a significant
quantity of substances. Consequently, the gaseous byproducts that are generated adhere to the
surface of the permeable nanocomposite CoFe20s (refer to Fig. 5). Subsequently, following electron
transfer at the active site, the gaseous intermediate products are released and isolated from the surface
of the pore to produce final products such as hydrogen chloride (HCl), water (H20), chlorine gas (ClL),
oxygen gas (O2), nitrogen monoxide (NO), nitrous oxide (N20), and nitrogen dioxide (NO2).
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Fig. 4: DSC curves of the AP decomposition in the absence and presence of different blend ratios
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Fig. 5: Schematic diagram of the thermal AP decomposition process in the absence and presence
of nanoporous CoFez04 [48]

Comparison between A/GO and AI/CNT
Graphene oxide (GO) possesses a lattice structure that is two-dimensional, and its density is 1.8
g/cm3. Some researchers [34] propose the combination of GO and Al to preserve a substantial energy
density and a significant Al mass content. The oxygen functional groups on GO could serve as
attachment points for other performance-enhancing additives, allowing for more targeted
modification of propellant properties. Graphene forms a connection with the surface of the metal
nanoparticle, which stops the catalyst particles from coming together in a group [50]. Although
nanoscale catalysts provide various advantages, their extensive surface area can adversely impact the
mechanical characteristics of solid rocket propellants. Due to the catalyst's large surface area, an extra
binder is required to ensure thorough coverage of all surfaces. Fig. 6 illustrates the potential
placement of graphene in CSP to mitigate agglomeration between AP and Al

* | = Graphene with AL |

© Cam—

Figure 2.7: Graphene prevent agglomerate of AP in CSP

Instead of GO, carbon nanotube (CNT) has similar performance in terms of manufacturing and
outcomes. Rao et al. (2016) [51] found that CNT can boost the burning rate of AP/HTPB propellants
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by 10-30% compared to propellants without a catalyst. According to research [30], CNTs can lead to
a burning rate enhancement of 15 to 40% compared to GO. The magnitude of the increase is
dependent on variables such as the type of CNT, its concentration, and its dispersion within the
propellant matrix. CNT has a high aspect ratio and a large surface area per unit mass [52]. This
facilitates increased contact between the catalyst and the adjacent AP particles. The surface area of
CNT can vary between 50 and 1300 m2/g, depending on the exact kind [53]. GO, like CNTs, has a
large theoretical surface area of about 2600 m2/g because it is made up of a sheet that is only one atom
thick [54]. The large surface area allows for a sufficient number of active sites for catalytic reactions
to occur.

Method of Synthesis: Al/GO and AlI/CNT

Some researchers have demonstrated the synthesis of Al/GO using Hammer's method [55]. The
process began by creating a GO suspension (1.0 mg/mL) through sonication of graphite oxide powder
in N-dimethylformamide (DMF) for 2 hours. An Al suspension (10 mg/mL) was prepared by
dispersing Al nanoparticles in a DMF/isopropanol (1:1) solvent mixture. The GO suspension was then
added to the Al suspension and ultrasonically dispersed for 1 hour. The resulting mixtures were
centrifuged at 11,000 rpm for 20 minutes, and the obtained precipitants were dried in a vacuum oven
at 60°C to remove any residual solvent, yielding the GO/Al nanocomposites.

However, researchers have discovered a variety of methods for synthesizing CNT with Al. For
example, ball milling, ultrasonication, cold press, sinetering, and hot extrusion. In order to create a
composite material, aluminum powder and carbon nanotubes (CNTs) are mixed together using the
powder metallurgy method. To equally distribute the CNTs throughout the aluminum matrix,
mechanical mixing —often accomplished by ball milling —is the first step in the process. To produce
a solid preform, the powder is combined and then cold-compacted under high pressure. After that,
this preform is sintered at temperatures lower than the melting point of aluminum, which permits
the bonding of the metal particles while preserving the CNTs' structural integrity [56].

Furthermore, align the CNTs for better characteristics and further densify the material, further
procedures like hot pressing or extrusion may be used. According to research [57], multiwall carbon
nanotubes (MWCNTs) can produce AI/MWCNT composites via ball milling and hot extrusion. For
grain sizes less than 70 nm, the efficiency of reinforcing with carbon nanotubes follows the
discontinuous fiber volume fraction rule. The study said that using a normal powder metallurgy
method, it is possible to make large-scale AI/CNT composites with CNT that are aligned in a single
direction.

Hammer’s method requires special equipment and expertise to handle the process. Compared to ball
milling, it can be less complex equipment and also allows for precise control over the final properties
of the propellant. However, it is not suitable for large scale production, and it is difficult to achieve
high purity of the propellant.

Characterize catalyst

There are some characterizations can be made in order to evaluate the performance of the synthesized
for example, Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), Thermogravimetric
Analysis (TGA), and Differential Scanning Calorimetry (DSC). A Scanning Electron Microscope
(SEM) was used to examine the morphology of the synthesis. Thermogravimetric Analysis (TGA) and
Differential Scanning Calorimetry (DSC) were carried out to measure the thermal analysis in which
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samples were heated from 25 to 1000°C at a rate of 10 K min-1. To analyze the crystalline phase of the
synthesis for both elements, X-ray Diffractometer (XRD) will be use.

In terms of DSC performance, graphene reduces both the high temperature decomposition (HTD)
and low temperature decomposition (LTD) but has no effect on the crystallographic transition process
of AP when compared to pure AP. The LTD drops by 0.7 = C until 28.9 - C, and the HTD decreases by
0.7 = C until 68.3 » C, respectively, after adding 0.5 wt.%, 1 wt.%, 2 wt.%, and 3 wt.% graphene [58].
Other than that, according to the research [58,59], graphene and CNT can reduce the particles size of
agglomeration by using SEM detector.

The Impact of GO on Thermal Decomposition.

According to research [60], the use of GO as a catalyst can enhance the heat of reaction for oxidizers
like polyvinylidene fluoride (PVDF). This paper proved the statement by doping 0.5% GO into
PVDF/CuO/Al samples. The results indicate that adding 0.5 wt% of GO to PVDF increases its reaction
heat to 3809.1 J/g, which is 1.1% higher than that of pure PVDF, due to GO's catalytic effect. However,
higher concentrations of GO are detrimental to energy enhancement. At 1 wt% and 3 wt% GO, the
reaction heats for PVDF decrease to 3491.0 /g and 3244.0 J/g, respectively, which are both lower than
the reaction heat of pure PVDEF. Thus, it shows that only 0.5 wt% of GO are needed to improve
reaction of heat of PVDF/CuO/Al and the excess GO will decrease the performance of the samples.

Zhu et al. (2021) [61] demonstrated that incorporating 10 wt.% fluorinated graphene (FG) reduces the
maximum flame time (t') while increasing the stable burning time (t"), thus enhancing time of
combustion stability. However, when the FG content increases from 15 to 25 wt.%, t' increases and t"
decreases, attributed to the rise in combustion intensity and energy release rate. These findings
indicate that FG improves fuel combustion stability and energy release.

The impact of carbon nanotubes on thermal decomposition

The exact decomposition temperature is influenced by factors such as the type (single-walled vs.
multi-walled) of carbon nanotubes (CNTs), their purity, and the surrounding atmosphere Other than
that, agglomeration of CNT hinder the Uniform dispersion of CNTs within the TNP/TNR matrix is
crucial for maximizing the heat transfer and catalytic effects. However, research indicates that
additives have a much smaller effect on the burning rate of picric acid (TNP) compared to styphnic
acid (TNR). For instance, at a pressure of 2 MPa, adding 1% CNT increases the burning rate of TNP
by approximately 1.4 times and TNR by about 2 times [62].

Al/GO can be seen to improve the burning rate of the composite from Graphene at 1 wt% increases
the burning rate from 8.3 mm/s to 11.1 mmy/s. Other than that, AI/CNT improves the burning rate
from 1.18 mm/s to 2 mm/s with 1 wt% of CNT. Both shows an improvement but GO takes the slight
lead. Moreover, GO lowers the activation energy required for the decomposition of other materials
in a composite compared to CNT, impact on overall decomposition temperature depends on the
specific type and interaction with the other material.

CONCLUSION

This can conclude from reviewing most past research papers that CSP is an essential component in
the construction of any effective solid rocket motor. The performance of CSP depends on many
constituents that form a heterogeneous mixture, including oxidizers, energetic fuels, burning rate
regulators, and other additives. Since AP is considered widely used due to its exceptional mix of
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features, it enables the rocket motor to sustain highly efficient burning. However, the propellant's
performance may suffer due to the easy absorption of AP. Therefore, adding a catalyst can prevent
the agglomerate event.

In this review, many researchers have mixed their own oxidizer with various types of burning
catalysts in order to achieve their own objective, which is to improve the propellant's properties.
Furthermore, the size of the materials used significantly influences their performance. It is evident
that the propellant mechanism benefits greatly from the reduction of Al's size from micro to
nanosized, as it reduces the propellant's ignition delay time. Other than that, nanocatalysts such as
nanoferric oxide (nFe203) can influence the pace at which the oxidizer decomposes and allow for
more accurate regulation of the propellant's burning rate.

In addition, this review has explained various methods for synthesizing GO and CNT with Al
Synthesis Al/GO using the Hammers method, ultrasonic method, or electrospinning [57]. Given the
variety of methods available for Al/CNT synthesis, one can combine two methods to synthesize it
and compare the resulting value with other methods. This can be observed that the small amount of
addition of GO and CNT to produce Al/CNT and Al/GO enhances the propellant's properties such as
burning rate and thermal decomposition without significantly increasing the weight of the materials.

RECOMMENDATION

The use of dangerous chemicals like sulfuric acid in its synthesis raises worries for the environment
and public safety, and the expensive cost of raw materials exacerbates challenges with economic
viability. These are the constraints of using GO and CNT in industrial processes. Post-synthesis
processing problems with both compounds include challenging dispersion and intricate purification.
Significant obstacles also include the health concerns of inhaling nanoparticles and the environmental
effects of disposing of trash. Ultimately, large-scale adoption is complicated by the need for
scalability, which calls for tackling murky legislative frameworks, dependable supply networks, and
interoperability with current industrial processes.

However due to GO's strong reactivity, ignition temperatures may be lowered, resulting in faster and more
regulated burn rates and a lesser chance of inadvertent detonations. Because of their enormous surface area and
thermal stability, CNTs may encourage more uniform energy release, enhancing the dependability and
consistency of propulsion systems. Additionally, these substances could lessen the requirement for pricey
metallic catalysts, which would cut production prices all around. On the other hand, using them might cause
environmental problems. Thus, GO and CNT are highly expectation for future years due to drastic improvement
that have contribute in past research.
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Abstract: Steel slag, a by-product of steel production, is increasingly recognized as a valuable resource for
carbon capture and storage via mineral carbonation. This study investigates the potential of steel slag as CO2
sequestration agent via indirect mineral carbonation process. An elution experiment was conducted to enhance
the carbonation process, examining the impact of reaction time, temperature and CO2 pressure. The
mineralogical and chemical behavior of steel slag were analyzed using XRD, and XRF techniques. Results
indicate varying percentages of minerals for steel slag; CaO (29.60%), Fe203 (24.5%) and SiO2 (15.60%). Steel
slag utilization demonstrated potential as viable CO2 capture agent from steel production, thereby advancing
sustainable practices. CO2 mitigation practices through utilization of industrial wastes serve as beneficial
approach for long-term carbon capture and storage.

