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Organic dyes are part of the textile industry that have a negative impact on the 
environment. Photodegradation using sunlight can reduce the environmental impact as 
it has the potential to convert complex organic dyes into simpler and less harmful 
compounds. Natural dye-based hybrid solar cells have the lowest cost among solar cell 
technologies, gives the lowest photochemical conversion efficiency. The problematic 
factor in Dye-Sensitised Solar Cells (DSSC) is the use of electrolyte type, either gel or 
solution, which lead to the leakage, dye instability, and evaporation. The aim was to 
analyse the photodegradation reaction kinetics of organic dyes in Caessalpinia Sappan, 
Medina Lawsonia Inermis, Yemeni Lawsonia Inermis and Areca Catheu using 
spectroscopic methods. This research focuses on the potential of natural dyes extracted 
from these sources as sensitizers in DSSC. The stability of natural dye was analysed using 
the photodegradation reaction kinetics of organic dyes before and after treatment using 
advanced spectroscopic methods. The extracted natural dyes were determined their 
optical absorption and functional group through Ultra Violet-Visible (UV-Vis) 
spectrophotometer, UV-Vis and Fourier Transform Infrared Spectroscopy (FTIR), 
respectively. The photo degradation proses of natural dyes were done under radiation 
of sunlight for four weeks with measured their photodegradation efficiency at every 
weeks. After plasma treatment using APPJ, a positive effect on the stability and colour of 
anthocyanins was observed. The results showed an increase in the percentage of 
photodegradation after APPJ treatment on Medina Lawsonia Inermis and Yemeni 
Lawsonia Inermis. While Caessalpinia Sappan, and Areca Catheu showed a slight change 
compared to before plasma treatment. The FTIR spectra of the natural dyes showed the 
presence of functionalised hydroxyl compounds and C-O groups. After plasma treatment, 
stronger functional group peaks were observed and new chemical bonds were formed. 
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1. Introduction 
 

The world is currently experiencing global warming, which results in abnormal weather conditions 
such as erratic rainfall, floods, heat waves, tropical cyclones, etc. Efforts are needed to save the earth 
by preserving natural resources and reducing CO2 emissions to protect the environment. The 
technology to produce hydrogen ecologically and minimize CO2 emissions is through Renewable 
Energy Sources (RES). Solar energy generation is a renewable energy source that is environmentally 
friendly and energy-efficient [1,2]. The electromagnetic wave spectrum demonstrates the 
wavelength and intensity of light, and dark colors absorb more solar heat than light colors [3]. 

Recently, it has been necessary to develop renewable energy that is low-cost, environmentally 
friendly, and has no negative effects on humans. The cost of hybrid solar cells based on natural dyes 
would be the lowest among all solar cell technology, however, the power-conversion efficiency is 
also the lowest. Therefore, it is urgent to increase the power conversion efficiency of hybrid solar 
cells based on natural dyes for future competition. 

The disadvantages of Organic Photovoltaic (OPV) are low efficiency and short service life. A Dye-
Sensitized Solar Cell (DSSC) and Perovskite Solar Cell (PSC) are the type of third-generation solar cells 
that uses photoelectrochemical principles [4,5]. This type of solar cell is believed to provide 
alternative energy concepts with more affordable production costs and simpler fabrication 
technology. DSSC is assembled using natural dyes from leaves with chlorophyll as a sensitizer [6-8]. 
The absorbance spectrum of anthocyanins is in the visible range (450-580 nm), and its pigments are 
red, blue, and purple in fruits, flowers, and leaves [9,10]. Photoanode such as titanium dioxide 
thickness or layer also could be an important parameter to enhance the performance of DSSCs 
[11,12]. Aid et al., discussed various types of plant extract for this type of hybrid photovoltaic system 
[13]. 

Some countries impose strict environmental regulations in response to the hazardous waste 
generated by synthetics due to non-consumable dyes of varying severity. Hence, the interest in 
experimenting with natural dyes is increasing. Synthetic experimentation of natural dyes will result 
in dyes whose use is environmentally friendly, safer, non-toxic, and renewable [14]. 

One factor that is still a problem and weakness in DSSC is electrolyte types, both gels, and 
solutions, where because the form is generally in the form of a solution, that could cause a leakage. 
This is due to anthocyanin instability in the dye, evaporation, and the possibility of corrosion on the 
counter-electrode [15,16]. Thus, in this research, the Atmospheric Pressure Plasma Jet (APPJ) method 
will be used to treat the natural dye. Previous studies have found that plasma treatment with APPJ 
increases anthocyanin content and positively affects anthocyanin stability, and color change [17,18]. 

This spectroscopic method is used to determine quantitative measurements of wavelengths in 
the visible light region based on the absorption of light by organic chemical compounds in the Ultra 
Violet (UV) spectrum range, so that this method can measure wavelengths in the photodegradation 
process which is the process of decomposing organic compounds into simpler compounds with the 
help of photon energy from UV light [19,20]. 

APPJ is operated at atmospheric pressure without the use of vacuum pumps, regular 
maintenance, and expensive space. Current technology has overcome issues such as high breakdown 
stress, continuous arcing, and instability, thus making APPJ a tool with potential for industrial 
applications [21,22]. 

Several types of APP consist of atmospheric Pressure Plasma Jet (APPJ), Dielectric Barrier 
Discharge (DBD), microplasma, and Corona Discharge (CD) [22]. Various plasma excitation techniques 
can produce APP with different gas temperatures and charge densities; the synergistic effect of 
plasma species has high energy and temperature so that it can achieve potential functions in material 
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processing. Atmospheric pressure plasma technology is useful for inversetile applications such as 
surface modification and thin film deposition. Plasma jets are made up of highly reactive plasma and 
offer fast processing capabilities. Furthermore, it is a large-area compatible non-vacuum process, 
which makes it more appealing for DSSC production [23]. 

This research is focused on natural dye photosensitizers that will be extracted from plants, namely 
Medina Lawsonia Inermis, Yemeni Lawsonia Inermis, Caessalpinia Sappan, and Areca Catheu. The 
selection of these ingredients was because they contain anthocyanins. Natural dye photosensitizers 
last a lifetime and were analyzed through the photodegradation process. These natural dye 
photosensitizers are applied in hybrid DSSCs, and their optical, electrical, and electronic properties 
are characterized, which contribute to their performance. Finally, natural dye photosensitizers will be 
applied in hybrid DSSCs to determine their conversion ability of light energy to electrical energy.  
 
2. Methodology  
2.1 Materials 
 

The main materials involved in this works are naturals dyes extracted from Medina Lawsonia 
Inermis, Yemeni Lawsonia Inermis, Caessalpinia Sappan, and Areca Catheu, deionized water, filter 
paper, and ethanol [24-26]. The materials were purchased from A&T Ingredients Sdn Bhd. The 
research is divided into several phases, including sample preparation, synthesis of natural dyes, UV-
Vis Spectrophotometer testing, FTIR Spectroscopy analysis, and photodegradation evaluation before 
and after APPJ treatment to determine the dye's stability. The flow of the photodegradation process 
is shown in Figure 1. 
 

