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Abstract. Hexavalent chromium (Cr(VI)) represents a significant risk to both human health and the environment. Photocatalysis offers a promising
method for reducing Cr(VI) to the less toxic Cr(III) state, which can be easily precipitated and removed. Carbon quantum dots (CQDs) have become
prominent in photocatalysis owing to their facile synthesis, light-harvesting capacity, and electron transfer properties. In this study, banana peel (Musa
acuminata) powder containing approximately 59.58 * 7.43% (w/w) carbohydrates and 15.67 * 0.15% (w/w) moisture, serves as a sustainable carbon
source for synthesizing CQDs, through the hydrothermal method. Phosphoric acid was introduced as a dopant and catalyst, promoting the formation
of fluorescent phosphorus-doped carbon quantum dots (P-CQDs). These P-CQDs were then used as photocatalysts for the visible light-induced
reduction of Cr(VI). This research employed a 2* factorial experimental design to evaluate the effects of hydrothermal synthesis conditions such as
phosphoric acid-to-banana peel powder mass ratio (1:1 to 2:1), reaction temperature (140°C to 180°C), and reaction time (4 to 8 hours) on the
photoreduction of 50ppm Cr(VI) in synthetic wastewater. Photoreduction efficiencies ranged from 57.3% to 85.4% after 2 hours of visible light
irradiation. Analysis of Variance (ANOVA) results at a 95% confidence interval demonstrated that all three factors significantly influenced the
reduction efficiency. Furthermore, UV-Vis spectroscopy of P-CQDs at varying hydrothermal synthesis conditions revealed characteristic absorption
bands at m—1* transitions of the C=C bonds in the core structure and n—m* transitions of C=O/P domains on the surface. Meanwhile, FTIR analysis
of P-CQD samples has shown several peaks corresponding to hydroxyl, carbonyl, carboxyl and phosphorus-containing functional groups. The
synthesized compound also exhibited strong photoluminescence with blue-green emission under 365 nm UV light. These findings are crucial for
further research aimed at optimizing the synthesis of sustainable P-CQD photocatalysts.
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1. Introduction classifies Cr(VI) as a Group 1 human carcinogen, with exposure

linked to severe health effects, including organ damage and

The widespread distribution of heavy metals in aquatic  j...1 ¢ high doses (ATSDR, 2000). Therefore, reducing Cr(VI)
ecosystems, driven by natural factors and diverse industrial . . N .
to its less harmful trivalent state Cr(III) is critically important.

applications, has sparked significant environmental concerns Widely studied methods for treating chromium-containing
due to their potential threats to ecological systems and human . . .
[-bei Tch ¢ al. 2012- Sa’'adah ef al. 2024 wastewater, such as electrocoagulation, chemical coagulation
well-being (Tchounwou ¢ a4 ; Daacal et ar, ) and flocculation, adsorption, and membrane techniques, often
Arr}ong.these met.als., chrorplum 'S pgrtlcularly concerning d.ue generate toxic secondary waste and can be costly (Teh et al.
to its wide usage in industrial operations such as textile dyeing 2016; Sukmana ef al,, 2021). Photocatalysis has emerged as a
((;etin etal, 2.008)’ metal. plating (Kropschot &.Doebrich, 201.0)’ prom’ising alternativ’e with various photocatalysts being
pigment making (Burstein et al., 2010), ceramic manufacturing developed to enhance the process. However, metal oxide

(Wilbur ef al,, 2012), electroplating (Yli-Pentti et al., 2014), and photocatalysts like ZnO, Zeolites, and TiO; although effective,

leat(};erotarémrlllgl (Omcrin-ce-lgll?ny et Cg} 2018)t' lent oxidati can be toxic (Peralta-Videa et al., 2011) and typically active only
1(0), Cr(III), and Cr(VI) are the most prevalent oxidation under ultraviolet (UV) light which is impractical for most

states O.f chromium. - Among the§e, hegavalent chrgrr.ngm applications (Shen et al, 2013). This has led to increased
(Cr(VI) is the most hazardous owing to its strong oxidizing research into visible-light-absorbing photocatalysts.

nature and high mobility in biological systems (Marqués et al., Carbon quantum dots (CQDs), with excellent light-
1998). The International Agency for Research on Cancer (IARC) harvesting capabilities, electron tliansfer properties, and
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environmental friendliness, are appealing options (Das et al.,
2021; Alkian et al. 2022). These quasi-zero dimensional
nanoparticles, typically smaller than 10nm in diameter, consist
of an sp? carbon core with diverse surface moieties (Xia et al.,
2019). CQDs are valued for their facile synthesis, cost-
effectiveness, photoluminescence, UV-vis absorption, tunable
energy band gap, biocompatibility, and nontoxicity (Jiang et al.,
2019; Kailasa et al., 2019; Tungare et al., 2020).