Keywords: mineral carbonation; steel slag; alkaline industrial waste; CO2sequestration

INTRODUCTION

Climate change, driven by rising levels of atmospheric carbon dioxide (CO), presents one of the most
pressing challenges of our time [1]. As industrial activities continue to elevate CO: emissions , finding
effective and sustainable carbon sequestration methods has become imperative for mitigating global
warming and its associated impacts. Among various strategies, the utilization of industrial by-
products for carbon capture offers a promising avenue for reducing greenhouse gas concentrations.

Carbon mineralization is an efficient and risk-free way to transform CO: into stable carbonates [2,3].
Steel slag is a by-product of metallurgical procedures that remove impurities like silica, sulfur,
phosphorus, and manganese from molten or scrap steel [4,5]. Steel slags with calcium-magnesium
(Ca-Mg) silicate minerals, natural lime (CaO) and portlandite (Ca(OH):2) concentrations, alkaline pH,
and low chemical stability are considered a highly potential source for CO: sequestration [6].
Comprising various oxides and silicates, steel slag exhibits alkaline properties that enable it to react
with CO, forming stable carbonates. Furthermore, alkaline solid wastes are much more suitable for
CO2 mineralization due to their relatively higher reactivity and intrinsic alkalinity, with ready
availability near industrial sites [2]. Thus, recent studies have revealed its potential as a valuable
resource for carbon sequestration.
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Exploring the use of steel slag for carbon sequestration not only addresses waste management issues
but also leverages its chemical composition to capture CO: effectively. Unlike conventional
sequestration techniques, the utilization of steel slag offers dual benefits of reducing industrial waste
and contributing to climate change mitigation [7]. Understanding the mechanisms and potential of
steel slag in this context is crucial for developing sustainable industrial practices. Alkaline solid
wastes, on the other hand, are much more suitable for CO: mineralization because of their relatively
higher reactivity and intrinsic alkalinity, and they are readily available near industrial sites

Despite their enormous potential, the current scale-up uses of CO2 mineral carbonation are limited.
This study aims to investigate the potential of steel slag as a carbon sequestration agent by examining
its chemical and physical properties, determine the potential of silicate minerals from steel slag for
mineral carbonation process. By elucidating these aspects, we seek to provide a comprehensive
assessment of steel slag's viability as a sustainable solution for carbon sequestration.

MATERIALS

SAMPLE PREPARATION

Industrial solid waste, i.e. steel slag (SS) was collected from Lion Titco, Megasteel Sdn.Bhd. The
company was to recover iron metal from slag, which would then be reintroduced into the respective
steel mills' electric arc furnaces (EAF) as scrap. SS powder was delivered uncrushed and was then
grounded with a mortar and pestle. Before the experiment, sample was filtered through standard 35
um sieves and dried overnight at 105 °C. The samples were then transferred to the laboratory for
mineralogical analysis (Fig. 1).

Sample characterization and analysis

X-ray diffraction (XRD) and X-ray fluorescence (XRF) was used to determine the primary elemental
composition of the of the alkaline residue. The mineral components of steel slag samples were identified by
XRD analysis [8]. To begin, a few grams of samples were placed on a rectangular sample holder and compressed
to ensure that no sample fell outside of the sample holder's specified area. Following that, the sample holders
were piled on a sample rack. After that, the samples were examined using the Bruker AXS Germany D8
Advanced X-Ray Diffraction. The diffractogram data was analyzed with Diffract EVA software to identify the
minerals present in the samples, and then with Origin Pro to label the peak of the graph with a specific label
based on the type of mineral [9].

Fig. 1: Picture of steel slag sample.
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XRF (X-ray fluorescence) analysis is a non-destructive analytical method for determining the
elemental composition of materials. It runs by irradiating a sample with high-energy X-rays, causing
the atoms to generate fluorescent X-rays specific to each element present. The generated X-rays were
then detected and analyzed to determine and characterize the elements in the sample [10].

RESULTS AND DISCUSSION

Mineralogy of steel slag samples

The mineralogical composition of the steel slag is summarized in table 1. The crystalline phases were
mainly comprised 6 different mineral kinds: calcite, quartz, magnesium zinc iron oxide, brucite,
hydrocalumite and heulandite. Fig. 2 indicates that the highest peak of hydrocalumite
(Ca2Al(OH)73sH20) was present in steel slag samples because steel slag contains a high concentration
of calcite [7]. Calcium oxide combines with CO: in the atmosphere, forming calcium carbonate
(calcite) [11]. Our study also found some brucite (Mg (OH)z2).
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Fig. 2: Minerals from XRD analysis of the steel slag samples. The added number signify the
peaks for all types of steel slag minerals: calcite (yellow circle), quartz (pink heart), magnesium
zinc iron oxide (blue star), brucite (green square), hydrocalumite (red triangle) and heulandite
(orange oval).

TABLE 1: . Summary of composition of minerals in steel slag samples.

Minerals Chemical formula

Primary minerals
1. Hydrocalumite® Ca,Al(OH)7-3H,0
2. Quartz® SiO;
3. Calcite® Ca(CO0s)
Secondary minerals

4. Magnesium zinc iron oxide? (M3o.04 ZNo.46 Feo:5) (MJo.46 ZNo.0s Fe15) Os
5. HeuIandite-Cab C&A'z Si7018-6H20
6. Brucite? Mg(OH).

aDivalent cation, "Carbonate minerals, <Silica
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The most dominant mineral in the steel slag samples was hydrocalumite, followed by quartz (S5iO2
and calcite (Ca(CO:s)) (Fig. 2).

The carbonation of hydrocalumite involves its reaction with CO: to form calcium carbonate (CaCOs)
and other compounds. Rossi et al. (2019) evaluated calcined hydrocalumite as a CO: adsorbent using
thermogravimetric analysis. Their study demonstrated that calcined hydrocalumite effectively

captures CO, forming stable carbonates as shown in the following equations (1,2) [12]. This reaction
reflects a transition of calcium and aluminium minerals, which may contribute to carbon dioxide sequestration
by creating stable carbonate minerals by reaction with CO; as shown in equation 1. In terms of mineral
carbonation, this process involves the conversion of the calcium-aluminum hydroxide chloride compound and
water into calcium oxide, calcium-aluminum oxide, additional water, and hydrogen chloride, effectively
sequestering CO- into stable carbonate minerals as shown in equation 2.

14Ca,Al(OH)BCI. 2H,0 — 16 CaO + Ca1zAl1Os3 + 63 H20 + 14 HCl (1)

14Ca2Al(OH)6Cl.2H,0—16Ca0+Ca12Al14033+63H20+14HCI 2

Chemical composition of steel slag samples

The chemical composition of the steel slag determined by XRF analysis and presented in the form of
CaO, Fe20s, S5i0z, Al:Os, MgO, ZnO and SOs are given in Fig. 3. The sample contains a significant
amount of CaO (29.6 %). Calcium oxide is the major component of mineral carbonation. CaO easily
combines with CO: to produce calcium carbonate (CaCOs), a stable and sustainable chemical.
Carbonate minerals contain metal cations such as calcium (Ca), magnesium (Mg), and iron (Fe), which
are required for mineral carbonation. These cations combine with CO: to generate stable carbonate
minerals, such as calcite (CaCOs), magnesite (MgCO:s), and siderite (FeCOs) [13]. This technique forms
slag into a more stable and less reactive material, in addition to sequestering CO:2[11]. The high iron
content can facilitate the formation of iron carbonates under specific conditions, although this is less
common than the formation of calcium or magnesium carbonates. The presence of Fe:0s (24.50%),
also enhances the overall density and stability of the carbonated material. For instance, the mineral
carbonation of steel slag primarily involves the creation of stable carbonate minerals from the slag's
different oxides as shown in following reaction (3,4)[14]:

CaO + CO, — CaCOs (3)
MgO + CO, — MgCOs (4)

MgO was also found in the sample, i.e. 9.07% which is important as reactive mineral for carbonation
alongside CaO and Fe:0s.

HCa0 EFe203 B Si02 [ A203 B MgD BZn0 S0 B WnD B Others
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Fig. 3: Chemical composition of steel slag

Potential carbon sequestration capacity of steel slag
Based on the mineralogical and chemical composition, potential carbon sequestration capacity of the
material can be estimated. It was found that the capacity of CO: sequestration of the steel slag is about

32.3%. Theoretically, it can be estimated that around 63.1% of CO, can be captured based on 1 g of
Ca0O/MgO/Fe,03 that can sequester 1 g of CO.. The combined XRD and XRF analysis have indicated steel

slag's substantial potential for carbon sequestration. Steel slag is a desirable material for capturing and
storing CO2 due to the availability of reactive oxides (e.g., CaO, MgO and Fe:0s) and mineral phases
that promote carbonation. In this study, steel slag contained magnesium divalent cation (magnesium zinc
iron oxide and brucite) and carbonate mineral (calcite) respectively, that are potential for mineral
carbonation.

Factors influencing Carbonation of steel slag

Reaction of time

The time of the carbonation process greatly affects the amount of CO, absorbed by steel slag. Steel-
making slag's potential to sequester CO: rises with reaction time due to calcium carbonate production
[15]. Wei et al. discovered that longer carbonation times accelerate the carbonation process in steel
slag-desulfurization gypsum, eventually leading to equilibrium [16].

3.4.2 Temperature

The process of steel slag carbonation is influenced by temperature. Higher temperatures affect the
solubility of CO: and the rate at which slag dissolves in water during carbonation. Carbonation
temperature also effects crystal formation and growth, as well as their microscopic structure.
However, temperatures exceeding 200°C were found to delay the carbonation process.

According to [16], the optimal temperature for carbonizing steel slag is 200°C for EAF slag, where
200°C showed to be best for carbonation, as increasing the temperature boosted mineral dissolution.
Dry carbonation typically requires greater temperatures than aqueous carbonation. According to
research, the carbonation efficiency of suspended steel slag with high CO: pressure increases from
46% to 70% as the temperature rises from 50°C to 200°C. However, when steel slag is utilised as a
construction material with low water-to-solid ratios and low CO: pressure, it is unclear if greater
curing temperatures increase carbonation.