 
Fig. 1. Photodegradation process of hybrid solar cells 

 
2.2 Extraction of Natural Dye 

 
This stage focusing on sample preparation from Medina Lawsonia Inermis, Yemeni Lawsonia 

Inermis, Caessalpinia Sappan, and Areca Catheu. The dye materials are washed thoroughly with 
deionized water to remove dust and organic impurities before extraction and dried in an oven at 60°C 
for 12 hours. The dried plants were crushed into fine powder using a grinder (Retsch RM 200). In the 
natural dye process, 95% ethanol was used in a ratio of 1:10 and then stored in a refrigerator for 3 
days. After 3 days, the material was filtered using filter paper (Whatman no.1) [27]. 

The extracted and prepared dyes were tested using a UV-Vis spectrophotometer to observe the 
wavelength of anthocyanin and FTIR analysis to identify their molecular composition. The medina 
Lawsonia Inermis and Yemeni Lawsonia Inermis extracts produced an intense green color. 
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Caessalpinia sappan extract produces a deep red colour and Areca Catheu produces a red color. The 
darker the color, the more light and heat it can absorb [27].  

 
2.3 Photodegradation Process 

 
Photodegradation was carried out for 4 weeks directly exposed to sunlight from 9 AM to 4 PM, 

and data collection was carried out for every week. Yemeni Lawsonia Inermis and Medina Lawsonia 
Inermis used a mixture of 1 ml of natural dye extract and 5 ml of ethanol. Caessalpinia Sappan and 
Areca Catheu using a mixture of 1 ml of natural dye extract and 10 ml of ethanol. This was because 
higher extract concentrations can lead to faster degradation rates and the formation of more 
degradation products. Photodegradation tests were conducted for 4 consecutive weeks. 

The photodegradation phase involving natural dyes was conducted to investigate their stability 
in terms of how long they can maintain their color pigment. The degradation data of the color 
pigments Medina Lawsonia Inermis, Yemeni Lawsonia Inermis, Cassalpinia sappan and Areca Catheau 
wood are presented in percentage form using the formula in Eq. (1). 

 

Percentage of photodegradation =
𝐴0 − 𝐴1

𝐴0
× 100%                                                                             (1) 

 
A0 is defined as the absorbance before exposure, and A1 is the absorbance after exposure to light.  
 
2.4 Plasma Treatment 
 

This phase involves natural dyes that have been extracted and exposed to APPJ. APPJ uses helium 
gas with an applied voltage of 10 kV via inverter. Helium gas is supplied from the cylinder gas tank 
through a gas tube to the gas regulator at 1 L/min [28,29]. Then, the gas travels through the gas 
cylinder to the inside flow meter system connecting to a quartz glass tube. Plasma treatments were 
done at different exposure times and in different dye volumes. Yemeni Lawsonia Inermis and Medina 
Lawsonia Inermis samples used a mixture of dye extract with 5 ml ethanol. Meanwhile, for Areca 
Catheu and Caesalpinia Sappan samples, a mixture of dye extract with 10 ml of ethanol was used. 
Plasma treatment were conducted under different conditions of treatment times (1, 3, 5 minutes) 
[17]. The experimental setup of APPJ system is shown in Figure 2. 
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Fig. 2. Schematic diagram of the APPJ system 

 
2.5 Characterisation of Optical Properties 

 
A Ultra Violet-Visible (UV-Vis) spectrophotometer is used to measure the absorbance of samples 

at specific wavelengths. Light absorption measurements of the natural dye solution were carried out 
in the wavelength range of 200-900 nm using Perkin Elmer Lambda 25 UV-visible spectrophotometer. 
The UV-Vis spectrum helps identify the increased absorption of photons in larger-sized particles [30]. 
For before and after treatment, UV-Vis spectrophotometer test was conducted focusing on the 
wavelength of anthocyanin.  

FTIR characterization of NICOLET IS20 was used to identify compounds and functional groups of 
anthocyanins in the liquid dye. FTIR analysis can observe the characteristics of natural dyes before 
and after plasma treatment. FTIR spectroscopy in the spectral range from 500 to 4000 cm-1 is used to 
identify and measure the long-lived infrared active components. 

 
3. Result and Discussion 
3.1 Visible Absorption of Natural Dyes Before and After Plasma Treatment  

 
Figure 3-6 show the UV-visible absorption spectrum of the natural dye used in this study. Figure 

3 shows that the pigments in Medina Lawsonia Inermis absorbed a wide range of visible light from 
400 nm to 700 nm. The graph clearly showed that the wavelength of chlorophyll a (Chlo a) was 
observed at peaks 414 nm and 665.42 nm, while chlorophyll b (Chlo b) at peaks 424 nm and 608.04 
nm and anthocyanin (Anth) peaks appeared at 468.20 and 535.12 nm. The Figure 4 shows that the 
absorption spectrum of Yemeni Lawsonia Inermis had almost same curve as that of Medina Lawsonia 
Inermis. The differences were maximum absorption at 471.80 nm, which belongs to Anth, and 
maximum absorption at 664.56 nm, which belongs to Chlo a. Absorption spectrum of Caessalpinia 
Sappan shown in Figure 5 obtained a single broad peak of Anth with a maximum peak at 450.19 nm 
and a weak peak 545.92 nm. The absorption spectrum of Areca Catheu appeared to have broad peaks 
from 350 nm to 650 nm, as showed in Figure 6  [31,32]. The two broad peaks at 430.91 nm and 465.18 
nm showed that beta carotenoid pigment was obtained, while a peak at 578.94 nm belonged to Anth 
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[33]. The wavelength and intensity of light require organic materials that have colour extracts of a 
certain colour to absorb more sunlight in photovoltaic devices. Organic materials that are natural 
materials have fewer side effects or waste than non-organic materials. 

   

 

 

 

Fig. 3. UV-Vis absorption of Medina Lawsonia 
Inermis 

 Fig. 4. UV-Vis absorption of Yemeni Lawsonia 
Inermis 

 

 

 
Fig. 5. UV-Vis absorption of Caessalpinia Sappan  Fig. 6. UV-Vis absorption of Areca Catheu 

 
Figure 7-10 showed the UV-visible absorption spectra of natural dyes after APPJ treatment for 1 

min, 3 min, and 5 min. Medina Lawsonia Inermis dye had anthocyanin peaks at wavelengths of 475.78 
nm, 504.60 nm, and 535.96 nm. 

Yemeni Lawsonia Inermis had anthocyanin peaks at wavelengths of 476.26 nm, 506.94 nm, and 
536.35 nm. Caessalpinia Sappan had an anthocyanin peak at a wavelength of 451.74 nm, while Areca 
Catheu had anthocyanin peaks at 579.98 nm. Medina Lawsonia Inermis, Caessalpinia Sappan, and 
Areca Catheu had the highest absorbance value at 5 minutes of APPJ treatment, while Yemeni 
Lawsonia Inermis at 3 minutes. After APPJ treatment, there was an increase in the anthocyanin wave 
peak. 

The natural colourant also contained chlorophyll, which indicates that the material could absorb 
sunlight. Anthocyanins' colour and stability are affected by pH, light, temperature, and structure. The 
colour and stability of anthocyanins are affected by pH, light, temperature, and structure. The pH of 
100% ethanol is 7.33, while the pH of pure water is 7.00. The pH of the solution affects the 
anthocyanin pigment. Anthocyanins are one of the subclasses of phenolic phytochemicals. 
Anthocyanins are in the form of glycosides (anthocyanidin glycosides and acylated anthocyanins) 
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[34]. Then again, anthocyanins are the glycosylated form of anthocyanidins. The conjugated bonds 
of anthocyanins produce red, blue and purple coloured plants [35]. Medina Lawsonia Inermis and 
Yemeni Lawsonia Inermis extracts come from the leaves, Caessalpinia sappan from the fruit, and 
Areca catheu from the wood.  The difference in colour and type of material in the dye will cause 
different UV-vis absorption differences. 
 