Methods for synthesizing CQDs are generally divided into
into top-down and bottom-up routes. In the top-down method,
larger carbon-based materials are fragmented into nanosized
particles through ultrasonication, laser ablation,
electrochemical, or chemical oxidative process (Carbonaro et
al., 2019). However, these methods often suffer from low yield
and high cost (John et al., 2021; Hoang et al., 2023). A promising
alternative is the bottom-up approach, particularly
hydrothermal synthesis, which builds CQDs by gradual
assembly of atoms or molecules (Cai et al., 2019). This method
is favored due to its low cost nature, eco-friendly characteristics,
and the ease of introducing heteroatom dopant into the organic
precursors (Wang et al., 2021; Ramar et al., 2019; Kalaiyarasan
etal., 2020).

The synthesis of CQDs can utilize a range of precursor
materials, categorized as either chemical or green sources
(Omar et al., 2022). Recently, there has been a surge of attention
in utilizing sustainable green precursors like fruit peels (Muktha
et al., 2020; Atchudan et al.,, 2021) due to their abundance and
environmental benefits. For instance, banana peels, which
constitute 40% to 50% of the ripe fruit (Ahmed et al., 2021), are
often discarded as waste despite containing valuable
components like cellulose, hemicellulose, pectin, lignin, and
other carbon-rich organic compounds (Alzate-Acevedo et al.,
2021). The Philippines, a major banana producer and the top
exporter in Asia generated an estimated 2.36 million metric tons
of bananas from July to September 2022, leading to substantial
amounts of peel waste (DA, 2022; FAO UN, 2022). If not
properly managed, these peels can decompose for up to two
years, emitting greenhouse gases and contributing to climate
change (Alzate-Acevedo et al., 2021).

Given the organic content of banana peels, they present as a
viable green precursor for producing CQDs. Although previous
studies have explored banana peels as a carbon feedstock for
producing CQDs (Vikneswaran et al, 2014; Atchudan et al.,
2020), the applications of their phosphorus-doped form remains
largely unexplored. Doping CQDs with heteroatoms like
phosphorus can enhance fluorescence, significantly alter their
energy band structure, and modify their surface chemistry,
leading to improved catalytic performance (Zhang et al., 2020).
In this study, phosphoric acid is used as a dopant for its
environmental benignity and potential to fine-tune the
properties of CQDs (Quesada-Plata et al, 2016), offering a
sustainable approach to chromium pollution mitigation.
Furthermore, the synthesis of P-CQD photocatalysts that are
active under visible light opens new opportunities for their use
in sunlight-driven water treatment and in the development of
solar energy technologies, given that ultraviolet light accounts
for only about 7% of sunlight, while the majority lies in the
visible spectrum (Akbar et al., 2021).

2. Materials and Method

2.1 Chemicals and Materials

Reagents such as phosphoric acid (85 - 88%, Ajax Finechem),
potassium dichromate (99.98%, Loba Chemie), sodium
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Fig. 1 P-CQD Synthesis Schematic Diagram

hydroxide (= 98%, RCI Labscan), 1,5-diphenylcarbazide (=
95%, Sigma-Aldrich), acetone (= 99.5%, JT Baker) and
deionized water (0.5 uS/cm) were sourced from local suppliers
and used as received without further treatment. Teflon-lined
hydrothermal reactor (250ml), visible light lamp (36W
fluorescent lamp with electronic ballast), UV light (365nm), glass
microfiber filter (1.2 ym, Whatman), and mixed-cellulose ester
(MCE) membrane filter (0.22 pym, Scharlau) were also obtained
commercially.

