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the Z-scan method. The study investigates the optical, chemical, and
physical characteristics of BD derived from WCO through

Keywords transesterification. Both the physical and chemical properties, as well
Waste cooking oil, nonlinear as the NLO, were characterized. The physical and chemical properties
absorption, transesterification, one-  and nonlinear optical properties were characterized. The density of BD
step transesterification, Levenberg-  is 0.85 gcm3 and kinematic viscosity is 5.76 mm2s-l. The Fourier
Marquadt algorithm Transform Infrared (FTIR) spectrum results show methyl ester is

presented in BD converted from WCO. The experimental results,
obtained using the Z-scan method, revealed that the nonlinear optical
properties nz, B and x3 are 1.76x10-1* cm2/W, 7.80x10* cm/W and
1.046x105, respectively. These findings suggest that BD exhibits
potential applications in optical switching, laser technology, signal
processing, optical limiting, and optoelectronic devices.

1. Introduction

Nowadays, numerous research works are actively exploring nonlinear optical (NLO) properties of various
materials, motivated by promising applications in optical switching [1], laser technology [2], signal processing [3],
optical limiting [4], and optoelectronic devices [5]. The phenomena in NLO arise from intricate interactions
between materials and intense light, with two primary mechanisms at play: electronic and non-electronic
processes [6]. Non-electronic processes occur without involving electronic transitions within the material when
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subjected to intense light, whereas electronic processes involve the intricate interactions between the active
electrons within a material and intense light [7].

NLO may be investigated using a variety of methods, including beam distortion studies [8], Z-scan method [9],
degenerate four-wave mixing [10, 11], nonlinear interferometry [12], three-wave frequency mixing [13], and
others. In comparison to the Z-scan method, these approaches need a more sophisticated experimental setup,
especially since beam distortions lack sensitivity without precise wave propagation analyses. Owing to its very
efficient, precise, and simple optical way of obtaining both the nonlinear refractive index and the nonlinear
absorption coefficient (NLA), the Z-scan method has therefore been widely used in material characterization [14].
Z-scan methods with both closed aperture (CA) and open aperture (OA) are frequently used to calculate a
material's nonlinear refractive index (NLR) and nonlinear absorption (NLA) [15]. The attainment of high stabile
nonlinearity and exceptional optical properties stands as the primary prerequisites for the efficacy of an optical
nonlinear material [16]. Furthermore, this technique exhibits a distinctive ability to provide an extremely
sensitive singular measurement for both the NLA and NLR concurrently, employing a solitary beam. Numerous
materials, including organic dyes [18], metal halides [19,20], and 2D materials [21], have been studied extensively
due to their documented nonlinear optical characteristics. Across the globe, biodiesel (BD) fuels are gaining
momentum as a viable alternative to diesel fuel in automotive engines or as an ingredient in blending [22].

The advantages of BD encompass decreased greenhouse gas emissions, social stability, regional development,
energy security and energy independence [23]. In the pursuit of a sustainable and eco-friendly future, thorough
exploration of alternative energy sources is imperative. BD, originating from organic materials, has become a
notable renewable fuel candidate. Waste cooking oil (WCO), an exceptional and easily accessible resource,
presents significant potential for BD production [24]. Employing WCO as a raw material for BD synthesis presents
several environmental advantages. Firstly, it helps reduce the disposal of WCO into landfills or water bodies,
preventing pollution and potential health hazards. BD from WCO is readily biodegradable, whereas commercial
diesel is persistent and takes longer to break down in the environment. This characteristic of BD reduces the
environmental impact in case of spills or leaks. Second, when compared to fossil fuels, the manufacture of BD from
WCO produces much lower amounts of greenhouse gases, contributing to a reduction in carbon dioxide (CO2) and
other harmful emissions. This technique also contributes to the reduction of depletion of fossil fuel reserves,
encouraging long-term sustainability [25, 26].