CO:2 Pressure

Multiple studies have found that CO: pressure plays an important role in the carbonation of
steelmaking slag. While some studies show that increasing CO: pressure improves carbonation,
others show that it has little to no effect, and in other situations, it may even slow the reaction.
According to Henry's law, CO2solubility increases with pressure at constant temperature, implying
that increasing pressure results in more CO: molecules involved in the carbonisation process. For
example, pressures of 10, 50, 100, and 150 bar were evaluated for CO: uptake under identical
conditions (50°C, L/S =1). A linear link between CO: pressure and dissolved CO:z is seen, which can
speed up carbonation. However, if CO:z dissolution is not a limiting factor, pressure will have no effect
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on the process. On the other hand, if calcium extraction is limited, CO2 pressure becomes more
important [16].

CONCLUSION

Steel slag represents an influential potential in carbon sequestration, providing an effective way to
reduce atmospheric CO: levels. Its significant capability for mineral carbonation, which converts CO2
into stable carbonate minerals, places it as a key role in combating climate change. The primary
minerals detected in steel slag include hydrocalumite, quartz, and calcite. Magnesium divalent cation
(magnesium zinc iron oxide and brucite) and carbonate mineral (calcite) are essential for carbon
capture and storage due to their stable carbonate forms. As research progresses, optimizing steel
slag's efficiency as a carbon sink promises not only environmental benefits but also economic gains
through the repurposing of industrial waste. Harnessing this potential requires additional research
and investment, establishing the path for scalable and long-term global carbon management plans.
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Abstract: This study emphasizes on the utilization of industrial waste (marble processing waste) as a feedstock
material in the preliminary step of indirect aqueous mineral carbonation for CCS. The role of calcium (Ca) was
assessed in terms of elution behavior to improve carbonation uptake. The Ca elution experiment was carried
out using formic acid at two concentrations (0.5 and 1.0 M) and times (up to 150 min) at ambient conditions.
The physicochemical analysis confirmed the significant amount of Ca in the waste sample. The elution method
at ambient temperature achieved >90% of Ca elution efficiency using 1.0 M solution at 100 min with the L/S
ratio of (1:30). It was found that formic acid can elute maximum Ca from the sample at ambient conditions
which would ultimately increase the carbonation efficiency. Furthermore, the carbon sequestration potential
was calculated using the elution results of Ca (1.0 M and 100 min), which can sequester up to 583.72 mg CO»/g
of marble waste sample. Findings suggested that the utilization of marble waste might capture a good amount
of COg, thus suggesting that this material has the potential for long-term CCS applications.

Keywords: calcium elution; indirect aqueous mineral carbonation; carbon capture and storage; climate change;
industrial waste.

INTRODUCTION

The drastic increase in global carbon dioxide (CO2) emissions mainly due to anthropogenic activities
has caused negative impacts on both humans and the environment, as a result of climate change and
global warming. According to studies, a CO2 concentration of less than 350 parts per million (ppm)
is considered safe. However, the safest level of CO2 has already surpassed and is close to 400 ppm [1,
2]. To tackle these emissions, numerous technologies have been considered to reduce CO2 emissions
worldwide and carbon capture and storage (CCS) via mineral carbonation is one of them. CCS and
particularly indirect aqueous mineral carbonation can capture significant amounts of CO2 before
releasing it into the atmosphere. In this technology, basic minerals such as calcium (Ca) and
magnesium (Mg) react with CO2 and convert to carbonates resulting in safe and long-term storage of
CO2 [3, 4]. Industrial alkaline wastes are the ideal source to be used as feedstock for the CCS via
mineral carbonation. Many studies have assessed the different industrial wastes for the CCS
waste/dust with varying ratios of impurities. However, this study utilized marble processing waste
as feedstock material in a preparatory step for CCS via indirect aqueous mineral carbonation with
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almost zero impurities in it. Therefore, it might assist in simultaneously reducing waste and CO:
emissions.

LITERATURE REVIEW

Techniques for carbonation-based CCS involve the removal of CO: from industrial exhaust
gases. Carbonation-based CCS is divided into two methods: (i) direct and (ii) indirect carbonation.
The direct carbonation method involves - direct reaction of metal oxide (MO-Ca/Mg) with CO:21in a
controlled environment and converting it into carbonates. However, the indirect carbonation extracts
the MO first by applying an extraction agent and then reacts with CO:, hence converting it into
carbonates [4]. The more Ca/Mg extracted, the more carbonation might occur. It has been suggested
that the solution type (ammonium salt-based extractant and acid-based extractant) and extraction
parameters (molar concentration, temperature, time, pH, particle size) have a significant impact on
the total Ca/Mg extraction yields [5, 6]. Previous studies observed that acid-based extraction agents
are more effective compared to salt-based extractants. Whereas, when applying temperature salt-
based extractants observed good yield which suggested temperature is directly proportional to
extraction yield. On the other hand, studies reported that acidic pH is more favorable for better
extraction yield. Moreover, particle size is a crucial factor, the coarser the particle size,the better the
extraction yield [7, 8].

Previous studies assessed different industrial waste materials with various impurities. Huang
et al. [9] assessed coal fly ash as feedstock material for carbonated-based CCS, where other metals
such as S5iOz and Al2Os are present along with desired elements such as Ca and Mg with the portion
of 46.9% and 19.5%, 17.8% and 1.15% respectively. Kim and Jung [10] assessed cement kiln dust as
feedstock material with desired and other metal proportions of CaO, K20, Cl, and SiO: of about 46.4%,
21%, 15.7%, and 6.4% respectively. In addition, the above studies show various proportions of other
elements available in various feedstocks for the carbonation-based CCS approach. It has been
suggested that a modification treatment be carried out before the extraction process if the Ca/Mg-
bearing phases contain other elements to bring them into stable phases, which not only makes the
method complex but also increases the overall cost of the process. Therefore, there is a need to
evaluate other waste materials for CCS via mineral carbonation. Massive amounts of marble waste
are generated worldwide in the form of dust/stone and wastewater, this can result in solid waste
dumps and air pollution. Marble waste is a pure form of Ca with almost zero impurities (>80%) [11,
12], which suggests an ideal feedstock material for the carbonation-based CCS.

The primary goal of this research is to explore the possibility of marble waste as feedstock for
carbonation-based CCS to reduce waste and CO: emissions simultaneously. Specifically, this study
assessed the utilization of marble waste as feedstock material in the preparatory step of indirect
aqueous mineral carbonation, and determined the leaching or elution efficiency using different
concentrations of acid and different reaction times at ambient conditions to reduce overall cost.

MATERIALS

The marble waste samples were collected from GCCP Resources Limited, a marble processing
company located in Simpang Pulai, Perak Malaysia. 10 kg of small fractions between 1-10 cm in size
waste samples were obtained. The samples were air-dried for 48 hours at room temperature. The
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samples were crushed using a crusher and sieved (<0.5 mm) to homogenize the samples for further
analysis and elution experiments.

EXPERIMENTAL

Physiochemical and Mineralogical Analysis

The particle size, microstructure, and chemical composition (percentage weight) were analyzed using
scanning electron microscopy attached with energy dispersive X-ray spectroscopy (SEM-EDX, Philips
XL30, Netherlands-Inca Software). Four spots were randomly scanned at 2 different locations and all
values were normalized. Its maximum resolution, under ideal conditions, is 3.5 nm. The mineral
phases of the samples were assessed by x-ray diffraction (XRD, Bruker-AXS D8 Advanced
diffractometer). The software (Diffrac AT EVA V.9.0) was used to analyze the integrated intensity of
peak areas to identify the mineral phases of the samples. A portable pH meter (Thermo SCIENTIFIC
Orion Star A121) was used to determine the pH of solution.

Elution/Leaching Experiment

The marble waste was subjected to an elution experiment in the laboratory as a pre-carbonation step
to extract Ca. A modified version of an elution experiment for carbonation conducted by Kim and
Jung [10] earlier was implemented in this study. Formic acid (analytical reagent grade) was used as
an elution agent to assess their elution/leaching behavior using marble waste.

Elution Agent Concentration and Time

The elution efficiency was assessed using formic acid at two different concentrations of 0.5 M and 1.0
M. Marble waste and acid solution was mixed at a ratio of 1:30 (5g: 150 ml) in flasks and was shaken
at a rate of 230 rounds per minute for 150 min on an orbital shaker at ambient conditions. To evaluate
the elution efficiency according to time, samples were obtained sequentially at 20, 60, 100, and 150
minutes to assess the Ca concentration.

Analytical and Post-Elution

During the elution experiment, a 10 ml disposable plastic syringe with a connected head of 0.45 um
membrane filter was used to collect samples. The 15 ml centrifuge tubes were used to keep the
samples and were analyzed to determine the Ca concentration in the solution by using an Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES, Perkin Elmer Optima 7300 DV). Next,
using the Kim and Kim [13] method, concentration results (mg/L) were calculated to determine the
elution efficiency.

CO:2 Sequestration Potential

Furthermore, the sequestration potential of CO: using the indirect aqueous mineral carbonation
approach of marble waste was calculated. Based on the Ca and COs* (carbonate ion), a
balanced stoichiometric ratio of 1:1, the theoretical sequestration potential of Ca was
calculated using Equation 1 [14].

ImmolCa , ImmolCO,, 44.01mgC02)
40.08mgCa ImmolCa ImmolCO, /] mgCO,

Mi gsample

(Ce*Vsol*
PCOZ=

)
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where PCO:z refers to the sequestration potential of CO2 in unit mg CO:/g waste sample, Ce refers to
the elemental concentration in the solution (mg/L), Vsol refers to the solution volume (L), and Mi
refers initial weight of the sample (g).

RESULTS AND DISCUSSION

Physiochemical and Mineralogical

The SEM images examined the morphology and particle size of the marble waste sample. The
microstructure of the marble sample revealed that some particles are in agglomerated form while
some are scattered (Fig. 1). The sample particles indicate irregular crystalline shapes. The average
particle size was determined using the SEM images (at 5.00kx magnification) by measuring two
random particles. The average particle size was determined to be <1 um. Therefore, it turned out that
the sample grinding achieved a suitable particle size for the elution and carbonation experiment [15].

Fig. 1. SEM images of marble waste samples with their particle size.

Table 5. Chemical composition of marble waste

Chemical Formation Concentration (wt.%)
Ca 56.17
O 35.7
C 7.21

*Other (5i, Mg, Al, Fe) 0.92

Table 1 shows the chemical composition of marble waste sample as the mass percentage of elements.
The predominant element of the marble waste sample was Ca, with the maximum amount of Ca
(56.17%), followed by O (35.7%), and C (7.21%). The remaining elements (Si, Mg, Al, Fe) were also in
meager quantities. Therefore, it was confirmed that reactive metal oxides (Ca) were available in the
marble waste sample with almost no impurities. Once the Ca bonded with CO, carbonate minerals
formed, as explained by equation 2.