2.2 Banana Peels Pretreatment and Characterization

Banana fruit and peels (Musa acuminata) from this study were
obtained from different supermarkets in Muntinlupa and Las
Piflas City, Philippines. The peels and pulp of the fruit were
separated. The collected peels were thouroughly washed,
chopped into smaller pieces, and oven-dried at 105°C for 8
hours. Afterwards, they were pulverized into a fine powder
using a commercially available blender. The banana peel
powder (BPP) underwent sieving using a standard sieve no. 60
(= 250 microns) to ensure uniformity of size. Proximate analysis
was conducted to determine the carbohydrate, protein, lipids,
ash, and moisture content of the powdered dry banana peels.
Fourier Transform Infrared Spectroscopy (FTIR) with
Attenuated Total Reflection (Shimadzu, IR Tracer-100) was also
employed to determine the surface-bound functional groups on
the BPP.

2.3 Hydrothermal Synthesis and Purification of P-CQDs

About 12.0g of dried banana peel powder (BPP) and varying
amounts of phosphoric acid, H3PO,; (12.0g to 24.0g) were
soaked in 60 mL of deionized water for 14h (Liu et al, 2021,
Goswami et al.,, 2022). The mixture was placed into a Teflon-
lined hydrothermal reactor (Figure 1) and subjected to heating
in a laboratory oven at different temperatures (140°C to 180°C)
and reaction times (4h to 8h). Subsequently, the product thus
acquired from hydrothermal synthesis was cooled to room
temperature and filtered using a glass microfiber filter (1.2 pm).
The supernatant solution underwent another filtration step
using a MCE membrane filter. (Atchudan et al., 2020).

2.4 Photocatalytic Reduction Experiment

A 1ml of the P-CQD solution was added to a synthetic 50ppm
of hexavalent chromium solution. The acidic requirement of the
reduction (pH=2) was achieved using 0.1M NaOH (Shen et al.,
2013). The beaker containing hexavalent chromium and P-
CQDs was subsequently preset for 30 minutes (Xu et al., 2018).
It was mixed thoroughly with a magnetic stirrer and then
irradiated for 2 hours with a 36W fluorescent lamp (with
electronic ballast) at a 20cm vertical distance from the surface
of the medium (Rahim et al., 2012).
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Table 1
Summary of Factorial Levels of the Experiment
Factor Low Level High Level
[A] HsPO4: BPP Mass Ratio 1 2
[B] Reaction Temperature (°C) 140 180
[C] Reaction Time (h) 4 8

Meanwhile, the hexavalent chromium in this study was
measured using the procedure specified in the Standard
Methods for the Examination of Water and Wastewater (Baird
& Bridgewater, 2017). The initial and final concentration of
hexavalent chromium was examined in the UV-Vis
Spectroscope at 540nm using diphenylcarbazide (DPC) assay.

2.5 Statistics and Experimental Design

The effect of phosphoric acid: banana peel powder mass ratio
[A], reaction temperature [B], and reaction time [C] on the
photoreduction efficiency of 50 ppm Cr(VI) under 2 hrs visible
light irradiation was evaluated by performing a 2* factorial
experiment with Analysis of Variance (ANOVA) at 95%
confidence interval using Design Expert 11. The levels of the
factors used can be found in Table 1.

2.6 Characterization of P-CQDs

Absorption peaks and optical characteristics of the synthesized
compound were analyzed using UV-vis Spectroscope
(Shimadzu, UV-1280). Meanwhile, the functional groups as well
as the chemical bonding of P-CQDs were recorded through
FTIR with Attenuated Total Reflection (Shimadzu, IR Tracer-
100). The fluorescent emission of P-CQDs was examined
visually under UV light exposure (365 nm wavelength),
confirming the formation of CQDs and their photoluminescent
property (Jiang et al., 2019, Kailasa et al., 2019).