To the best of our knowledge, there is no existing literature that has provided data on nonlinear optical
properties of BD synthesis. Therefore, this research paper explores the NLO characteristics of BD orchestrated
from palm WCO by employing Z-scan analysis. Additionally, this study examines the optical, chemical, and physical
characteristics of BD produced through the transesterification process of WCO. Furthermore, this research paper
will conduct a comprehensive analysis of the chemical and physical properties of BD by comparing it with
commercially available BD in the market. Transesterification is the process that synthesizes BD from WCO by
converting the triglycerides in the oil into methyl or ethyl esters, which are the main components of BD. The
process necessitates adding alcohol, usually methanol or ethanol, and a catalyst such as sodium hydroxide (NaOH)
or potassium hydroxide (KOH) [27]. Due to its simplicity and compatibility with conventional equipment, the
transesterification process is a viable option for large-scale production. There are notable economic advantages
to synthesizing BD from WCO. WCO is commonly available and can be obtained at minimal or no expense from
food establishments like restaurants and fast-food chains. This easy access to WCO cuts down on production costs,
making BD a cheaper alternative to regular diesel fuel. Moreover, the local production and use of biodiesel
promote energy independence, lessen the need for imported fossil fuels, and generate economic opportunities for
local areas [28, 29]. The utilization of WCO for BD synthesis holds significant potential, however, challenges
related to the variability in quality and composition of the WCO can negatively impact the process efficiency and
the stability of the final product. Effective pre-treatment methods, including filtration and purification, are
essential for the removal of impurities and contaminants, thereby ensuring a cleaner and more consistent final
product. Additionally, the procurement and logistical management of WCO could present formidable challenges,
necessitate the implementation of effective collection mechanisms and foster partnerships with local enterprises.

Additionally, the choice of catalyst utilized in the transesterification process holds significant sway in the
production of environmentally sustainable BD. Homogeneous and heterogeneous catalysts are commonly
employed in industrial settings. Numerous researchers have opted to substitute detrimental catalysts with
naturally sourced alternatives, such as eggshells, seashells [30], ripe and unripe plantain peels [31], dolomite [32],
and various others. Despite these alternatives, the choice of catalyst appears to have minimal impact on the
produced BD, as its primary function during transesterification is to accelerate the synthesis process.
Consequently, owing to its strong alkali characteristic, this research employed NaOH as the catalyst.

2. Methodology

The methodology consists of two main parts; (1) synthesis of WCO into BD and (2) chemical and physical
properties of BD.
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2.1 Synthesis of Biodiesel

The overall procedure of one-step transesterification for synthesizing WCO into BD involves three main steps:
pre-treatment of WCO, transesterification, and a filtering process for the crude BD. Initially, the WCO was placed
in a container for 24 hours, facilitating the settling of larger particles to the bottom. This step aimed at preparing
the WCO for subsequent filtration. Following this, the WCO underwent filtration using filter paper to remove
smaller suspended impurities. The filtered WCO was then heated to 110°C while continuously stirred for 30
minutes to evaporate any remaining water. Finally, the treated WCO was allowed to cool to room temperature.
The treated WCO underwent a one-step transesterification process where a catalyst; a solution containing 12 g of
NaOH and 150 ml of methyl alcohol; was added to the WCO. This mixture was thoroughly stirred at a temperature
of 55°C. After 2 hours, the sample was filtered to eliminate suspended glycerine. Following that, the sample was
washed using distilled water to remove dissolved glycerine. The washed BD was left for 24 hours to allow the
glycerine to sediment at the bottom. It took five more repetitions of the method to produce clear and pure
biodiesel [1]. The BD was put in a sealed container to protect it from outside contaminants. Fig. 1 (a) shows the
untreated WCO, while Fig. 1 (b) shows the BD as an outcome from the transesterification process.

(@) (b)
Fig. 1 One-step transesterification process of WCO into BD

2.2 Z-Scanning of Biodiesel

By integrating OA and CA into a single setup, the Z-scan method lets us collect the transmitted light signal from
the BD sample simultaneously, as depicted in Fig. 2. In this setup, a diode laser serves as the high-intensity light
source, emitting light at a wavelength of 637 nm in continuous wave (CW) mode. A plano-convex lens with a 25
cm focal length is utilized to reshape the beam diameter as it propagates along the scanning area. A motorized
linear translation stage is positioned under the laser beam path with a customized sample holder set to move the
sample at a distance of 300 mm and a velocity of 30 mm/s. The transmitted laser beam was split into two by using
the quartz beam splitter cube with a 50:50 reflectance to transmittance ratio. The first photon signal is directed
towards the photodiode, which is coupled with a focusing lens. The lens gathers the entire incoming light signal,
designated as the OA measurement. The second light signal that passes through the beam splitter undergoes
partial blocking, enables only fractions of the incoming light signal to reach the photodiode. This configuration is
referred to as the CA measurement [33]. Both apertures are fitted with the neutral density filter to reduce the
laser beam intensity accordingly to avoid potential damage to the photodiode sensor. NLO properties of BD are
quantified from the fitting process with data obtained from scanning according to the Levenberg-Marquadt
algorithm. To obtain the nonlinear absorption coefficient f, the fitting was done on the transmittance data points
obtained from the OA arm. The OA transmittance intensity along the z direction is normalized T(z) and fitted by
using the Eq. 1 and Eq. 2 [33].
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Fig. 2 Schematic of Z-scan setup

with qo(2) < 1, where

(+3) .