 

 

 
Fig. 7. UV-Vis absorption of Medina Lawsonia 
Inermis after APPJ treatment 

 Fig. 8. UV-Vis absorption of Yemeni Lawsonia 
Inermis after APPJ treatment 

 

 

 
Fig. 9. UV-Vis absorption of Caessalpinia Sappan 
after APPJ treatment 

 Fig. 10. UV-Vis absorption of Areca Catheu after 
APPJ treatment 

 
3.2 Functional Groups of Natural Dyes  

 
FTIR spectra of natural dye from natural dyes before and after plasma treatment are shown in 

Figure 11 and 12. Table 1 shows the band value content wavenumber of functional groups of natural 
dyes before APPJ treatment, while Table 2 shows the wavenumber value content after APPJ 
treatment. After the FTIR test, in Medina lawsonia inermis, Yemeni Lawsonia Inermis, Caessalpinia 
Sappan, and Areca Catheu there are frequency peaks of functional groups representing OH, C-H, and 
C=C functional groups. Hydroxyl (OH) groups are present in anthocyanidins, which are anthocyanins 
in the form of aglycones, and C=C and C-H groups are present in non-sugar groups bound to 
anthocyanidins [36,37].  
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The functional groups found in Medina Lawsonia Inermis, Yemeni Lawsonia Inermis, Caessalpinia 
Sappan, and Areca Catheu were -OH, -CH, and C=C. Medina lawsonia inermis natural dye before and 
after plasma treatment has the intensity of OH functional groups (3333.35 cm-1 to 3326.35 cm-1), C-
H (2970.67 cm-1and 1382.22 cm-1 to 2976.12 cm-1 and 1382.77 cm-1), C=C (1637.97 cm-1 and 879.36 
cm-1 to 1648.87 cm-1 and 878.99 cm-1). Yemeni Lawsonia Inermis before and after plasma treatment 
had intensities of OH (3340.59 cm-1 to 3325.93 cm-1), C-H (2870.83 cm-1 and 1382.21 cm-1 to 2982.38 
cm-1 and 1384.96 cm-1), C=C (1628.28 cm-1 and 879.08 cm-1 to 1658.84 cm-1 and 878.20 cm-1) 
functional groups. Caesalpinia Sappan before and after plasma treatment has the intensity of OH 
functional group (3319.59 cm-1 to 3330.03 cm-1), C-H (2887.24 cm-1and 1388.02 cm-1 to 2972.31 cm-

1 and 1383.10 cm-1), C=C (1626.05 cm-1 and 879.09 cm-1 to 1651.76 cm-1 and 877.46 cm-1). Areca 
Catheu before and after plasma treatment has the intensity of OH functional group (3326.59 cm-1 to 
3326.30 cm-1), C-H (2880.24 cm-1 and 1388.02 cm-1 to 2972.31 cm-1 and 1385.34 cm-1), C=C (1637.97 
cm-1and 879.35 cm-1 to 1651.38 cm-1 and 878.20 cm-1). 

This observation is parallel to the functional groups found in the molecular structure of Anth, Chlo 
a, Chlo b, and beta carotenoid pigments as shown in Figure 13. After these pigments were treated 
with plasma, it was found that the response of the functional groups was different, where in Medina 
Lawsonia Inermis and Yemeni Lawsonia Inermis, the wavenumber of -OH has decreased, while -CH 
and C=C have increased. The increase and decrease in the value of functional groups before and after 
plasma treatment are still in the OH, C-H and C=C ranges, this indicates that before and after plasma 
treatment there is still anthocyanin content in the material. Shows that changes in pigment structure 
have occurred due to plasma ionization, and plasma-activated compounds can affect changes in 
pigment structure, breaking down the band value content of natural dye functional groups [38]. 

The pigment Anth in Caessalpinia Sappan showed that after plasma treatment, the wavenumber 
of -OH and -CH increased, but it only slightly changed at C=C. This demonstrated that -OH and -CH 
are responsible for the change in Anth pigment molecule structure. While the beta carotenoid 
pigment in Areca Catheu shows that the wavenumber of -OH does not change after plasma 
treatment, but -CH and C=C increase their wavenumber, meaning that -CH and C=C are ionized by 
plasma, and there is a structural change in the beta carotenoid molecule. 

In Table 1 and Table 2, it can be seen that broad absorption occurs in region a with the presence 
of OH stretching groups and hydrogen bonds as intermolecular interactions between anthocyanins 
[34]. In regions b and d, there are C-H stretching groups of alkane compounds that confirm 
chlorophyll derivatives in natural dyes suitable for UV-VIS absorption. In addition, in region d, C-H 
bending aldehyde compounds were identified. In regions c and f, C=C stretching alkenes compounds 
were identified. 

The content of band values and functional groups before and after plasma treatment changes in 
region e, namely before APPJ treatment, identified C-O-C bending anhydride compounds were 
identified, while after plasma treatment identified CO-O-CO stretching anhydride was identified. This 
is probably due to the change in oxidation state and the formation of new chemical bonds [39]. In 
Figure 11, some relatively weaker peaks in the untreated sample now appear stronger after the 
treatment, as shown in Figure 12. 

Although a Helium plasma jet was used, the presence of oxygen under atmospheric conditions 
may have influenced the changes in functional groups [40,41]. The main difference between different 
types of anthocyanins is the number of hydroxyl groups and sugar groups bound to the molecular 
structure or bond position. The spectral data of Areca Catheu shows the presence of hydroxyl groups 
(Vmax 3400 - 2924 cm-1) [42,43].  
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Fig. 11. FTIR spectra of Medina Lawsonia Inermis, 
Yemeni Lawsonia Inermis, Caessalpinia Sappan 
and Areca Catheu before APPJ treatment 

 Fig. 12. FTIR spectra of Medina Lawsonia Inermis, 
Yemeni Lawsonia Inermis, Caessalpinia Sappan and 
Areca Catheu after 1 min APPJ treatment 

 
Table 1 
FTIR Spectra of natural dyes before plasma treatment 
Sample Intensity (cm-1) Ref. 

a b c d e f 

(OH)  (C-H)  (C=C) (C-H)  (C-O-C)  (C=C)  

Medina Lawsonia 
Inermis 

3333.35 2970.67 1637.97 1382.22 1045.31 879.36 [44] 

Yemeni Lawsonia 
Inermis 

3340.59 2870.83 1628.28 1382.21 1045.32 879.08 [45] 

Caesalpinia 
Sappan 

3319.59 2887.24 1647.66 1388.02 1045.31 879.09 [33] 

Areca Catheu 3326.59 2880.24 1626.05 1388.02 1045.31 879.35 [32] 

 
Table 2 
FTIR Spectra of natural dyes after plasma treatment 
Sample Intensity (cm-1) Ref. 

a b c d e f 

(OH) (C-H) (C=C) (C-H) (CO-O-CO) (C=C) 

Medina Lawsonia 
Inermis 

3326.35 2976.12 1648.87 1382.77 1041.09 878.99 [46] 

Yemeni Lawsonia 
Inermis 

3325.93 2982.38 1658.84 1384.96 1045.88 878.20 

Caesalpinia Sappan 3330.03 2972.31 1651.76 1383.10 1042.15 877.46 
Areca Catheu 3326.30 2972.31 1651.38 1385.34 1042.15 878.20 
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(a) (b) (c) 

Fig. 13. Molecule structure of (a) Anthocyanin, (b) The chemical structure of typical chlorophyll molecule. 
Chlo a contains methyl group (-CH 3 ) and Chlo b contains aldehydic group (-CHO) instead. (c) beta 
carotenoid 

 
3.3 Photodegradation of Natural Dyes 
3.3.1 Appearance color of solution dye  
 

After 4 weeks before and after APPJ treatment, the dye samples showed discolouration due to 
degradation. Before APPJ treatment, Medina Lawsonia Inermis and Yemeni Lawsonia Inermis natural 
dyes changed color from intense green to colorless and after APPJ treatment from intense green to 
colorless. Caessalpinia Sappan natural dye when before and after treatment changed colour from 
intense orange to yellow. Meanwhile, Areca Catheu color changed from intense red to non-intense 
red (Figure 14). The natural dyes experienced color degradation after being exposed for 1 week, 2 
weeks, 3 weeks, and 4 weeks. 
 