3. Results and Discussion

3.1 Banana Peel Powder Characteristics

The proximate analysis of the Cavendish BPP is summarized in
Table 2. This was conducted using the Association of Official
Agricultural Chemists (AOAC) analytical procedure (AOAC,
2016). The ash content observed at 13.35 £ 0.22% could be
attributed to the mineral content such as calcium, potassium,
and iron (Feumba et al., 2016). The banana peel powder also
contains lipids, which might be the saturated and unsaturated
fatty acids present; as well as crude protein, which is linked to
its naturally occuring amino acids (Happi Emaga et al., 2007).
Meanwhile, the moisture content of the raw banana peels was
88.92 * 3.35% (w/w), which is consistent with the 89.68 +

Table 2
Proximate Composition of Cavendish Banana Peel Powder
(g/100g)

Composition Amount
Moisture 15.67 £ 0.15
Crude Proteins 7.59+£0.31
Lipids 3.81+0.12
Ash 13.35+0.22
Carbohydrates (by difference) 59.58 £ 7.43
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0.115% observed by Gomez-Montafio et al. (2021). While
hydrothermal synthesis can handle this moisture level, drying
and powdering the banana peels was preferred to accurately
control the reaction medium and maintain the homogeneity of
the carbon precursor. After pretreatment, the moisture content
was reduced to 15.67 + 0.15% (w/w). Although this is slightly
higher than the wvalues reported in other studies, the
carbohydrate content, approximately 59.58 * 7.43% remains
consistent with previous findings (Gomez-Montafio et al., 2020;
Segura-Badilla et al., 2022). This high carbohydrate content
confirms that banana peels are rich in carbon, making them a
viable precursor for synthesizing carbon quantum dots.

The FTIR spectrum of the banana peel powder, presented
in Figure 2, reveals several key peaks. The wide band at 3281
cm! corresponds to intense hydroxyl stretching vibration, while
the absorption bands at 2918 cm™ and 2851 cm™ correspond to
C-H stretching frequencies in the molecular backbone ascribed
to the lipid compounds and some lignin fractions of the BPP
(Oleveira et al., 2016). The aromatic stretching of the lignin
fractions (Mohd Salim et al., 2015; Oleivera et al., 2016) is also
reflected by the stretching signals of C=C vibrations at 1593
cm. Meanwhile, certain absorption bands are linked to
cellulose and hemicellulose, such as the 1315 cm! peak, which
correponds to the to stretching of the C—H group, and the band
at 1732 cm, which is assigned to the C=0 stretching of ester
or carboxylic groups (Oleivera et al., 2016). A peak at 1024 cm"
! is likely due to the C-O stretching frequencies of ester or ether
functionalities, while a small peak at 889 cm™! may indicate N—
H bending vibrations from amine groups (Memon et al., 2008).
The findings above suggest that the banana peel powder
contains phenol/alcohol, carboxyl, carbonyl, alkane, amine, and
aromatic groups which are consistent with the proximate
analytical results (Table 2). Furthermore, the presence of a
strong hydroxyl group, indicates that banana peels are a
precursor rich in cellulose, hemicellulose, and lignin (Oleivera et
al., 2016).

3.2 P-CQDs Formation via Hydrothermal Synthesis

The reaction of the phosphoric acid with the abovementioned
lignocellulosic components of the banana peel powder is
essential in hydrothermal synthesis. During the process,
phosphoric acid plays multiple roles not only serving as a
doping agent but also acting as a catalyst. It facilitates the
cleavage or scission of aryl ether linkages of the lignin groups in
banana peel powder (Liu et al, 2021). This catalytic action is

|==—=Banana Peel Powder|
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Fig. 2 FTIR Spectrum of Banana Peel Powder
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Fig. 3 Schematic Illustration of the Formation of P-CQDs

crucial as it drives the dehydration reaction, which plays the key
role in the activation pathway (Goswami et al, 2022).
Additionally, phosphoric acid has the ability to dehydrate
hemicellulose, cellulose and lignin present in the BPP and it also
functions as a crosslinker (in the form of phosphates or
polyphosphates) to biopolymer fragments (Jagtoyen et al., 1998;
Yakout et al., 2011). Furthermore, the low pH resulting from the
addition of phosphoric acid stimulates the breakdown of
hemicellulose and cellulose into furfural derivatives (Quesada-
Plata et al., 2016). As the process continues, these furfural
derivatives undergo polymerization, followed by aromatization
and passivation during carbonization, which occurs through
thermal decomposition (Goswami et al., 2022). This sequence of
reactions ultimately leads to the formation of P-CQDs as
illustrated in Figure 3. Surface oxidation during this process can
also result in the formation of various acidic surface organic
moieties including those containing phosphorus which was
further confirmed by the FTIR analysis of the P-CQDs unveiled
in the following discussion. These functional groups create
active sites that can enhance the photocatalytic and electronic
applications of the carbon nanomaterial (Liu et al., 2021).