2
ka;" is the Rayleigh range, w, is the Gaussian beam waist radius, I, is the on-axis intensity at the

focus (z = 0), Lesy is the effective thickness of the sample and k = 27" is the wave vector. Simultaneously, the

The zz =

oscilloscope captures CA data points to record the NLR response. It is worth noting the potential impact of using
a CW mode laser on NLO properties. As it differs temporally from an ultrafast laser, the continuous deposition of
photon energy on the target area leads to the accumulation of heat, which may affect the electronic structure. In
conducting NLO measurements under the CW mode, the fitting process considers significant thermal effects
[17,34]. Consequently, thermal lensing modelling (TLM) is employed to address such circumstances. The TLM
equation used for fitting (Eq. 3), was derived from the SBF [35].

RN RN
2 _—
1+6 28 3)
1+ (7)
where
2nln,l,
T deyen, )

The L is the thickness of the sample, 1 is the wavelength used as the irradiation source, ¢, is the permittivity
of free space, c is the speed of light in vacuum and n, is the refractive index of sample at setup wavelength. The
3rd order nonlinear susceptibilities y* is considered as a complex quantity which consists of real and imaginary
parts.

1% = J(Re(*N? + (I (x*))? (5)

The obtained value of § and n, from fitting process are adopted for the calculation to determine the real and
imaginary component of complex nonlinear susceptibilities equation shown in Eq. 6 and Eq. 7.
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g,c%n,?

Re x3(esu) = 10’4Tn2(cm2/W) (6)
£,0°n,%2

Ly 13 (esu) = 10-2%3 (cm/W) (7

3. Result and Discussion

3.1 Density and Viscosity of Biodiesel

The density of BD synthesis from WCO has been calculated to be 0.85 gcm3 using the standard method using a
capillary relative density bottle of 50 ml in volume.

Table 1 Density and kinematic viscosity comparison of biodiesel produced from different feedstocks [36]

Feedstock Density Kinematic Viscosity
(gem3) (mm?2s1)
Sunflower oil 0.86 4.40
Soybean oil 0.89 4.02
Rapeseed oil 0.88 5.65
Palm oil 0.88 3.85
Linseed oil 0.89 4.01
Jatropha oil 0.89 5.15

Table 1 presents BD densities obtained from various feedstock such as sunflower oils, soybean, rapeseed,
palm, linseed, and jatropha [36]. The results indicate that the density of BD derived from WCO falls within a similar
range to BD produced from other feedstocks. This similarity is attributed to the presence of methyl ester in the
BD converted from WCO. The kinematic viscosity of biodiesel produced from WCO was calculated to be 5.76 mm?2s-
1. The result shows that the kinematic viscosity of BD converted from WCO was the highest compared to another
feedstock. The high value of kinematic viscosity was caused by the high fatty acid composition. When the
concentration of fatty acids increases, the kinematic viscosity of BD also increases in value [37].

3.2 Non-linear Optical Properties\ of Biodiesel

The NLO responses are successfully observed in both apertures with a clear indication of NLO behaviour. The
exposure of a high-intensity electric field to oil samples results in a unique transmitted signal which reveals the
differences in their NLO properties. As the oil samples are displaced along the z-axis, from the near-field position,
the laser irradiation intensity on the samples increases gradually and maxes out at the focal distance position.
Subsequently, the intensity returns to the initial level as the sample is moved away to the far-field area at the end
of the translation stage. The scanned sample produced a distinctive transmittance pattern which correlates to NLR
and NLA responses according to the set-up of the photodiodes. The resulting light signals captured on the CA,
however, incorporate information from both the NLR and NLA response. Consequently, the CA transmission value
is di\‘/ided over the value of OA transmission to eliminate the nonparametric influence on the measured n2 value
[38].
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Fig. 3 Open apertures result of oil sample (a) before; and (b) after transesterification process

Fig. 3 shows the normalized results from OA for both samples exhibit a consistent pattern, indicating a
substantial reduction in transmittance at the displacement position of 0 cm. In contrast, the transmittance levels
remain stable for other positions. During sample translation, changes in the light signal transmission through the
focusing lens occur, corresponding to variations in the beam area along the z-direction. All oil samples
demonstrate a valley pattern along the z-direction, centered at the beam waist, signifying the occurrence of the
RSA mechanism, i.e.,, positive 8. The observed apparent RSA might be the contribution from the excited state
absorption (ESA) from a specific excited state to higher excited states. Additionally, differences in photon energy
and band gap energy, where Ep< Eg, suggest that the dominant mechanism is two-photon absorption. As the input
intensity further increases, a non-resonant excitation occurs. This results in the absorption cross-section of the
excited state surpassing that of the ground state. The excitation of an already excited state electron into an
unoccupied state in the conduction band is known as intra-band absorption. Typically, in a transparent medium,
a single photon does not have enough energy to excite electrons from the ground state. However, if the band gap
energy is equivalent to the two or more photons energy, multi-photon photon absorption takes place. Both two-
photon absorption and free carrier absorption are independent of the input light wavelength provided the photon
energy remains below the material band gap. Additionally, thermal effects induced contribute to a self-scattering
effect, potentially lower the transmitted signal.