 

 

 
(a)  (b) 

Fig. 14. Discoloration of (a) Areca Catheu, (b) Caessalpinia Sappan 

 
3.3.2 UV-Visible absorption of photodegraded solution dye 
 

The optical absorption on natural dye solutions that have been photodegraded under sunlight 
and open areas for 1, 2, 3, and 4 weeks have been shown in Figure 15-22. In this study, the focus has 
been given to the effect of the chlorophyll and the anthocyanin regions on the DSSCs. As shown in 
Figure 15-22, the peak of the chlorophyll and anthocyanin waveforms in natural dyes can be seen at 
various conditions of natural dyes. In natural dyes, there was a decrease in waveform peaks after 
degradation. The efficiency of degradation in Medina Lawsonia Inermis dyes (60.72%), Yemeni 
Lawsonia Inermis (56.51%), Caessalpinia Sappan (85.80%), and Areca Catheu (62.34%) suggests that 
exposure to sunlight affected natural dyes. These findings were approved by Escher et al., who found 
that the color-changing and stability of anthocyanins are influenced by pH, light, temperature, and 
structure [47]. During photodegradation in DSSC there is a reduction in dye colour intensity caused 
by various factors such as These factors include chemical degradation of solar cell components, such 
as ligand exchange of thiocyanate ions with water or hydroxide ions, loss of ligands at high 
temperatures, and the influence of UV exposure. In addition, the presence of triiodide ions that 
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exchange dye ligands and the sensitivity of specific ligands, such as thiocyanate ions, to degradation 
plays an important role in dye breakdown in DSSCs [48]. 

The efficiency of degradation in Medina Lawsonia Inermis dyes (60.72%), Yemeni Lawsonia 
Inermis (56.51%), Caessalpinia Sappan (85.80%) and Areca Catheu (62.34%). 

After APPJ treatment, there was an increase in the percentage of degradation efficiency 
compared to before APPJ treatment. In Medina Lawsonia Inermis at 1 minute (71.35%), 3 minutes 
(70.25%), and 5 minutes (78.09%). Likewise, Yemeni Lawsonia Inermis showed an increase in the 
percentage of degradation efficiency at 1 minute (89.35%), 3 minutes (89.78%), and 5 minutes 
(78.08%). Caessalpinia Sappan, there was a slight decrease in degradation percentage compared to 
before APPJ treatment, at 1 minute (79.22%), 3 minutes (80.93%), and 5 minutes (77.33%). Thus in 
Areca Catheu at 1 minute (43.45%), 3 minutes (56.32%), and 5 minutes (63.67%) (Figure 23-26). 
 

 

 

 
Fig. 15. UV-VIS photodegradation absorption of 
Medina Lawsonia Inermis 

 Fig. 16. UV-VIS photodegradation absorption 
of Yemeni Lawsonia Inermis 

   

 

 

 
Fig. 17. UV-VIS photodegradation absorption of 
Caessalpinia Sappan 

 Fig. 18. UV-VIS photodegradation absorption of 
Areca Catheu 

 



Journal of Advanced Research in Micro and Nano Engineering 

Volume 31, Issue 1 (2025) 119-138 

130 
 

 

 

 
Fig. 19. UV-Visible absorption spectra 
photodegradation of Medina Lawsonia inermis 
solution that was after 1 minute plasma 
treatment 

 Fig. 20. UV-Visible absorption spectra 
photodegradation of Yemeni Lawsonia inermis 
solution that was after 1 minute plasma 
treatment 

   

 

 

 
Fig. 21. UV-Visible absorption spectra 
photodegradation of Caessalpinia Sappan 
solution that was after 1 minute plasma 
treatment 

 Fig. 22. UV-Visible absorption spectra 
photodegradation of Areca Catheu solution that 
was after 1 minute plasma treatment 
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Fig. 23. Degradation efficiency of Medina 
Lawsonia Inermis 

 Fig. 24. Degradation efficiency of Yemeni Lawsonia 
Inermis 

   

 

 

 
Fig. 25. Degradation efficiency of Caessalpinia 
Sappan 

 Fig. 26. Degradation efficiency of Areca Catheu 

 

3.3.3 FTIR analysis of photodegraded solution dye 
 

The active functional structural groups in anthocyanins and chlorophylls can be seen in Figure 27-
30 using FTIR spectroscopy, it would show that the functional groups in anthocyanins and 
chlorophylls had peak changes due to the photodegradation effect. Details of the wave number 
changes are recorded in Table 3 and 4.  

Table 3 and 4 show the changes in frequency values in the FTIR spectra of extractions before and 
after APPJ treatment during photodegradation from first week until fourth week. Compounds in 
natural dyes before and after photodegradation have the same compounds. This shows that the 
photodegradation process retains the compounds in natural dyes. 
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Fig. 27. FTIR spectra of the extraction of Medina 
Lawsonia Inermis after 1 minute plasma treatment 

 Fig. 28. FTIR spectra of the extraction of Yemeni 
Lawsonia Inermis after 1 minute plasma 
treatment 

 

 

 
Fig. 29. FTIR spectra of the extraction of 
Caessalpinia Sappan after 1 minute plasma 
treatment 

 Fig. 30. FTIR spectra of the extraction of Areca 
Catheu after 1 minute plasma treatment 
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 Table 3  
The frequency changes in FTIR spectra of the extraction of the Medina Lawsonia Inermis, Yemeni Lawsonia Inermis, Caessalpinia Sappan and Areca Catheu 
Intensity (cm-1) 
Period (Week) 

a 
(-OH) 

b 
(C-H) 

C 

(C=C) 

d 
(C-H) 

e 
(C-O-C) 

f 
(C=C) 

1 4 1 4 1 4 1 4 1 4 1 4 

Medina Lawsonia 
Inermis 

3340.15 3343.07 2972.13 2977.44 1638.23 1640.12 1383.23 1384.52 1045.31 1048.21 879.14 879.74 

Yemeni Lawsonia 
Inermis 

3340.87 3342.86 2870.93 2968.89 1628.97 1630.13 1382.25 1383.46 1046.13 1047.21 879.08 879.85 

Caessalpinia 
Sappan 

3320.19 3323.12 2887.89 2888.14 2887.78 2888.89 1388.47 1389.12 1045.67 1046.15 879.23 879.23 

Areca Catheu 3327.12 3329.15 2880.79 2881.03 2881.34 2883.32 1388.23 1389.02 1045.56 1046.13 879.45 879.88 