3.3 Statistical Results and Effect of Factors

The model equation (Equation 1) predicts the photoreduction
efficiency based on factorial levels. Note that the coefficients of
the model below are scaled to acommodate the units of each
factor and that the intercept is not at the center of the design
space (Stat-Ease Inc., 2018).

PE = 145.4313 — 5.93754 — 0.3541B — 1.3969C (1)

where: PE is the photoreduction efficiency (%), A is HsPO4:BPP
mass ratio, B is the reaction temperature (°C ), and C represents
the reaction time (h).

Table 3

The statistical data summarized in Table 3 showing ANOVA
results at a 95% confidence interval confirms the statistical
significance of the factorial model (p-value <0.05). This suggests
that it accounts for a significant portion of the variability in the
photocatalytic reduction efficiency of hexavalent chromium. All
three studied factors, phosphoric acid: banana peel powder
mass ratio [A], reaction temperature [B], and reaction time [C]
are highly significant, demonstrating their strong influence on
the response variable. The significant curvature suggests the
presence of an optimum level for one or more factors, which
warrants further investigations through surface plots.
Insignificant lack of fit shows that the model adequately fits the
data with a coefficient of determination (R%) of 0.9580. The
residual variance of 46.80 implies that a relatively small
percentage of the total variability in the data is unexplained by
the model. Meanwhile, the pure error of 32.36 represents the
variability due to experimental error, reflecting good precision
in replicate measurements. Based on the data, the mean square
error of the pure error is slightly less than the residual mean
square, indicating that most of the residual variance might be
due to true variation rather than lack of model fit. Overall, this
parametric analysis provides a comprehensive understanding of
photoreduction efficiency, highlighting areas for optimizations,
and confirming the robustness of the experimental model (Stat-
Ease Inc., 2018).

3.3.1 Effect of Phosphoric Acid: Banana Peel Powder Mass Ratio

Increasing the amount of phosphoric acid appears to decrease
photoreduction efficiency as illustrated in Figure 4a. Although
phosphorus doping can enhance photocatalytic performance
(Bhati et al., 2019; Saini et al., 2021), excessive phosphoric acid
might create a harsh environment that may not be conducive to
effective doping. The excessive concentration of HsPOj in this

Analysis of Variance (ANOVA) for Selected Factorial Model with Photoreduction Efficiency as a Response Variable

Sources Sum of Square Degrees of Freedom  Mean Square F-value p-value Remarks
Model 1068.20 3 356.07 114.13 < 0.0001 Significant
[A] 141.02 1 141.02 45.20 < 0.0001 Significant
[B] 802.31 1 802.31 257.16 < 0.0001 Significant
[C] 124.88 1 124.88 40.03 < 0.0001 Significant
Curvature 29.89 1 29.89 9.58 0.0074 Significant
Residual 46.80 15 3.12
Lack of Fit 14.44 4 3.61 1.23 0.3543 Not
Significant
Pure Error 32.36 11 2.94
Cor Total 1144.89 19
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Fig. 4 Effect of Varying Hydrothermal Synthesis Condition on the Photocatalytic Reduction of Hexavalent Chromium

study seems to be unfavorable conditions for photocatalytic
performance probably because of the high phosphorus-to-
carbon ratio in the system. As shown in UV-vis spectra (Figure
6), introducing phosphoric acid can cause a redshift
(bathochromic) in the absorbance band commonly observed
when increasing the amount of nitrogen group elements like
phosphorus, which can result in desirable energy transitions for
P-CQD photocatalysts (Li et al., 2014; Kalaiyarasan et al., 2017;
Kailasa et al., 2019). Nevertheless, further increasing the
phosphorous group content might also lead to a loss of surface-
oxygen present on the carbonaceous product (Yakout et al.,
2011). This decrease in oxygen-containing surface functional
groups like the carbonyl, hydroxyl and carboxyl can result in
fewer electrons for reducing the valency of the chromium (Chen
et al., 2018). Hence, phosphoric acid optimal amount must be
determined to ensure effective doping or passivation while
avoiding conditions that could negatively affect the CQDs
properties (Zhang et al., 2021).