Ca0+CO,—CaCO;, (2)

Fig. 2 represents the mineralogy of the marble waste sample and phase distribution by XRD. The XRD
analysis shows that calcite (CaCOs), wollastonite (CaSiOs), and akermanite (CaxMgSi20O7) were
observed in the marble sample. The mineral phase distribution shows that calcite (96.3%) was the
major mineral present in the waste sample, followed by wollastonite (2.6%). The mineralogy of the
sample suggested that the 100% Ca presence in the sample can react with CO: and turned into CaCOs.
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This illustrates the presence of valuable minerals in marble waste samples with almost no impurities.
Thus, the chemical composition summary was corroborated by the XRD findings.
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Fig.2. XRD diffractograms of marble waste sample (A = Calcite; CaCOs, B = Wollastonite; CaSiOs,
C = Akermanite; Ca2MgSi>07)

Ca Elution Results

The elution of ca using formic acid resulted in the formation of calcium formate [16]. Fig. 3. represents
the elution results of Ca employing formic acid using two different concentrations (0.5 M and 1.0M )
solutions. The Ca elution results indicated that the higher molar concentrated solution performs
better with higher elution efficiencies from start to end (up to 150 min). The maximum Ca elution
efficiency of 94% was achieved using 1.0 M solution at 100 min, followed by 86% using 1.0 M solution
at 60 min. The highest elution efficiency using low concentrated solution (0.5 M) was 76% in the first
20 min, followed by 74% at 60 min. However, a declining trend was observed which suggested the
completion of the reaction that took place. Therefore, it can beconcluded that ahigher molar
concentration of formic acid can extract more than 90% of Ca from the marble waste samples at
ambient conditions. In comparison with a previous study conducted by Ghoorah et al. [17], where
they used >80% of wollastonite mineral, it was observed that a lower elution efficiency was resulted
at a lower temperature due to silica layer formation which eventually affects the dissolution process
by time. Thus ahigher elution efficiency (>90%) in this study justified the utilization of waste material
with no impurities.
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Fig. 3. Elution results of Ca as a function of reaction time using 0.5 M and 1.0 M concentrations
of formic acid.
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Fig. 4. pH variation of 0.5 M and 1.0 M formic acid solution as a function of time.

pH Variation

Fig. 4 shows the pH variation observed for 0.5 M and 1.0 M formic acid solution. The pH of the formic
acid solution significantly affects the Ca elution process. In this study, the pH of the 1.0 M solution
remains acidic (3.4-3.7), however, the 0.5 M solution pH shows an acidic to slightly acidic nature (5.3-
6.3) throughout the experiment (up to 150 min). The pH results suggested that the acidic pH was
more favorable to eluting Ca using formic acid at faster rates and ambient conditions. On the other
hand, a slightly upward trend in pH suggested the mechanism of alkalization in the reaction mixture
that raises the pH of the solution by consuming protons and releasing Ca from the sample [17].

Summary and CO: Sequestration Potential

The elution results with the best Ca elution efficiency employing two different formic acid
concentrations at various contact times are summarized in Tab. 2. 1.0 M solution exhibited the highest
elution efficiency for Ca with 94% at 100 min. Whereas, the highest elution efficiency using 0.5 M
solution was 76% at 20 min. Therefore, it can be suggested that the

higher molar concentration of formic acid was more effective under ambient conditions. Furthermore,
the marble waste CO: sequestration potential was also calculated for Ca elution efficiency in this
study. The CO: sequestration capacity of marble waste using 0.5 M (20 min) and 1.0 M (100 min)
formic acid solution was estimated to be 471.72 mg CO/g sample and 583.72 mg CO:/g sample (Tab.
2).

Table 6. Summary of Ca elution with highest efficiency of 0.5 M and 1.0 M formic acid solutions
with respective CO: uptake potential.

Characteristics 0.5 M 1.0 M
Elution Efficiency 76% 94%
Reaction Time 20 Min 100 Min
L/S Ratio 1:30 1:30
CO2 Uptake Potential 471.72 mg COs/g 583.72 mg CO/g
CONCLUSION

The Ca elution from marble waste as the initial stage for indirect aqueous mineral carbonation was
studied. The elution experiments were conducted using formic acid at two concentrations (0.5 and
1.0 M) and at different times (up to 150 min). The physiochemical analysis confirmed the essential
elements/minerals and particle size for the elution and carbonation experiment with almost no
impurities. The highest elution efficiency of 94% was achieved using 1.0 M formic acid solution at 100
min (ambient conditions) with the estimated CO: sequestration capacity of 583.72 mg CO:/g marble
waste sample. Therefore, the utilization of marble waste might be able to capture a significant
quantity of CO:, indicating that this material might be useful for CCS via indirect aqueous
carbonation applications.
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Abstract: The biosynthesized silver nanoparticles (AgNP) using plant extract are known for their sustainable
approach and exceptional antibacterial properties. This study was designed to synthesize AgNP using Clitoria
ternatea and evaluate their antibacterial activity against Cutibacterium acnes. The ideal synthesis conditions
involved a 2% plant extract and a 2:8 ratio of plant extract to AgNOs over 216 hours of reaction time. The
formation of AgNP was confirmed by a colour change from blue to dark brown with UV-Vis spectrum
indicating surface plasmon resonance (SPR) peaks within 410 to 450 nm. Transmission electron microscopy
(TEM) revealed spherical particles of AgNP (17.45 + 7.41 nm). The antibacterial activity of the AgNP with
different extract-to-precursor volume ratios (1:9, 2:8, and 9:1) showed antibacterial activity against C. acnes
ATCC6919. The minimum inhibition concentration (MIC) assay showed dose-dependent inhibition of the
colloidal AgNP against C. acnes, with effective antibacterial activity recorded at 12.50 ppm. These findings
revealed C. ternatea as a sustainable source of synthesizing AgNP and uncovered their potential as an effective
antibacterial agent against C. acnes infections.

Keywords: silver nanoparticles; Clitoria ternatea; Cutibacterium acnes

INTRODUCTION

Silver nanoparticles (AgNP) are increasingly prevalent due to their unique properties and wide-
ranging applications in various fields such as food, pharmaceutical, and agriculture. The shift
towards biological synthesis of nanoparticles offers a safer and more environmentally friendly
approach than chemical and physical methods. Plant extracts rich in phytochemical compounds are
widely utilized to synthesize AgNP. Studies have reported on the antibacterial activity of
biosynthesized AgNP against various bacterial strains [1-3]. Clitoria ternatea has been identified as a
potential candidate for the biosynthesis of AgNP due to its rich phytochemical content and
recognized antimicrobial properties.

However, limited information is available on the effectiveness of the biosynthesized AgNPs against
skin infections, particularly those caused by Cutibacterium acnes. The knowledge gap revolves
around the antibacterial activities of biosynthesized AgNPs using C. ternatea and their potential to
treat the bacteria C. acnes. Therefore, the rationale of this study is to bridge this gap and contribute
to the development of eco-friendly approaches to produce AgNPs using C. ternatea while treating
dermatological issues associated with C. acnes.
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THEORY

Plant extracts play a crucial role in the biosynthesis of AgNP by acting as natural reducing and
stabilizing agents. These extracts contain a variety of phytochemicals, including flavonoids,
terpenoids, polyphenols, and proteins, which facilitate the reduction of Ag* to metallic silver (AgP)
and stabilize the resulting nanoparticles, thus preventing their aggregation [4,5]. This eco-friendly
and cost-effective method eliminates the need for harmful chemicals.

MATERIALS

C. ternatea flowers were obtained from Baker & Flavorist, Kuala Lumpur. AgNOs was obtained from
Merck. The materials for antibacterial assay include Reinforced Clostridial Medium (RCM) agar
(Oxoid, UK), NaCl (Merck), and McFarland standard (Oxoid, UK).

EXPERIMENTAL

The optimization of AgNP biosynthesis steps was performed by manipulating the plant extract
concentration (1% and 2%), plant extract volume (0.2 mL to 1.0 mL), reaction times (0 to 264 hours)
and volume ratio of plant extract to silver nitrate (1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, 1:9), determining
their effects on the synthesis of AgNP using C. ternatea. The biosynthesis steps followed from the
previous study [1]. The colloidal AgNP was analyzed using UV-Vis spectroscopy, and the powder of
AgNP (After collection using centrifuge) was characterized using Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction analysis (XRD) and transmission electron microscopy (TEM).
To examine the efficacy of the AgNP, their antibacterial activity against C. acnes (ATCC6919) was
evaluated using the disc diffusion technique (DDT) and minimum inhibitory concentration (MIC)
assays as qualitative and quantitative analyses, respectively, with slight modification by referring to
the research by Din et al. [2].

RESULTS AND DISCUSSION

Biosynthesis of AgNP

In Fig. 1, different C. ternatea extract concentrations reacted with a fixed volume of AgNOs solution
shows the SPR peaks appear within the range of 410 nm to 480 nm. The shifts in the position of SPR
peaks suggest variations in the sizes of the AgNP. Generally, a shift to a longer wavelength suggests
an increase in size, whereas a shift to a shorter wavelength indicates a decrease in size. AgNP
synthesized using 1% and 2% C. ternatea extract have maximum absorption values at 423 nm and 418
nm, respectively. Notably, 2% C. ternatea extract resulted in higher absorption intensity than 1% C.
ternatea extract at the same volume. This may be attributed to the role of the C. ternatea extract in the
biosynthesis of AgNP. This result may be attributed to the role of the C. ternatea extract in the
biosynthesis of AgNPs. C. ternatea contains various phytochemical compounds such as anthocyanins,
flavonoids, and polyphenols [6]. These bioactive compounds are responsible for reducing Ag* to
AgNPs and simultaneously stabilizing the AgNPs, preventing them from agglomeration.
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Fig.1: UV-Vis spectra of AgNP synthesized using (a) 1% C. ternatea and (b) 2% C. ternatea extract
with different volumes

Fig. 2 shows UV-Vis spectra for AgNPs formation against time. It was observed that the absorption
intensities increased over time and rose gradually after 216 hours. The increase in absorption intensity
over time suggests the ongoing formation of AgNPs during the synthesis reaction [1]. As the reaction
progresses, increased intensity signifies the growth in the quantities and sizes of the AgNPs in the
colloidal solution. Therefore, the UV-Vis spectra in Fig. 2 indicated that the synthesis reaction took
almost 216 hours to complete.
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Fig. 2: UV-Vis spectra for the formation of AgNPs against time

According to Fig. 3, the highest absorption intensity was recorded at the ratio of 2:8 (C. ternatea extract:
AgNOQO:s) at 430 nm, followed by 3:7, 4:6, and 1:9. In contrast, the remaining volume ratios
demonstrated lower and almost similar absorption intensities. The ratio of 2:8 displayed a consistent
and prominent peak at 430 nm, indicating a stable synthesis of AgNPs at this ratio. This optimal ratio
signifies the availability of an ample amount of Ag* and bioactive compounds to reduce AgNOs, thus
synthesizing AgNPs efficiently. Therefore, the ratio of 2:8 was considered the optimal ratio for the
effective synthesis of AgNPs.
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Overall, the study demonstrated that the ideal synthesis conditions involved using a 2%
concentration of C. ternatea extract along with a 2:8 ratio of C. ternatea extract to AgNOs over 216

hours.
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Fig. 3: UV-Vis spectra for the formation of AgNPs using varying ratios of C. ternatea extract to

silver nitrate.