 
Table 4 
The frequency changes in FTIR spectra APPJ treatment of the extraction of the Medina Lawsonia Inermis,Yemeni Lawsonia Inermis, Caessalpinia Sappan 
and Areca Catheu  
Intensity (cm-1) 

Period (Week) 

 

a 

(-OH) 

b 

(C-H) 

C 

(C=C) 

d 

(C-H) 

e 

(CO-O-CO) 

f 

(C=C) 

1 4 1 4 1 4 1 4 1 4 1 4 

Medina Lawsonia 

Inermis 

3326.75 3327.12 2976.12 2977.13 1649.02 1649.87 1383.05 1383.95 1042.34 1043.16 878.99 878.89 

Yemeni Lawsonia 

Inermis 

3325.89 3326.17 2982.12 2982.96 1658.67 1658.90 1384.97 1385.65 1046.13 1046.89 878.56 878.67 

Caessalpinia 

Sappan 

3330.04 3330.89 2972.31 2973.11 1652.46 1653.58 1383.56 1385.13 1043.15 1044.23 878.41 878.16 

Areca Catheu 3326.30 3326.97 2880.89 2881.18 1652.07 1653.45 1385.69 1385.98 1042.10 1043.02 878.57 878.89 

 



Journal of Advanced Research in Micro and Nano Engineering 

Volume 31, Issue 1 (2025) 119-138 

134 
 

3.3.4 The energy gap of natural dyes before and after degradation 
 

The energy gap value was calculated by extrapolating the linear region of the relationship curve 
(hv) as abscissa and (ahv) as ordinate until it intersects the energy axis [49]. Table 5 showed that 
Medina Lawsonia Inermis and Yemeni Lawsonia Inermis after exposure to sunlight for 4 weeks, had 
an increasingly large energy band gap value and this indicates that they experience a wider energy 
gap. Whereas in Caessalpinia Sappan and Areca Catheu, the energy band gap value is getting smaller, 
and this indicates that the energy gap is narrower.  

Table 6-8 show the energy gap value after APPJ treatment. The energy gap value decreased after 
photodegradation for 4 weeks in Medina Lawsonia Inermis and Areca Catheu with 1,3 and 5 minutes 
of APPJ treatment, while in Caessalpinia Sappan there was a decrease in energy gap value at 3 
minutes of APPJ treatment. Yeman Lawsonia Inermis experienced a significant increase in energy gap 
value. The magnitude of the band gap energy is influenced by various factors such as temperature. 
The higher the temperature, the band gap energy tends to be more significant. 

Table 6-8 show that After APPJ treatment before photodegradation, Medina Lawsonia Inermis 
had a percentage decrease in energy gap at 1 minute (13.91%), 3 minutes (6.43%), and 5 minutes 
(4.41%). Yemeni Lawsonia Inermis had a percentage decrease in energy gap after treatment of 1 
minute (3.21%) and 3 minutes (1.02%). Caessalpinia Sappan had a percentage decrease in energy gap 
after 1 minute (39.04%), 3 minutes (37.98%), and 5 minutes (42.96%) treatment. Areca Catheu 
percentage decreased the energy gap in the treatment of 1 minute (8.70%), 3 minutes (9.51%), and 
5 minutes (3.19%). 
 

Table 5 

Optical Energy Gap photodegradation before APPJ treatment 

Natural Dye Sample Optical Energy Gap (eV) 

Before expose sun light After 2 Week expose sun light After 4 Week expose sun light 

Medina Lawsonia 

Inermis 

2.766 3.207 3.172 

Yemeni Lawsonia 

Inermis 

2.641 3.052 3.230 

Caessalpinia Sappan 3.957 3.226 3.022 

Areca Catheu 3.847 3.296 3.701 

 
Table 6 
Energy Gap photodegradation after 1 minute APPJ treatment 

Natural Dye Sample Optical Energy Gap (eV) 

Before expose sun light After 2 Week expose sun light After 4 Week expose sun light 

Medina Lawsonia 
Inermis 

2.381 1.959 1.763 

Yemeni Lawsonia 
Inermis 

2.556 3.122 3.386 

Caessalpinia Sappan 2.412 2.894 2.996 
Areca Catheu 3.512 2.389 2.369 

 
 
 
 
 
 



Journal of Advanced Research in Micro and Nano Engineering 

Volume 31, Issue 1 (2025) 119-138 

135 
 

  Table 7 
  Energy Gap photodegradation after 3 minutes APPJ treatment 

Natural Dye Sample Optical Energy Gap (eV) 

Before expose sun light After 2 Week expose sun light After 4 Week expose sun light 

Medina Lawsonia 

Inermis 

2.588 2.337 2.095 

Yemeni Lawsonia 

Inermis 

2.614 3.113 3.342 

Caessalpinia Sappan 2.454 2.409 2.389 

Areca Catheu 3.481 2.376 2.374 

 
  Table 8 
  Energy Gap photodegradation after 5 minutes APPJ treatment 

Natural Dye Sample Optical Energy Gap (eV) 

Before expose sun light After 2 Week expose sun light After 4 Week expose sun light 

Medina Lawsonia 

Inermis 

2.644 1.833 2.461 

Yemeni Lawsonia 

Inermis 

2.732 3.120 3.348 

Caessalpinia Sappan 2.257 2.676 2.796 

Areca Catheu 3.724 2.363 2.433 

 
4. Conclusion 

 
This study examined the UV absorption spectra of natural dyes, focusing on the anthocyanin 

content. The presence of chlorophyll in natural dyes indicates that the material can absorb sunlight. 
The colour of natural dyes can be seen through changes in absorbance spectra (UV-vis analysis) and 
shifts in functional group peaks (FTIR analysis) before and after APPJ treatment. 

Photodegradation was carried out for 4 weeks with direct exposure to sunlight, showing 
discolouration due to degradation. After APPJ treatment, the percentage of degradation efficiency 
increased further and strongly in Medina Lawsonia Inermis and Yemeni Lawsonia Inermis while 
Caessalpinia Sappan and Areca catheu showed little change in the percentage of degradation 
compared to before APPJ treatment. Natural dyes have different energy band gap values before and 
after APPJ treatment, which indicates that the wider and smaller energy gaps are affected by 
temperature. APPJ treatment is very good for Inermis Lawsonia Medina, Inermis Lawsonia Yaman, 
Caessalpinia Sappan and Areca Catheu with treatment for 1, 3 and 5 minutes because the energy gap 
level decreases, making it easier for electrons to move from the valence band to the conduction band. 
After APPJ treatment, Caessalpinia Sappan had the highest presentation value of energy gap 
reduction. APPJ treatment has a strong and good effect on natural dyes for degradation efficiency 
and energy gap level. More experiments are needed to explore this field to improve the performance 
of natural dyes using APPJ treatment for solar cell applications that are cost-effective, 
environmentally friendly and have good durability. 
 
Declaration of Conflict Interest 
The authors declare that they have no known conflict interests or personal relationships that could 
have appeared to influence the work reported in this paper. 

 



Journal of Advanced Research in Micro and Nano Engineering 

Volume 31, Issue 1 (2025) 119-138 

136 
 

Acknowledgements 
This project was financially supported by the Malaysian Ministry of Higher Education, under the 
Fundamental Research Grant Scheme (FRGS), FRGS/1/2018/TK10/UMT/02/04 (VOT 59511). 
 