3.3.2 Effect of Reaction Temperature

The hydrothermal reaction temperature has the highest effect
on the photocatalytic performance of P-CQDs toward
hexavalent chromium reduction. As shown in Figure 4b,
increasing the synthesis temperature from 140°C to 180°C leads
to a decline photocatalytic performance.This trend can be
linked to the synthesis mechanism, where moderate heating
facilitates better integration of dopants and passivating agents,
despite  higher  temperatures  potentially improving
carbonization. P-CQDs synthesized at lower temperatures
consistently perform better in the photoreduction of 50ppm
hexavalent chromium, likely due to more effective phosphorus
doping, which enhances visible light absorption through the
quantum confinement effect and enhances the dissociation of
photoinduced charge carriers (Liu et al., 2021). Furthermore,
lower temperatures may result in highly passivated P-CQDs,
whereas high temperatures can cause poor passivation (Omer
et al, 2017; Azami et al, 2023). Meanwhile, elevated
temperatures as high as 180°C to 200°C can degrade the doping
agent, and promote agglomeration, which may reduce the
effective surface area, thus lowering the photocatalytic
performance (Zhang et al., 2021). A photocatalyst with a larger
surface area is desirable since it has a higher number of active
centers needed for producing more radical reactive species for
effective photoreduction (Hassaan et al, 2023). Lower
carbonization temperature may also result in higher presence of
surface hydroxyl groups on the resulting carbon material while

at high carbonization temperatures, the carbon might lack
hydroxyl groups (Shu et al., 2024).

3.3.3 Effect of Reaction Time

Increasing the hydrothermal synthesis reaction time negatively
impacts photoreduction efficiency as shown in Figure 4c.
Extending the reaction time from 4 to 8 hours has minimal effect
on photocatalytic performance, especially when compared to
reaction temperature which affects the reduction profoundly.
This suggests that the synthesis may have reached a saturation
point where additional time does not enhance passivation or
doping (Zhang et al, 2021). Similar to the effect of reaction
temperature, longer reaction times result in less effective
phosphorus doping on CQDs (Kalaiyarasan et al., 2020). Omer
et al. (2017) also observed that longer heating times produced
poorly passivated P-doped Carbon nanodots. UV-vis spectra
(Figure 6) indicate that a broader peak at shorter wavelengths
associated with the presence of the phosphorus group, is
generally observed at shorter reaction times (Kalaiyarasan et al.,
2020). Additionally, longer reaction times may lead to an
extended nucleation phase, resulting in nanoparticle
agglomeration (Prathumsuwan et al., 2018), which may reduce
the surface sites, hence the amount of active centers for
generating reactive oxygen species needed for hexavalent
chromium reduction (Hassaan et al., 2023).

3.4 Photocatalytic Performance of P-CQDs

The photoreduction performance of P-CQDs towards 50ppm
hexavalent chromium under 2 hours of visible light irradiation is
in the range of 57.3% to 85.4%, as shown in Figure 5. P-CQDs
synthesized under extreme conditions — high temperature (180
°C) extended reaction time (8 hours), and 2:1 phosphoric acid
to banana peel powder mass ratio — exhibited the lowest
photoreduction efficiency. Conversely, P-CQDs synthesized
under milder conditions demonstrated the highest efficiency.
These can be observed in the contour plots (Figures 5a and 5b)
and the 3D surface plot (Figure 5c), where the red region
(desirable region for photoreduction) lies on the milder
conditions for each factor. This performance disparity can be
attributed to the effectiveness of the doping process. As shown
in the UV-Vis spectra in Figure 6, effective doping was observed
at lower temperatures and reaction times. Similar findings were
reported in a study using Trisodium citrate as the carbon source,
where phosphorus doping in carbon quantum dots (CQDs)
increases with rising temperatures up to 140°C, after which it
decreases as the temperature continues to increase to 200°C
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(Kalaiyarasan et al., 2020). This trend aligns with the reduction
performance, where P-CQDs synthesized at lower temperatures
outperformed those synthesized at higher temperatures (i.e.,
180 °C). A similar pattern was observed for reaction time where
P-CQDs synthesized at shorter durations showed better
performance.