Characterization of Biosynthesized AgNP
Figs. 4, 5 and 6 show the FTIR spectrum, XRD pattern, and morphological analysis using TEM of the
powder form of the biosynthesized AgNP under these optimized conditions, respectively.
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Fig. 4: FTIR spectra of (a) C. ternatea powder and (b) the biosynthesized AgNP
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Fig. 5: XRD pattern of the biosynthesized AgNP using C. ternatea
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Fig. 6: TEM image and particle size distribution of biosynthesized AgNP

In the FTIR spectra (Fig. 4), the peaks observed in the C. ternatea powder at 2920 cm™ and 2853 cm™?
corresponding to C-H stretching were similarly observed in the AgNP, indicating possible
interactions of bioactive compounds in the formation of AgNP. The peaks at 1736 cm™ in the C.
ternatea extract and 1740 cm™ in AgNP suggested the involvement of C=O-containing compounds in
the biosynthesis process. The C=C stretching vibration at 1628 cm™ in C. ternatea extract and 1627 cm™
in AgNP indicated the preservation of the alkene groups that capped the AgNP surface. The peaks
shifted upon biosynthesis of AgNP, suggesting the involvement of bioactive compounds derived
from C. ternatea extract in reducing Ag*. This indicates that the bioactive substances derived from C.
ternatea coexisted after biosynthesis and capped on the surface of the biosynthesized AgNP [2].

The XRD analysis (Fig. 5) revealed the presence of Ag in a face-centered cubic (fcc) structure, with
diffraction peaks corresponding to (111), (200), (220), (311), and (222) reflection planes. The data were
consistent with the standard reference of the International Centre for Diffraction Data (ICDD)
database with DB card no. 00-004-0783. Similar findings also have been observed in other studies [1-
3].

Additionally, peaks corresponding to AgO were observed, indicating the oxidation of the AgNP
during synthesis, possibly influenced by the biological environment. When AgNPs are exposed to
oxygen or other oxidizing agents, their surface layer oxidizes and forms Ag:O, changing the
composition of the surface layer from metallic Ag to oxide or hydroxide [7]. The presence of oxygen-
containing groups in plant phytochemicals, including flavonoids, phenolic acids, and terpenoids, can
act as donors and coordinate with Ag* forming Ag20.

Fig. 6 reveals that the AgNP are predominantly spherical and have sizes ranging from 2 to 40 nm,
with an average diameter of 17.45 + 7.41 nm. The particle distribution histogram further confirms this
size distribution.
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Antibacterial Activity of Biosynthesized AgNP

The antibacterial activity of the AgNP was evaluated using the DDT (Fig. 7) and MIC (Fig. 8) against
C. acnes ATCC6919. DDT provides a qualitative assessment based on the inhibition zones, and the
MIC assay offers a quantitative measure of the lowest concentration of AgNP required to inhibit
bacterial growth.

Fig. 7: DDT results show triplicate control plates (a, b, ¢) and triplicate sample plates (d, e, f),
representing independent replicates
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Fig. 8: The dose-dependent effect of biosynthesized AgNP on the cell viability of C. acnes
[Asterisks (*) and "ns" denotes a statistically and not statistically significant difference (p < 0.05)
with controls, respectively]

The antibacterial activity of biosynthesized AgNP against C. acnes was tested using varying volume
ratios of C. ternatea extract to AgNO:s (1:9, 2:8, and 1:9). The results indicated that the 2:8 ratio resulted
in the largest inhibition zone (18.7 + 0.6 mm), suggesting it may be the most effective for synthesizing
AgNP with strong antibacterial properties against C. acnes. An inhibition zone diameter of 16.3 + 0.6
mm was observed for the 1:9 ratio, meeting the criteria for significant antibacterial activity. However,
the 9:1 ratio did not indicate a visible inhibition zone, indicating weak activity.

Fig. 8 shows the dose-dependent effects of biosynthesized AgNP on the cell viability of C. acnes. As
the concentration of AgNP increased from 0.391 ppm to 100 ppm, there was a corresponding decrease
in cell viability, indicating more significant inhibition of C. acnes growth at higher concentrations. The
MIC value was determined to be 12.50 ppm, suggesting that concentrations below this were
insufficient to prevent C. acnes growth, while concentrations above 12.50 ppm showed increasingly
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potent inhibition. The half-maximal inhibitory concentration (IC50) identified was 50 ppm, indicating
that 50 ppm AgNP is required to inhibit 50% of the cell viability.

CONCLUSION

The optimal AgNP synthesis parameters involved a 2% plant extract and a 2:8 ratio of the extract to
AgNOs over 216 hours of reaction. Characterization results confirmed the formation of spherical and
crystalline AgNP with an average size of 10.22 nm. The DDT and MIC assays showed that the
biosynthesized AgNP can prevent the growth of C. acnes. Overall, the research findings have shown
the capability of synthesizing AgNP using flower extract of C. ternatea and their potential antibacterial
activity against C. acnes.
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Abstract: Lysozyme-immobilized cellulose nanospheres (CNS-Lys) were synthesized and analyzed using zeta
potential (ZP), Fourier transform infrared (FTIR) spectroscopy, transmission electron microscopy (TEM), and
antibacterial activity against Bacillus subtilis (B. subtilis). The immobilization of lysozyme at different
concentrations (0.2 mg/mL and 0.8 mg/mL) on cellulose nanospheres (CNS) surface was confirmed by the
presence of amide groups, the changes of ZP values and additional layer on the CNS surface. The antibacterial
activity investigation against B. subtilis using zone of inhibition (Zol) assays showed that CNS-Lys possessed
25% higher antibacterial properties than free Lys.

Keywords: antibacterial; cellulose; emulsion; lysozyme; spheres; Zol.

INTRODUCTION

In this study, we report the preparation of cellulose nanospheres (CNS) via our water-to-oil ratio
(W/O) emulsion method, evaluating their physicochemical and structural properties and forming
lysozyme-impregnated CNS. The CNS produced have properties that enhance the activity and
stability of lysozyme, thus making them excellent potential carriers for lysozyme and other peptide
or protein-based payloads.

THEORY/LITERATURE REVIEW

Lysozyme is well known for its various applications in food, medicine, and veterinary medicine
because it has antimicrobial properties. However, the application of lysozyme is still limited due to
its instability, low reusability [1], and short lifetime [2]. It also tends to cause aggregation caused by
macromolecular crowding [3]. This can affect the quality and efficiency of lysozyme. Therefore,
lysozyme has been largely immobilized on particles that act as carriers. Among them are zinc oxide
(Zn0O), silica [4], cellulose [5], and chitosan [6]. This enzyme immobilization technique can be divided
into physical and chemical. The selection of appropriate techniques is essential to increase the
interaction between lysozyme and substrate particles to increase the stability of lysozyme.

Generally, cellulose nanoparticles offer a fascinating platform in biomedicine due to their unique
properties, such as high surface energy, surface-to-volume ratio, and high proportion of surface
chemical groups that make them suitable as carriers. Many researchers have focused on using
cellulose nanomaterial derivatives with metal nanoparticle additions as antimicrobial agents. Mwafy
et al. studied the antibacterial properties of cadmium oxide in TEMPO-oxidized cellulose nanofibers
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(TOCN) [7]. Besides that, carboxymethyl cellulose-based functional films prepared by incorporating
curcumin and zinc oxide nanoparticles have also been reported to have antibacterial properties [8].
However, since nanometals can accumulate in many essential body organs, such as the spleen and
liver, their use is prohibitive. Nanometals accumulate in the atmosphere and the human body and
have significant harmful consequences [9].

MATERIALS

Cellulose from cotton linter (CL) (a-cellulose>95%) was supplied by George Weil & Sons Ltd,
Guildford, United Kingdom, while liquid paraffin was from R&M Chemicals. Sorbitan monooleate
(S80) (density: 0.992 g/cm?®), sodium hydroxide (NaOH, 96%), urea (CHiN:20) (ACS reagent
99.0-100.5%), hydrochloric acid (HCI) (36%—-38%), sulphuric acid (H250s) (95%-98%), acetone
(99.9%), Luria Bertani (LB) agar and chicken egg white lysozyme (40,000 units/mg) were obtained
from Sigma-Aldrich. The bacterial culture of the Gram-positive bacterium B. subtilis was obtained
from the Microbial Culture Collection Laboratory, Faculty of Science and Technology, Universiti
Kebangsaan Malaysia.

EXPERIMENTAL

Samples Preparations

Cellulose was treated with 40% H2SOx for acid hydrolysis. 1.5g of the treated cellulose was added to
the NaOH/Urea/water solution (7/12/81). The mixture was centrifuged at 10,000 rpm for 10 minutes
to remove trapped air bubbles and separate dissolved and undissolved cellulose solutions.

The cellulose solution was then filled into a plastic syringe and extruded at 2.0 ml/min into a beaker
containing 1.5% Span 80 and paraffin oil. The mixture was then stirred. The cellulose nanosphere
solution in the lower phase was collected, filtered, and rinsed with acetone three times.

Two concentrations of lysozyme (0.2 and 0.8 mg/mL) were prepared before the cellulose solution
was added to the lysozyme solution. The mixture was stirred for 15 minutes at 400 rpm and sonicated
for 10 minutes at 40 kHz with 100W average ultrasonic power. After that, all this mixture was
impregnated at room temperature for 12 hours. Then, the resulting suspension solution was
centrifuged at 14,000 rpm for 10 minutes. Two phases were formed, and only the bottom phase,
named 0.2CNS-Lys and 0.8CNS-Lys, was used further.

Samples Characterizations

A laser particle size analyser characterised the samples' zeta potential (ZP) (Malvern Zetasizer Nano
7S, Malvern, UK). All measurements for ZP were performed at 25 °C using a capillary electrophoresis
cell, and the samples were suspended in an aqueous solution at pH 7. The ZP was calculated based
on Smoluchowski’s equation. The average of three measurements was taken to represent the
measured potential. All measurements were conducted in triplicate. FTIR analysis was performed
using Fourier Transform Infrared (ATR-Perkin Elmer Spectrum 400 FT-IR) to analyze the functional
groups in the samples. Each sample was scanned 64 times at a resolution of 2 cm-! within the 4000 to
1000 cm™ range. The transmission electron microscope (TEM) (JEM-2100, JEO, Tokyo, Japan) was
utilized to examine the morphology and microstructure of CNS, 0.2CNS-Lys and 0.8CNS-Lys. 1 mg
of CNS, lysozyme and CNS-Lys samples were dried using a freeze dryer and subsequently analyzed.
The free Lys and CNS-Lys' antibacterial activity was investigated using agar plate diffusion to
measure zone inhibition (Zol).
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RESULTS AND DISCUSSION

The ZP values of CNS (-35.27 mV), 0.2CNS-Lys (-14.4 mV), and 0.8CNS-Lys (-9.93 mV) confirmed
the successful functionalization of lysozyme onto the CNS surface via electrostatic complexation. This
significant decrease in ZP is primarily driven by the steric repulsion attraction between the CNS and
Lys [10].