References 
[1] Duran, D., I. Martínez, B. Weber, E. Rincón, and J. Juárez. "Design of a mobile photovoltaic module system for 

demonstration and experimentation." Energy Procedia 57 (2014): 32-38. 
https://doi.org/10.1016/j.egypro.2014.10.005 

[2] Mura, Paolo Giuseppe, Roberto Baccoli, Roberto Innamorati, and Stefano Mariotti. "Solar energy system in a small 
town constituted of a network of photovoltaic collectors to produce Electricity for homes and hydrogen for 
transport services of municipality." Energy Procedia 78 (2015): 824-829. 
https://doi.org/10.1016/j.egypro.2015.11.002 

[3] Manjceevan, A., and J. Bandara. "Systematic stacking of PbS/CdS/CdSe multi-layered quantum dots for the 
enhancement of solar cell efficiency by harvesting wide solar spectrum." Electrochimica Acta 271 (2018): 567-575. 
https://doi.org/10.1016/j.solmat.2015.12.014 

[4] Setyawan, Lukas Bambang. "Perkembangan dan Prospek Sel Fotovoltaik Organik: Sebuah Telaah Ilmiah." Techné: 
Jurnal Ilmiah Elektroteknika 17, no. 02 (2018): 93-100. https://doi.org/10.31358/techne.v17i02.175 

[5] Low, Pei-Ling, Lavanyah Arumugam, Gregory Soon How Thien, Yew-Keong Sin, Mohd Khairul Ahmad, and Kah-
Yoong Chan. "Development of Halide Perovskites for Solar Cell Applications." Journal of Advanced Research in 
Applied Sciences and Engineering Technology 36, no. 1 (2023): 74-82. https://doi.org/10.37934/araset.36.1.7482 

[6] Syafinar, R., N. Gomesh, M. Irwanto, M. Fareq, and Y. M. Irwan. "Chlorophyll pigments as nature based dye for dye-
sensitized solar cell (DSSC)." Energy Procedia 79 (2015): 896-902. https://doi.org/10.1016/j.egypro.2015.11.584 

[7] Raji, R., and K. G. Gopchandran. "ZnO nanostructures with tunable visible luminescence: Effects of kinetics of 
chemical reduction and annealing." Journal of Science: Advanced Materials and Devices 2, no. 1 (2017): 51-58. 
https://doi.org/10.1016/j.jsamd.2017.02.002 

[8] Abdullah, Eidan Asi, Ahmed Abed Anber, Farqad Fisal Edan, and Ali Jabbar Fraih. "Synthesis of ZnO Nanoparticles 
by Using an Atmospheric-Pressure Plasma Jet." Open Access Library Journal 5, no. 7 (2018): 1-7. 
https://doi.org/10.4236/oalib.1104755 

[9] Chien, Chiang-Yu, and Ban-Dar Hsu. "Optimization of the dye-sensitized solar cell with anthocyanin as 
photosensitizer." Solar energy 98 (2013): 203-211. https://doi.org/10.1016/j.solener.2013.09.035 

[10] Song, Hayoung, Hankuil Yi, Myungjin Lee, Ching-Tack Han, Jeongyeo Lee, HyeRan Kim, Jong-In Park, Ill-Sup Nou, 
Sun-Ju Kim, and Yoonkang Hur. "Purple Brassica oleracea var. capitata F. rubra is due to the loss of BoMYBL2–1 
expression." BMC plant biology 18 (2018): 1-16. https://doi.org/10.1186/s12870-018-1290-9 

[11] Lokman, Muhammad Quisar, Suraya Shaban, Suhaidi Shafie, Fauzan Ahmad, Hafizal Yahaya, Ahmad Mukifza Harun, 
and Mohd Azizi Abdul Rahman. "Improving Dye-Sensitized Solar Cells Photocurrent Performance based on Titanium 
Dioxide Photoanode Thickness." Journal of Advanced Research in Applied Sciences and Engineering Technology 34, 
no. 1 (2024): 177-186. https://doi.org/10.37934/araset.34.1.177186 

[12] Kamarulzaman, Nurul Huda, Hasiah Salleh, Ahmad Nazri Dagang, Mohd Sabri Mohd Ghazali, Nurhayati Ishak, and 
Zakiyah Ahmad. "Optimization of Titanium Dioxide Layer Fabrication Using Doctor Blade Method in Improving 
Efficiency of Hybrid Solar Cells." In Journal of Physics: Conference Series, vol. 1535, no. 1, p. 012025. IOP Publishing, 
2020. https://doi.org/10.1088/1742-6596/1535/1/012025 

[13] Shameli, Kamyar, Siti Rahmah Aid, Nur Farhana Arissa Jonny, and Yutaka Asako. "Green Synthesis of Gold 
Nanoparticles Based on Plant Extract for Nanofluid-based Hybrid Photovoltaic System Application." Journal of 
Research in Nanoscience and Nanotechnology 4, no. 1 (2021): 19-34. https://doi.org/10.37934/jrnn.4.1.1934 

[14] Pawar, Ashitosh B., Sandeep P. More, and R. V. Adivarekar. "Dyeing of polyester and nylon with semi-synthetic azo 
dye by chemical modification of natural source areca nut." Natural products and bioprospecting 8 (2018): 23-29. 
https://doi.org/10.1007/s13659-017-0144-8 

[15] Al-Alwani, Mahmoud AM, Abu Bakar Mohamad, Norasikin A. Ludin, Abd Amir H. Kadhum, and Kamaruzzaman 
Sopian. "Dye-sensitised solar cells: Development, structure, operation principles, electron kinetics, 
characterisation, synthesis materials and natural photosensitisers." Renewable and Sustainable Energy Reviews 65 
(2016): 183-213. https://doi.org/10.1016/j.rser.2016.06.045 

[16] Ludin, Norasikin A., Mahmoud AM Al-Alwani, Abu Bakar Mohamad, Abd Amir H. Kadhum, Norul Hisham Hamid, 
Mohd Adib Ibrahim, Mohd Asri Mat Teridi, Tarik M. Ali Al-Hakeem, Abduljabbar Mukhlus, and Kamaruzzaman 
Sopian. "Utilization of natural dyes from Zingiber officinale leaves and Clitoria ternatea flowers to prepare new 

https://doi.org/10.1016/j.egypro.2014.10.005
https://doi.org/10.1016/j.egypro.2015.11.002
https://doi.org/10.1016/j.solmat.2015.12.014
https://doi.org/10.31358/techne.v17i02.175
https://doi.org/10.37934/araset.36.1.7482
https://doi.org/10.1016/j.egypro.2015.11.584
https://doi.org/10.1016/j.jsamd.2017.02.002
https://doi.org/10.4236/oalib.1104755
https://doi.org/10.1016/j.solener.2013.09.035
https://doi.org/10.1186/s12870-018-1290-9
https://doi.org/10.37934/araset.34.1.177186
https://doi.org/10.1088/1742-6596/1535/1/012025
https://doi.org/10.37934/jrnn.4.1.1934
https://doi.org/10.1007/s13659-017-0144-8
https://doi.org/10.1016/j.rser.2016.06.045


Journal of Advanced Research in Micro and Nano Engineering 

Volume 31, Issue 1 (2025) 119-138 

137 
 

photosensitisers for dye-sensitised solar cells." International Journal of Electrochemical Science 13, no. 8 (2018): 
7451-7465. https://doi.org/10.20964/2018.08.04 