Results from CA also produced similar trends of transmittance for both samples. As shown in Fig. 4 (a), in CA,
the movement of the sample from near-field (-z displacement) to the focal point increases the electric field
intensity exposed on the samples forcing an increase of photon absorption which in turn affects the material
refractive index. The shifting of material refractivity affected the curvature of the Gaussian beam wavefront near
the focus point. This causes a general increase in the far-field radiation divergence [39]. As the sample approaches
the beam waist displacement (z=0), the beam divergence exacerbates manifesting in a gradual decrease of
transmittance intensity. At the beam waist area, the samples exhibit a sharp dive in transmittance intensity
followed by a sudden sharp rise close to the focal position on both the negative and positive sides. The sudden rise
is contributed by the elongated curvature of the wavefront which significantly reduces the beam divergence
causing a spike in intensity. However, further sample displacement towards the far-field position showed a
gradual decrease of transmittance intensity until it reached the initial level. This results in the formation of a peak
and valley around the beam waist which indicates the occurrence of NLR as observed in Fig. 4 (b).
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Fig. 4 Closed apertures result of oil sample (a) before; and (b) after transesterification process

For CW laser, thermalization induced by the laser may also cause slight random fluctuation of density thus
contributing to NLR of the oil samples. The self-defocusing which fulfils the requirement for a trigger that is only
under laser power exceeds the critical power threshold [40]. This phenomena of self-defocusing behavior which
arise during irradiation can be described through several mechanisms but in this experimental setup, it is mainly
due to the thermal lensing effect. The CW laser supplies photon continuous duration well over the exciton decay
time, T value of any sample where it reaches a steady state of heat exchange on the irradiated zone forming a
temporary thermal lens inside the sample. This phenomenon is characterized as a thermal nonlinear optical effect,
wherein the absorption of light energy on the irradiance area induces a change in the internal refractive index,
leading to the diffusion of a spatial temperature profile [6]. The data acquired from the oscilloscope undergoes
further processing for quantitative analysis. To determine the magnitude of n2, the CA transmittance profile along
the z direction is normalized T(z) and calculated using the thermal lensing model based on the modified Sheik-
Bahae z-scan theory [41]. The transmittance value of CA is then divided by the OA transmission value to mitigate
nonparametric influences on the true n2 value.

Table 2 Nonlinear optical properties of WCO and BD

Parameter WwCo BD

n,(cm® | W) 1.74 x10-14 1.76 x10-14
Re % (esu) 1.44 x10°13 1.49 x10-13
Plem /W) 4.1x103 7.80 x10#
Im 3 (esu) 5.50 x10-5 1.05 x10-5
7 5.50 x10-5 1.046 x10-5

Table 2 illustrates the nonlinear optical properties of WCO and BD. The calculated n: value is higher for the
BD sample at 1.76 x10-1* cm?/W while untreated WCO only at 1.74 x10-1* cm?/W which correlates with the higher
viscosity and density compared to the untreated WCO. However, the B shows a significant difference of a
magnitude at 41x10-4 cm/W and 7.80 x10-* cm/W for WCO and BD samples, respectively. This is caused by the
presence of impurities in untreated WCO which provide a larger interactable surface area for greater light
absorption compared to the purer oil sample of biodiesel. The range of the x3 for the samples is well within the
expected range of 10> compared to other finding [42]. This cemented the potential for the BD to be used as a
nonlinear optical material, especially for application in high-temperature and hydrophobic conditions.

4. Conclusion

In conclusion, BD synthesis from WCO represents a sustainable solution with a multitude of environmental and
economic benefits. This research has successfully employed Z-scan method to validate the nonlinear optical
properties of BD achieved through transesterification. The results reveal significant values for BD’s nonlinear
optical properties with nz, §, and x3measured at 1.76x10-14 cm2/W, 7.80x10-* cm/W and 1.046x10-5, respectively.

UTHM ‘ Penerbit



Emerging Advances in Integrated Technology Vol. 7 No. 1 (2026) p. 23-32 30

These findings suggest the potential applications of BD in diverse fields such as optical switching, laser technology,
signal processing, optical limiting, and optoelectronic devices.
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