In free lysozyme, significant peaks at 1530 cm™ and 1640 cm™ in the amide 1 and I1 regions indicate
C=0 stretching, C-N stretching, and N-H bending (Fig.1). A broad peak around 3300 cm™ was also
observed due to N-H stretching in the amide A region. The 3300 cm™ and 2920 cm™ peaks in CNS
represent hydroxyl (OH) groups and C-H stretching, respectively [11]. A decrease in intensity at 2920
cm™ and a clear appearance of the peak at 1643 cm™ were observed after lysozyme immobilization
onto CNS. Also, a slight shift at 1530 cm™ indicates successful immobilization without significant
alteration in lysozyme's secondary structure, which was more pronounced in 0.8CNS-Lys.
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Fig. 1: FTIR spectrum of CNS, Lys and CNS-Lys

TEM imaging (Fig.2) to visualize the presence of lysozyme on the CNS revealed that the CNS
exhibited a well-defined spherical shape. However, the initially perfect spherical morphology
maintained by the surfactant was disrupted upon the immobilization of lysozyme around the CNS.
This led to imperfect spherical morphology and increased the CNS's average size. The CNS's spherical
size was 242 nm, the average size of 0.2CNS-Lys was 279, and 0.8CNS-Lys was 289 nm.

(b) “.' (c) ?
oo ‘ —so .m

Fig. 2: TEM images of (a) CNS, (b) 0.2CNS-Lys and (c) 0.8CNS-Lys

Referring to Fig.3, the study found that 0.8CNS-Lys exhibited a larger Zol than 0.2CNS-Lys due to its
higher zeta potential (ZP) value of CNS-Lys-0.8. This value indirectly provides stability to the active
sites of lysozyme, making them more exposed and effective against the B. subtilis membrane [12].
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Fig. 3: Zol of (a) 0.8CNS-Lys and (b) 0.2CNS-Lys

CONCLUSION
The CNS was confirmed to be an ideal carrier for lysozyme, other than to improve its stability. The

FTIR analysis has proved the presence of lysozyme on the CNS. Diffusion assay analysis proved that

CNS-Lys exhibited antibacterial properties by the presence of inhibition zones against B. subtilis.
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Abstract: Magnetic nanoparticles (MNPs) are frequently utilised in biomedical applications such as
hyperthermia, targeted drug delivery and cancer therapy. MNPs are categorised as diamagnetic, paramagnetic,
ferromagnetic, ferrimagnetic, antiferromagnetic, and superparamagnetic based on their intrinsic magnetic
dipoles and net magnetisation in the presence or absence of an external magnetic field. To assess the efficacy
of MNPs, it is essential to modify them with biocompatible ligands and optimise their magnetic properties. Iron
oxide nanoparticles (IONPs) are among the most frequently utilised metal oxide magnetic nanoparticles in
biomedical applications, attributed to their biocompatibility, low toxicity, pronounced superparamagnetism,
and straightforward synthesis. This study addresses these issues by comparing the physicochemical properties
and toxicity of IONPs synthesized via chemical and green methods. Using a green synthesis approach, IONPs
were produced and coated with chitosan (Cs) to enhance their stability and biocompatibility. The nanoparticles
were characterized through X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), vibrating
sample magnetometry (VSM), and thermogravimetric analysis (TGA). XRD confirmed the magnetite phase,
with decreased crystallinity observed with increasing coating concentrations, while FTIR analyses verified the
successful incorporation of Cs coatings. VSM showed that both green and chemically synthesized IONPs
exhibited superparamagnetic behavior, with a slight reduction in saturation magnetization after chitosan
coating. TGA revealed that Uncoated IONPs had improved thermal stability compared to coated ones. The
brine shrimp hatching rate assay demonstrated lower cytotoxicity for Cs-coated IONDPs, suggesting enhanced
biocompatibility. This study highlights the effectiveness of green synthesis and chitosan coating in improving
IONPs stability, magnetic properties, and safety, offering valuable insights for the development of eco-friendly
and biocompatible nanomedicines.

Keywords: Magnetite nanoparticles, Iron oxide nanoparticles, Biocompatibility, Green synthesis, Chitosan
coating, Brine shrimp hatching rate.

INTRODUCTION

Magnetic nanoparticles (MNP), particularly those composed of iron oxides such as magnetite (FesOs),
maghemite (y-Fe20s), and hematite (a-Fe20:s), exhibit superparamagnetic properties when their size
is reduced to the nanoscale, typically between 10 and 100 nm. This unique behavior is crucial for
various biomedical applications, including targeted drug delivery and cancer therapy [2, 3]. This
unique property, along with their biocompatibility and ease of surface modification, makes Iron oxide
nanoparticles (IONPs) have garnered significant attention in the field of nanotechnology due to their
remarkable magnetic properties and potential biomedical applications. IONPs have been extensively
studied for various therapeutic and diagnostic purposes [4, 5]. IONPs ideal candidates for
applications such as targeted drug delivery [6-8], magnetic resonance imaging (MRI) contrast
enhancement [9-11], hyperthermia treatment [12], and biosensing [13]. Despite their potential, the
heightened toxicity of nanoparticles, particularly due to their increased surface area, ability to
penetrate cellular barriers, and resistance to biodegradation, raises concerns. Nanotoxicity is often
linked to oxidative stress, inflammation, apoptosis, and genotoxicity [14].
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To mitigate these issues, IONPs is often coated with biocompatible materials, such as polymers, to
improve their stability and reduce toxicity. Coating materials like dextran, chitosan (Cs), polyethylene
glycol (PEG), and polyaniline alter the surface chemistry of IONPs, helping to disperse them into
stable ferrofluids and prolong their circulation time in vivo [15-17]. Among these materials, Cs, a
biodegradable and non-toxic polysaccharide derived from crustacean shells, stands out for its ability
to address biological challenges, including biodegradability and biocompatibility. Precisely, it started
from a process called deacetylation starting from chitin to Cs like been showed in Fig 1 [1].

OH OH OH OH
HO HO HO HO
;”*\ NH NH NH
CH % )\ )\
o 3 o CHy o CHy

n

o7 CH,

Chitin

Deacetylation

OH OH OH OH
o o
HO /W HO HO HO
2 'NH, NH, NH,
n
ructures of chitin and chitosan
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Fig.3 Chemical sin

Fig. 1. Deacetylation of Chitin [1]

Goci and coworkers revealed that Cs polymers have antibacterial, biodegradability, and
biocompatible potentials. They have distinct architectures, diverse features, and exceptional
functionality, and find extensive use in biomedical and many industrial sectors [18]. However, the
conventional chemical synthesis of IONPs often involves the use of toxic solvents and harsh
conditions, raising environmental and safety concerns [19-22]. As a response to these concerns, green
synthesis approaches have emerged as a promising alternative, utilizing plant extracts,
microorganisms, and other biological systems to produce IONPs in a more sustainable and eco-
friendly manner. Green synthesis not only reduces the use of hazardous chemicals but also enhances
the biocompatibility of the nanoparticles, making them more suitable for in vivo applications [20, 21].

While green synthesis has demonstrated significant advantages, including reduced environmental
impact and improved safety profiles, there is still a lack of comprehensive studies comparing the
physical, chemical, and biological properties of IONPs synthesized using traditional chemical
methods versus green synthesis. This gap is particularly relevant when considering the impact of
synthesis methods on toxicity, a critical factor for biomedical applications. Additionally, although
parameters such as pH, temperature, and stirring rate have been widely studied in the context of
IONPs synthesis, less attention has been given to the role of varying concentrations of coating
materials like Cs. In this study, we aim to address these gaps by comparing the physicochemical
properties of IONPs synthesized through chemical and green methods and investigating the effects
of different ratios of Cs coating on IONPs toxicity using the Brine Shrimp Hatching Rate (BSHR). By
exploring the relationship between synthesis methods, nanoparticle properties, and cytotoxicity, this
research seeks to contribute valuable insights into the development of safer and more effective MNP
for biomedical applications, such as drug delivery systems [23].
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MATERIAL AND METHOD

Ferric chloride (FeCls « 6H20, 99%), (FeClz + 4H:0, 98%), Sodium Hydroxide, acetone, ammonium
hydroxide, Chitosan, Glacial acetic acid obtained from Sigma Aldrich, and Pineapple were purchased
from a local farmer in Kuala Lumpur, Malaysia. The brine shrimp cysts of Artemia salina were
supplied by the Integrated Chemical Biophysics Research Department of the Faculty of Science,
Universiti Putra Malaysia. Sea salt was procured from a local market in Malaysia. We used Milli-Q
water with a resistivity of 18.2 MQ-cm for our study.

Synthesis of MNPs (FesOs) via Co-Precipitation Method

The first method used to synthesize MNPs is the co-precipitation method, which involves the
simultaneous precipitation of salts to form a solution. FeClz and FeCls in a 1:2 molar ratio were mixed
in 150 ml of deionized water, heated to 80°C, and stirred while nitrogen gas was bubbled through to
create an oxygen-free environment [24]. This step ensures the process remains unaffected by external
factors. After thorough stirring, 25 ml of ammonium hydroxide was added as a reducing agent,
turning the solution black. The mixture was stirred at 800 rpm for 1 hour, then cooled, washed, and
centrifuged before being dried overnight at 90°C. This process results in the formation of co-
precipitated MNP (C- MNPs).

2FeCl3 + Feclz + 8NH4C1 4 8NH4OH +Fe304+4H20 (1)

Synthesis of MNPs (FesOu) via Green Biosynthesis Method

Extraction of Pineapple peel pulp

In this process, pineapple peel pulp was prepared by thoroughly washing the peels with deionized
water to remove dirt and dust. The peels were then cut into small pieces and air-dried for 10 to 12
days. After drying, 15 g of the peels were blended with 100 ml of deionized water. This mixture was
refluxed at 70°C for 1 hour, producing a light-yellow solution, which was then filtered using
cheesecloth. The filtrate was chilled and stored at -4°C for future use.