[17] Kovačević, Danijela Bursać, Predrag Putnik, Verica Dragović-Uzelac, Sandra Pedisić, Anet Režek Jambrak, and Zoran 
Herceg. "Effects of cold atmospheric gas phase plasma on anthocyanins and color in pomegranate juice." Food 
chemistry 190 (2016): 317-323. https://doi.org/10.1016/j.foodchem.2015.05.099 

[18] Reuter, Stephan, Thomas Von Woedtke, and Klaus-Dieter Weltmann. "The kINPen—a review on physics and 
chemistry of the atmospheric pressure plasma jet and its applications." Journal of Physics D: Applied Physics 51, no. 
23 (2018): 233001. https://doi.org/10.1088/1361-6463/aab3ad 

[19] Chen, Yannan, Gangqiang Zhu, Mirabbos Hojamberdiev, Jianzhi Gao, Runliang Zhu, Chenghui Wang, Xiumei Wei, 
and Peng Liu. "Three-dimensional Ag2O/Bi5O7I p–n heterojunction photocatalyst harnessing UV–vis–NIR broad 
spectrum for photodegradation of organic pollutants." Journal of hazardous materials 344 (2018): 42-54. 
https://doi.org/10.1016/j.jhazmat.2017.10.015 

[20] Chen, Xin, Rui-tang Guo, Wei-guo Pan, Ye Yuan, Xing Hu, Zhe-xu Bi, and Juan Wang. "A novel double S-scheme 
photocatalyst Bi7O9I3/Cd0. 5Zn0. 5S QDs/WO3− x with efficient full-spectrum-induced phenol 
photodegradation." Applied Catalysis B: Environmental 318 (2022): 121839. 
https://doi.org/10.1016/j.apcatb.2022.121839 

[21] Lee, Chia-Chun, Ting-Hao Wan, Cheng-Che Hsu, I-Chun Cheng, and Jian-Zhang Chen. "Atmospheric-pressure plasma 
jet processed Pt/ZnO composites and its application as counter-electrodes for dye-sensitized solar cells." Applied 
Surface Science 436 (2018): 690-696. https://doi.org/10.1016/j.apsusc.2017.12.032 

[22] Kuo, Yu-Lin, Sagung Dewi Kencana, and Yi-Jun Lin. "Atmospheric pressure plasma jet fabricating of porous silver 
electrocatalyst as a promising approach to the creation of cathode layers of low temperature solid oxide fuel 
cells." Surface and Coatings Technology 410 (2021): 126810. https://doi.org/10.1016/j.surfcoat.2020.126810 

[23] Guo, Jhao-Yu, Jou-An Chen, Song-Yu Chen, Meng-Lun Lee, Wei-Ren Liu, and Yu-Lin Kuo. "Reactive plasma oxygen-
modified and nitrogen-doped soft carbon as a potential anode material for lithium-ion batteries using a tornado-
type atmospheric pressure plasma jet." Electrochimica Acta 427 (2022): 140897. 
https://doi.org/10.1016/j.electacta.2022.140897 

[24] Zhang, Wei-Min, Wu-Yang Huang, Wen-Xue Chen, Lin Han, and Hai-De Zhang. "Optimization of extraction 
conditions of areca seed polyphenols and evaluation of their antioxidant activities." Molecules 19, no. 10 (2014): 
16416-16427. https://doi.org/10.3390/molecules191016416 

[25] Trigui, Mohamed, Anis Ben Hsouna, Inès Hammami, Gérald Culioli, Mohieddine Ksantini, Slim Tounsi, and Samir 
Jaoua. "Efficacy of Lawsonia inermis leaves extract and its phenolic compounds against olive knot and crown gall 
diseases." Crop protection 45 (2013): 83-88. https://doi.org/10.1016/j.cropro.2012.11.014 

[26] Ananth, S., P. Vivek, T. Arumanayagam, and P. Murugakoothan. "Natural dye extract of lawsonia inermis seed as 
photo sensitizer for titanium dioxide based dye sensitized solar cells." Spectrochimica Acta Part A: Molecular and 
Biomolecular Spectroscopy 128 (2014): 420-426. https://doi.org/10.1016/j.saa.2014.02.169 

[27] Pucelik, Barbara, Adam Sułek, and Janusz M. Dąbrowski. "Bacteriochlorins and their metal complexes as NIR-
absorbing photosensitizers: Properties, mechanisms, and applications." Coordination Chemistry Reviews 416 
(2020): 213340. https://doi.org/10.1016/j.ccr.2020.213340 

[28] Vira, Theng Saw, Siti Khadijah Zaaba, and Mohammad Taufiq Mustaffa. "Investigation on gas plasma and liquid 
plasma treatment for polyether ether ketone (PEEK) surface for wettability enhancement." In Journal of Physics: 
Conference Series, vol. 1372, no. 1, p. 012010. IOP Publishing, 2019. https://doi.org/10.1088/1742-
6596/1372/1/012010 

[29] Huzum, Ramona, and Andrei Vasile Nastuta. "Helium atmospheric pressure plasma jet source treatment of white 
grapes juice for winemaking." Applied Sciences 11, no. 18 (2021): 8498. https://doi.org/10.3390/app11188498 

[30] Mohan, Sonima, Mini Vellakkat, Arun Aravind, and U. Reka. "Hydrothermal synthesis and characterization of Zinc 
Oxide nanoparticles of various shapes under different reaction conditions." Nano Express 1, no. 3 (2020): 030028. 
https://doi.org/10.1088/2632-959X/abc813 

[31] Najm, Asmaa Soheil, Abu Bakar Mohamad, and Norasikin A. Ludin. "The extraction and absorption study of natural 
dye from Areca catechu for dye sensitized solar cell application." In AIP Conference Proceedings, vol. 1838, no. 1. 
AIP Publishing, 2017. https://doi.org/10.1063/1.4982191 

[32] Najm, Asmaa Soheil, Norasikin A. Ludin, Mahir Faris Abdullah, Munirah A. Almessiere, Naser M. Ahmed, and 
Mahmoud AM Al-Alwani. "Areca catechu extracted natural new sensitizer for dye-sensitized solar cell: Performance 
evaluation." Journal of Materials Science: Materials in Electronics 31 (2020): 3564-3575. 
https://doi.org/10.1007/s10854-020-02905-x 

https://doi.org/10.20964/2018.08.04
https://doi.org/10.1016/j.foodchem.2015.05.099
https://doi.org/10.1088/1361-6463/aab3ad
https://doi.org/10.1016/j.jhazmat.2017.10.015
https://doi.org/10.1016/j.apcatb.2022.121839
https://doi.org/10.1016/j.apsusc.2017.12.032
https://doi.org/10.1016/j.surfcoat.2020.126810
https://doi.org/10.1016/j.electacta.2022.140897
https://doi.org/10.3390/molecules191016416
https://doi.org/10.1016/j.cropro.2012.11.014
https://doi.org/10.1016/j.saa.2014.02.169
https://doi.org/10.1016/j.ccr.2020.213340
https://doi.org/10.1088/1742-6596/1372/1/012010
https://doi.org/10.1088/1742-6596/1372/1/012010
https://doi.org/10.3390/app11188498
https://doi.org/10.1088/2632-959X/abc813
https://doi.org/10.1063/1.4982191
https://doi.org/10.1007/s10854-020-02905-x


Journal of Advanced Research in Micro and Nano Engineering 

Volume 31, Issue 1 (2025) 119-138 

138 
 

[33] Ngamwonglumlert, Luxsika, Sakamon Devahastin, Naphaporn Chiewchan, and GS Vijaya Raghavan. "Color and 
molecular structure alterations of brazilein extracted from Caesalpinia sappan L. under different pH and heating 
conditions." Scientific reports 10, no. 1 (2020): 12386. https://doi.org/10.1038/s41598-020-69189-3 

[34] Chen, Zhiling, Jian Ma, Peng Li, Bo Wen, Yu Wang, Yanhong Ma, and Wuyang Huang. "Preparation of hypoglycemic 
anthocyanins from mulberry (Fructus mori) fruits by ultrahigh pressure extraction." Innovative Food Science & 
Emerging Technologies 84 (2023): 103255. https://doi.org/10.1016/j.ifset.2022.103255 

[35] Sun, Liping, Jingtian Huo, Jieya Liu, Jiayi Yu, Jialing Zhou, Chongde Sun, Yue Wang, and Feng Leng. "Anthocyanins 
distribution, transcriptional regulation, epigenetic and post-translational modification in fruits." Food 
chemistry 411 (2023): 135540. https://doi.org/10.1016/j.foodchem.2023.135540 

[36] Alappat, Bindhu, and Jayaraj Alappat. "Anthocyanin pigments: Beyond aesthetics." Molecules 25, no. 23 (2020): 
5500. https://doi.org/10.3390/molecules25235500 

[37] LaFountain, Amy M., and Yao‐Wu Yuan. "Repressors of anthocyanin biosynthesis." New Phytologist 231, no. 3 
(2021): 933-949. https://doi.org/10.1111/nph.17397 

[38] Hoffmann, Andreas, Matthias Uhl, Maximilian Ceblin, Felix Rohrbach, Joachim Bansmann, Marcel Mallah, Holger 
Heuermann, Timo Jacob, and Alexander JC Kuehne. "Atmospheric pressure plasma-jet treatment of PAN-
nonwovens—carbonization of nanofiber electrodes." C 8, no. 3 (2022): 33. https://doi.org/10.3390/c8030033 

[39] Hansen, Poul Erik, and Jens Spanget-Larsen. "NMR and IR investigations of strong intramolecular hydrogen 
bonds." Molecules 22, no. 4 (2017): 552. https://doi.org/10.3390/molecules22040552 

[40] Luan, Pingshan, and Gottlieb S. Oehrlein. "Interaction of long‐lived reactive species from cold atmospheric pressure 
plasma with polymers: Role of macromolecular structure and deep modification of aromatic polymers." Plasma 
Processes and Polymers 16, no. 11 (2019): 1900053. https://doi.org/10.1002/ppap.201900053 

[41] Nguyen, Tat Thang, Xiaodi Ji, Thi Hai Van Nguyen, and Minghui Guo. "Wettability modification of heat-treated wood 
(HTW) via cold atmospheric-pressure nitrogen plasma jet (APPJ)." Holzforschung 72, no. 1 (2017): 37-43. 
https://doi.org/10.1515/hf-2017-0004 

[42] Gotoh, Keiko, Eriko Shohbuke, Yasuyuki Kobayashi, and Hirohisa Yamada. "Wettability control of PET surface by 
plasma-induced polymer film deposition and plasma/UV oxidation in ambient air." Colloids and Surfaces A: 
Physicochemical and Engineering Aspects 556 (2018): 1-10. https://doi.org/10.1016/j.colsurfa.2018.07.033 

[43] Rajan, Anish, Vidya Vilas, and Daizy Philip. "Catalytic and antioxidant properties of biogenic silver nanoparticles 
synthesized using Areca catechu nut." Journal of Molecular Liquids 207 (2015): 231-236. 

https://doi.org/10.1016/j.molliq.2015.03.023 
[44] Pawar, Ashitosh B., Sandeep P. More, and R. V. Adivarekar. "Dyeing of polyester and nylon with semi-synthetic azo 

dye by chemical modification of natural source areca nut." Natural products and bioprospecting 8 (2018): 23-29. 
https://doi.org/10.1007/s13659-017-0144-8 

[45] Akilandaeaswari, B., and K. Muthu. "Green method for synthesis and characterization of gold nanoparticles using 
Lawsonia inermis seed extract and their photocatalytic activity." Materials Letters 277 (2020): 128344. 
https://doi.org/10.1016/j.matlet.2020.128344 

[46] Ajitha, B., Y. Ashok Kumar Reddy, P. Sreedhara Reddy, Y. Suneetha, Hwan-Jin Jeon, and Chi Won Ahn. "Instant 
biosynthesis of silver nanoparticles using Lawsonia inermis leaf extract: Innate catalytic, antimicrobial and 
antioxidant activities." Journal of molecular liquids 219 (2016): 474-481. 
https://doi.org/10.1016/j.molliq.2016.03.041 

[47] Lu, Bing-Jyh, Tzu-Che Lin, How-Ran Chao, Cheng-Hsian Tsai, Jian-He Lu, Ming-Hsien Tsai, Ching-Tzu Chang et al. "The 
impact of air or nitrogen non-thermal plasma on variations of natural bioactive compounds in Djulis (Chenopodium 
Formosanum Koidz.) Seed and the potential effects for human health." Atmosphere 12, no. 11 (2021): 1375. 
https://doi.org/10.3390/atmos12111375 

[48] Escher, Graziela Bragueto, Mingchun Wen, Liang Zhang, Neiva Deliberali Rosso, and Daniel Granato. "Phenolic 
composition by UHPLC-Q-TOF-MS/MS and stability of anthocyanins from Clitoria ternatea L.(butterfly pea) blue 
petals." Food chemistry 331 (2020): 127341. https://doi.org/10.1016/j.foodchem.2020.127341 

[49] Kumar, Ankit, and G. Pandey. "A review on the factors affecting the photocatalytic degradation of hazardous 
materials." Mater. Sci. Eng. Int. J 1, no. 3 (2017): 1-10. https://doi.org/10.15406/mseij.2017.01.00018 

[50] Johannes, Albert Zicko, Redi Kristian Pingak, and Minsyahril Bukit. "Tauc Plot Software: Calculating energy gap 
values of organic materials based on Ultraviolet-Visible absorbance spectrum." In IOP conference series: materials 
science and engineering, vol. 823, no. 1, p. 012030. IOP Publishing, 2020. https://doi.org/10.1088/1757-
899X/823/1/012030 

https://doi.org/10.1038/s41598-020-69189-3
https://doi.org/10.1016/j.ifset.2022.103255
https://doi.org/10.1016/j.foodchem.2023.135540
https://doi.org/10.3390/molecules25235500
https://doi.org/10.1111/nph.17397
https://doi.org/10.3390/c8030033
https://doi.org/10.3390/molecules22040552
https://doi.org/10.1002/ppap.201900053
https://doi.org/10.1515/hf-2017-0004
https://doi.org/10.1016/j.colsurfa.2018.07.033
https://doi.org/10.1016/j.molliq.2015.03.023
https://doi.org/10.1007/s13659-017-0144-8
https://doi.org/10.1016/j.matlet.2020.128344
https://doi.org/10.1016/j.molliq.2016.03.041
https://doi.org/10.3390/atmos12111375
https://doi.org/10.1016/j.foodchem.2020.127341
https://doi.org/10.15406/mseij.2017.01.00018
https://doi.org/10.1088/1757-899X/823/1/012030
https://doi.org/10.1088/1757-899X/823/1/012030