Green synthesis of MNPs (FesO4) using Pineapple peel pulp

An aqueous solution was synthesized by the molar combination of ferrous chloride (FeCls) and ferric
chloride (FeClz2) 1:2. Next, a 25 ml amount of the pineapple peel extract was slowly added to the
solution while stirring continuously at a speed of 400 revolutions per minute. The pH of the solution
was elevated to 11 by adding a 0.5 M NaOH solution, and the agitation was continuously sustained
for 1 hour at ambient temperature. The solution progressively darkened, leading to the synthesis of
MNPs. The precipitate obtained was subjected to three centrifugation cycles, and subsequently dried
at 110 °C for 24 hours in the oven before being set aside for additional analysis (Fig 2). The chemical
reaction of magnetite precipitation is expected to be as follows [25].

2Fe®* + Fe** + 80H —Fe304 + 4H,0 ?)
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Green synthesis of Iron
Oxide nanoparticles

Fig. 2. Steps of green synthesis of MNPs

Coating with Chitosan to C-MNPs and G-MNPs

Preparation of Chitosan (Cs) solution

To prepare the solution, 1 g of chitosan deacetylate was mixed with 100 mL of deionized water that
beforehand was added with 0.5 mL of acetic acid. The chitosan solution was stirred for 24 hours at
500 rpm at room temperature. The solution afterward was kept at room temperature [26].

Synthesis of C-MNPs-Cs and G-MNPs-Cs

First, 1g of C-MNPs and 100 mL of chitosan solution were stirred together at room temperature for 2
hours. The solutions were stirred at 800 rpm and once finished, the product was centrifuged and
washed 3 times at 6000 rpm for 10 minutes. Lastly, it was dried in the oven at 90°C overnight. All the
steps were being repeated for G-MNPs.

Characterization

Measurements of X-ray diffraction (XRD) was performed. Phillips, PW 3040/60 MPD X'Pert High Pro
Panalytical), Fourier Transform Infrared Spectroscopy (FTIR-spectrum UATR Two, Perkin Elmer,
UK), Lake Shore 7404 vibrating sample magnetometer (Lake Shore Cryotronics, Inc., Westerville, OH,
USA) was used to determine the samples’” magnetic properties. Additionally, Thermogravimetric
analysis was performed in a N2 atmosphere using the EXSTAR TG/DTA 7000. The samples were
heated at temperature of 30 to 8000C with heating rate of 2°C/min under nitrogen atmosphere.

RESULTS AND DISCUSSION

X-ray diffraction

For the C-MNP XRD peaks, five major peaks were observed at 30.34°, 35.70°, 43.44°, 57.31°, and 62.92°,
while for C-MNP-Cs, the peaks were at 30.45° 35.90°, 43.49°, 57.48°, and 63.09°. Using the ICDD
reference code (01-075-0449), these peaks were identified as corresponding to Fe;O,, aligning with the
crystallographic planes (220), (311), (400), (511), and (440). The matching of these peaks to the
magnetite diffraction data in the ICDD database confirms the successful synthesis of magnetite in
both composites. This comparison with standard magnetite diffraction data ensures that the
crystallinity and structure of magnetite are preserved after chitosan coating, as shown in Fig. 3 [27].
However, there is a notable difference in the intensity at the (311) crystal plane. For C-MNP-CS, the
intensity is approximately less than 3500, whereas for C-MNP, the intensity exceeds 3500. This
observation supports the findings of [28] who reported that coating MNPs can reduce their

231



Proceedings of the 8th International Symposium on Advanced Materials and Nanotechnology 2024, (iISAMN2024), October 8-9, 2024

crystallinity and decrease particle size. Using Scherrer’s equation, the particle size (D) was calculated,
and the results are presented in Table 1.
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Fig. 3. XRD analysis of C-MNP and C-MNP-Cs

Table 7. The mean size for G-MNP, G-MNP-Cs, C-MNP, and C-MNP-Cs particles using
Scherrer’s equation

Samples G-MNP G-MNP-Cs C-MNP C-MNP-Cs

Mean crystallite size

17.48 17.84 17.45 17.44
(nm)

Although the reduction in size is not much different, still it proved that coating on these particles will
affect the size which depends on the type and ratio of coating. As a minor conclusion, MNP was
successfully synthesized via the co-precipitation method. Fig 4 shows the XRD diffraction analysis of
G-MNP and G-MNP-Cs respectively. G-MNP and G-MNP-Cs both exhibit characteristic peaks at 20
values around 30.1°, 35.6°, 43.3°, 53.6°, 57.2°, and 62.9°, corresponding to the planes (220), (311), (400),
(422), (511), and (440), respectively. These peaks are indicative of the cubic spinel structure of Fe;O,.
The prominent (311) peak suggests that the crystallinity of the magnetite phase is retained in both
samples. The XRD patterns confirm the successful synthesis of MNPs in both G-MNP and G-MNP-
CS formulations, as well as the preservation of the crystalline structure after coating with CS. There
is no significant shift in the peak positions after chitosan coating, indicating that the core structure of
the magnetic nanoparticles remains unchanged. Using Scherrer’s equation (Equation 3), D was
calculated, and the results are presented in Table 1.
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Fig. 4. XRD analysis of G-MNP and G-MNP-Cs

Fourier Transform Infrared Spectroscopy

FTIR spectroscopy provides information on the chemical composition of the nanoparticles and to
better understand the coating agent’s adsorption mechanism on the surface of Fe304 nanoparticles.
The FTIR spectra of C-MNP, C-MNP-CS, G-MNP, and G-MNP-CS are shown in Figures 5 and 6
respectively.

. —— C-MNP-CS
— T T T ——C-MNP

Transmittance (%)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™')

Fig. 3. FTIR analysis of C-MNP and C-MNP-Cs

The FTIR spectra of C-MNP and C-MNP-Cs, as shown in Figure 5, exhibit key functional group
vibrations. For both samples, the broad band around 3270-3375 cm™ corresponds to O-H stretching
vibrations, indicating the presence of hydroxyl groups. The peak at 1620 cm™ is attributed to the
bending vibration of adsorbed water. The peak at 586 cm™ C-MNP and 540 cm™ C-MNP-Cs
represents Fe-O stretching, confirming the presence of Fe;O, nanoparticles. In the case of C-MNP-Cs,
the additional peaks at 1421 cm™ and 1147 cm™ suggest the presence of C-N stretching and C-O-C
vibrations, respectively, characteristic of chitosan. This indicates successful coating of the magnetic
nanoparticles with chitosan, further evidenced by the shift in the Fe—O stretching peak. The overall
FTIR analysis confirms the structural integrity of magnetite and the effective chitosan coating in the
C-MNP-Cs sample.
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Fig. 4. FTIR analysis of G-MNP and -BMNP-Cs

The FTIR spectra of G-MNP and G-MNP-Cs in Fig 6 demonstrate the characteristic functional groups
of the synthesized materials. Both samples show a broad peak around 3270-3375 cm™, indicating O-
H stretching, which suggests the presence of hydroxyl groups. The absorption peak near 1620 cm™
corresponds to the bending vibrations of adsorbed water. The strong peaks at 586 cm™ G-MNP and
540 cm™ G-MNP-Cs represent Fe-O stretching vibrations, confirming the formation of Fes;O,
nanoparticles. In the case of G-MNP-CS, additional peaks at 1421 cm™ and 1147 cm™ signify the
presence of C-N stretching and C-O-C vibrations, which are typical of chitosan, verifying successful
coating of the nanoparticles. The shift in the Fe-O stretching peak after chitosan coating further
supports this conclusion. The FTIR analysis indicates that the core magnetite structure is retained
after chitosan coating, with the added functional groups from the chitosan detected in the G-MNP-
Cs spectrum [29].

Vibrating Sample Magnetometry (VSM) Analysis

VSM was used to analyze the magnetic properties of G-MNP and C-MNP, both coated and uncoated
with Cs. Results are shown in Fig 7. Saturation Magnetization (Ms) of uncoated G-MNP measured
37.804 emu/g with a strong superparamagnetic response. At a coating of chitosan, Ms slightly
decreased to 34.043 emu/g. This can be attributed to the fact that the chitosan coating is diamagnetic, as it

provides a non-magnetic layer around the nanoparticles and therefore slightly reduces their overall magnetic
properties.
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For comparison, the C-MNP had a higher saturation magnetization of 41.349 emu/g, probably due to higher
crystallinity and homogeneity achieved in the chemical synthesis route. After chitosan coating, these
nanoparticles had an Ms value of 35.039 emu/g, following the same trend as that of the G-MNP-Cs. Despite
these differences in Ms values, both green and chemically prepared MNP exhibited superparamagnetic nature
having almost no coercivity and remanence. The absence of significant hysteresis further supports their
suitability for biomedical applications, including targeted drug delivery and magnetic hyperthermia, where the
controllable magnetic response is an essential factor. Fig 8 shows Superparamagnetic behavior of G-MNP and
C-MNP.

Fig. 5. VSM curves of G-MNP and C-MNP before and after chitosan coating,.

Superparamagnetic behavior

A Green synthesized IONPs

B Chemically synthesized IONPs

Fig. 6. Superparamagnetic behavior of green (A) and chemically synthesized (B) MNPs. Chemically
synthesized MNPs show a stronger magnetic response compared to the green synthesized ones.

Thermogravimetric Analysis (TGA)

TGA of G-MNP-Cs, G-MNP, C-MNP-Cs, and C-MNP revealed distinct thermal decomposition
profiles. All materials exhibited significant weight loss within the temperature range of 100°C to
800°C, indicating their vulnerability to thermal degradation. The incorporation of Cs into G-MNP and
C-MNP decreased their thermal stability. This was evident in a lower onset temperature and a higher
rate of weight loss, particularly between 200°C and 400°C. For example, G-MNP-Cs exhibited a 35%
weight loss, while C-MNP-Cs showed a 48% weight loss within this temperature range see the Fig 9.
The observed variations in decomposition patterns likely arise from differences in the chemical
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composition and structural characteristics of the materials. Further studies are necessary to elucidate
the specific mechanisms underlying the thermal degradation of these materials.
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Fig. 9. TGA curves of G-MNP, C-MNP, G-MNP-Cs and C-MNP-Cs show significant weight loss
between 100°C and 800°C

Brine Shrimp Hatching Rate

The brine shrimp assay was conducted solely for G-MNP, as we are concentrating on the effects of
surface modification with Cs and their toxicity assessment. The Brine Shrimp Hatching Rate assay
assessed the cytotoxicity of G-MNP-Cs at two distinct coating ratios, 1:1 and 1:4. The findings indicate
that at a low concentration of 0.001 mg/mL, there is negligible effect on the hatching rate for both
ratios, with rates remaining approximately 60%, similar to the control group. Nonetheless, as the
concentration escalates, the hatching rate for the 1:1 ratio markedly declines, signifying increased
toxicity. Conversely, the 1:4 ratio sustains a comparatively elevated hatching rate at lower
concentrations, although it also diminishes at higher concentrations. The findings indicate that the
1:4 ratio offers superior protection against toxicity, presumably due to a more efficient Cs coating,
and corroborate that nanoparticle toxicity is dose-dependent (Fig 10).

CONCLUSION

This study validated the successful synthesis of MNP through both environmentally friendly and
chemical approaches. XRD analysis demonstrated distinct cubic spinel structures in all samples, with
Cs-coated MNP exhibiting a slight reduction in crystallinity and an impact on particle size. FTIR
validated the structural integrity of magnetite and confirmed the successful chitosan coating by the
presence of distinctive chitosan peaks. VSM revealed that both green and chemically synthesised
MNPs maintained superparamagnetic characteristics, with chemically synthesised MNPs exhibiting
marginally enhanced magnetic responses. TGA demonstrated that without chitosan-coated MNPs
exhibited superior thermal stability relative to coated samples. The Brine Shrimp Hatching Rate assay
demonstrated dose-dependent cytotoxicity, with a 1:4 Cs-to-MNP ratio offering superior protection
against toxicity compared to a 1:1 ratio. Although both green and chemically synthesised MNP exhibit
similar properties and can be efficiently coated with Cs, the selection of method may be contingent
upon particular application needs. For applications necessitating superior magnetic properties, C-
MNP may be favoured. Nonetheless, green synthesis represents a more eco-friendly and sustainable
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option. Additional research is required to comprehensively comprehend the long-term implications
of Cs coating on the in vivo behaviour and biocompatibility of these nanoparticles.
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Abstract: Gold nanoparticles (AuNPs) were selected for this study because of their extensive applications and
the advantages they provide compared to other nanomaterials. Recent research underscores the versatility of
AuNPs, primarily attributable to optimized synthesis protocols that yield nanoparticles of diverse sizes, shapes,
and properties. This study modified the Turkevich method to incorporate both chemical and green synthesis
approaches, highlighting the necessity for environmentally sustainable production techniques. The AuNPs
were characterized via Ultraviolet-visible spectrophotometry (UV-Vis), confirming a wavelength range of 520-
547 nm. Dynamic Light Scattering (DLS) was employed to ascertain the average dimensions of the
nanoparticles, facilitating their appropriateness for applications. Additionally, Fourier Transform Infrared
(FTIR) spectroscopy was utilized to identify possible biomolecules that facilitate nanoparticle stabilization. A
brine shrimp lethality assay was performed to assess the toxicity of the synthesized nanoparticles, ensuring
their safety as biocompatible carriers in colon cancer treatment. This toxicity evaluation is essential for assessing
the viability of AuNPs as a secure and efficient nanocarrier for targeted colon cancer treatment.

Keywords — gold nanoparticles; chemical synthesis; green synthesis; characterization; toxicity

INTRODUCTION

Gold nanoparticles (AuNPs) have garnered significant interest due to their diverse properties
conducive to prospective biomedical applications. AuNPs represent an excellent alternative owing to
their synthesis capabilities, functional properties, diminished toxicity, and ease of detection. Due to
their diminutive size-to-volume ratio and excellent thermal stability, AuNPs are extensively utilised
in numerous biomedical applications [1-3]. Typically, AuNPs are synthesised using conventional
methods, namely the Turkevich and modified Turkevich methods. These protocols produce AuNPs
utilising hazardous chemicals to reduce Au (III) and stabilise Au (0) atoms on the surfaces of AuNPs.
Research conducted on this reduction indicates that the reduction and capture capacity of citrate is
linked to its structure, specifically the hydroxyl group bonded to the carboxyl group [4-5].
Biosynthesised green AuNPs are significantly safer and more environmentally friendly than those
produced through physical and chemical methods. The biomedical applications of AuNPs are
expanding daily and are not confined to drug delivery. Nanoparticles derived from plant extractions
exhibit greater stability and a more rapid rate of green synthesis in comparison to chemical
synthesis. This research intends to synthesise AuNPs utilising a modified Turkevich Method and
examine the influence of various parameters on the produced AuNPs. This study has conducted a
comparative analysis of characterisation between two methods.
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THEORY/LITERATURE REVIEW

Gold nanoparticles (AuNPs) have gained prominence in biomedical research owing to their
distinctive attributes, such as biocompatibility and facile functionalisation. The chemical synthesis of
AuNPs, specifically the Turkevich method, is well-established and entails the reduction of gold salts
utilising a chemical reductant such as citrate [6]. This technique enables regulation of nanoparticle
dimensions and morphology, essential determinants affecting cellular absorption and therapeutic
efficacy. Recent trends highlight green synthesis as a more sustainable alternative, employing plant
extracts as reducing and stabilising agents [7]. This environmentally sustainable method reduces the
utilisation of toxic chemicals, integrating biomolecules from the extracts that improve the
biocompatibility of the resultant AuNPs. Literature indicates that green-synthesized AuNPs
demonstrate stability comparable to or exceeding that of chemically synthesised counterparts. The
brine shrimp lethality assay is commonly employed for initial toxicity evaluation, offering significant
insights into the safety profile of AuNPs for potential application in colon cancer treatment [8].

MATERIALS

Gold (III) chloride hydrate (HAuCl.3H.O) (99.995% trace metals basis) and trisodium citrate
dehydrate (ACS reagent, > 99.0%) were procured from Sigma-Aldrich and used without additional
purification. Tea polyphenol was bought from a local store in Kuala Lumpur, Malaysia. The brine
shrimp cysts of Artemia salina were provided by a collaborator from the Integrated Chemical
Biophysics Research Department at the Faculty of Science, Universiti Putra Malaysia. Sea salt was
purchased from a local market in Malaysia. Milli-Q water with a resistivity of 18.2 MQ-cm was
employed throughout the course of the experiment.

EXPERIMENTAL

About 10 mL of 0.ImM HAuClL.3H.O was stirred at room temperature and then dropped some
diluted sodium citrate as a reducing agent into the solutions for modified Turkevich’s Method. The
reaction started a few minutes after mixing. The color of the gold solution turns from light yellow to
dark red wine which indicates the existence of AuNPs. The colloidal then continued to stir for a few
minutes to make it homogenous.

Chemical Synthesis of AuNPs

About 10 mL of 0.ImM HAuClL.3H.O was stirred at room temperature and then dropped some
diluted sodium citrate as a reducing agent into the solutions for modified Turkevich’s Method. The
reaction started a few minutes after mixing. The color of the gold solution turns from light yellow to
dark red wine which indicates the existence of AuNPs. The colloidal then continued to stir for a few
minutes to make it homogenous.

The presence of AuNPs alters the hue of the gold solution from pale yellow to deep red wine.
To achieve homogeneity, the colloidal was stirred for several additional minutes.

Green Synthesis of AuNPs

The same procedure as section 4.1 was repeated for green synthesis by replacing citrate solution with
tea polyphenols. In this experiment, the volume of sodium citrate and tea polyphenols were different
while the concentration of gold precursor was maintained at 0.1mM. The experiment was conducted
using a different volume of extract in the range of 1-3 mL with a fixed amount of precursor at room
temperature.
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Toxicity testing of AuNPs

Eggs of brine shrimp were introduced into 96 well plate and the live brine shrimp calculated after 48
h. AuNPs were put into each of the 96 wells plate with different concentrations within 0-1 pL (0,
0.0625, 0.125, 0.25, 0.5, 1.0). Each concentration was repeated four times (n = 4). Additionally, salt
water is used as a blank control. The brine shrimp cytotoxicity assay was used to determine their
efficacy against AuNPs and their reducing agent, as it requires only a simple experiment and is
relatively inexpensive. After 48 h, the number of live and death brine shrimp were totalled and
percentage of hatching and their lethality.

RESULTS AND DISCUSSION

Due to its simplicity, the modified Turkevich’s Method is the most representative and common
technique to synthesize AuNPs. At first, the gold salt solution was observed as yellow until sodium
citrate was added to the solution. The reduction of gold ion takes place from Au> to Aw. The solution
turned to red wine after a few seconds indicating the formation of AuNPs. This experiment reveals
the effect of the color properties to the nanoparticle formation. When the resonance of the plasmon is
changed, thus the color also changes. In addition, AuNPs surface is covered with charge, which can
cause repulsive forces between the nanoparticles. Hence, it can prevent aggregation since the energy
barrier is too high for particles to interact (Pluchery et al., 2013).

Physicochemical Properties

The prepared samples were analyzed using X-ray diffraction (XRD), Dynamic Light Scattering (DLS),
Ultraviolet-visible spectrophotometry (UV-Vis) and Fourier transform infrared (FTIR) spectroscopy.
The FTIR and XRD analysis results are shown in Fig. 1 and Fig. 2, respectively.

FTIR spectroscopy detected the presence of different functional groups in the synthesized AuNDPs,
and the findings were shown in Fig. 1. The FTIR analysis detected functional groups in the extracts
and the synthesized AulNPs. The tea polyphenols extract exhibit band approximately at 1624 cm-
which is related to C=C bonds that confirms the stabilizing effect of the extract. The band
approximately at 3327 cm- is due to the existence of O-H band which proves the reducing property
of the extract.
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Fig. 1: The FTIR spectra of the tea polyphenols extract and the synthesized AuNPs

An XRD analysis further determined the crystalline nature structure of the AuNPs obtained.
Fig. 5 Figure 2 shows the results of XRD analysis for AuNPs synthesized at 300°C.The XRD analysis
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has identified four diffraction peaks of Bragg at 20 angles: 38.27 ©,44.48°, 64.73°, 77.76° and 81.93°C
corresponding to (111), (200), (220), and (311) planes, revealing the crystalline structure of AuNPs
synthesized AulNPs in accordance with which following the relevant database file (ICDD No 96-901-
2954).
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Fig. 2 : The XRD pattern of the synthesized AuNP.

Toxicity assessment of AuNPs

To assess the cytotoxicity of the synthesised AuNPs, brine shrimp were exposed to varying AuNP
concentrations. The graph in Fig. 3 shows that AuNPs synthesised with tea polyphenols have a
marginal increase in hatching percentage as concentration increases. As the concentration of AuNPs
increased, cytotoxicity occurred, resulting in a reduction in hatching rate. AuNPs treated with citrate
show significant instability, most likely due to nanoparticle aggregation, which causes the formation
of a surrounding layer clump.
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Fig. 3 : Hatching percentage of brine shrimp treated with AuNPs-Cit and AuNPs-TP

CONCLUSION

An investigation has been conducted regarding the feasibility of performing a comparative analysis
of characterisation between two distinct methodologies. The modified Turkevich method successfully
facilitated the synthesis of chemicals. Biogenic AuNPs are produced using green synthesis methods.
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The synthesis of these AuNPs was achieved via the reduction of citrate and tea polyphenols, which
serve as reducing and capping agents for the particles.

Brine shrimp have been employed in toxicity studies to investigate the potential biomedical
applications of AuNPs. To ensure the safe administration of colon cancer treatment, toxicity
evaluation is essential.
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