3.5 Characteristics of P-CQDs
3.5.1 UV-Visible Spectra

The UV-Vis spectrum of each P-CQD synthesized at varying
hydrothermal synthesis conditions i.e., phosphoric acid: banana
peel powder mass ratio, reaction temperature, and reaction time
is given in Figure 6. It can be observed that P-CQDs show
distinct peaks at a wavelength between 190 and 250 nm linked
to m—m* transitions of the sp? carbon in the aromatic domains
present in the inner core (Akbar et al, 2021). An increase in
absorbance is also noticeable as the wavelength decreases from
350nm to 250nm which originates to the n—m* electronic signals
primarily associated with C=P, C=0, and P=0 bonds on the
surface of the CQDs (Kalaiyarasan et al., 2020).

All P-CQDs synthesized at 140°C exhibit a more defined
peak on this wavelength range showing that doping is more
effective at this temperature. General observation of the well-
defined peaks of n-m* depicts better doping at lower
temperature and shorter reaction time. These observations are
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consistent with other studies suggesting that at elevated
temperatures and extended reaction durations, phosphorous
tends to incorporate poorly into the structure of carbon
quantum dots (Omer et al., 2017; Kalaiyarasan et al., 2020).

3.5.2 FTIR Spectrum

The FTIR spectrum of a representative sample, P-CQD 1
(synthesized at 160°C, 6 hours reaction time, and 1.5 H3zPOu:
banana peel powder mass ratio) as shown in Figure 7, exhibits
several characteristic bands. The wide band appearing in the
3258-3354 cm™ range indicates the presence of hydroxyl
groups. The signals located at 2392 cm™? and 2349 cm
correspond to the C-H stretching vibrations of alkyl chains.
Additionally, the occurrence of carbonized substituent groups in
the P-CQDs is confirmed by the frequencies at 1722 and 1632
cm!, which are due to C=0 (likely from the carboxylic groups)
and C=C bonds, respectively. This verifies the sp? carbon
domains found on the UV-Vis Spectra. The FTIR spectrum also
reveals three distinct peaks at 997 cm®, 1074, and 1170
corresponding to vibrational signals from P-O-C, P-O, and
P=0 respectively (Coates et al., 2006), which is also consitent
with the n-m* electronic signals detected using the UV-Vis
spectroscopy. The observed bands align with those found in
other P-doped CQDs synthesized using chemical precursors
(Venkateswara Raju et al., 2019; Kalaiyarasan et al., 2020). The
surface chemistry of P-CQDs from this study renders them as n-
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Fig. 7 FTIR Spectrum of P-CQD I
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(a) (b)

Fig. 8 P-CQD I Photographs under (a) Daylight (b) 365nm UV
light

type moieties (electron donors), as they are capable of donating
electrons to other substances like the hexavalent chromium
(Azami et al., 2023). In addition to acting as active centers for
the production of reactive oxygen species during
photoreduction, these surface traps also functions as electron
scavengers, suppressing the electron and hole recombination
and facilitating efficient charge transfer (Das et al, 2021).
Likewise, carbonyl, carboxyl, and phosphate groups may
enhance the aqueous solubility and stability of the carbon
nanomaterial (Atchudan et al., 2020; Goswami et al., 2022).

3.5.3 Fluorescent Property

In this study, P-CQDs synthesized via the hydrothermal method
exhibited a yellow color under daylight and blue-green emission
upon excitation with 365nm UV light, as represented in Figure
8a and Figure 8b, respectively. As confirmed in the UV-Vis and
FTIR Spectra, sp?—hybridized carbon core are present in the P-
CQDs, characterizing the formation of m—domains during the
synthesis process. The observed fluorescence may be attributed
to the carbon core state emissions, resulting from the radiative
transitions across the energy band within the internal m-region,
likely influenced by the quantum confinement effect (Alafeef et
al., 2024). In phosphorus-rich CQDs, fluorescence could also be
affected by the ability of the phosphorus to penetrate the
carbogenic core of the CQDs (Azami et al., 2023). Additionally,
the photoluminescence of the P-CQDs may also be credited to
surface defects or states (Papaioannou et al., 2019), which can
be described as a boundary regions surrounding the C=C core
(Alafeef et al., 2024). As depicted in Figure 7, the synthesized P-
CQDs contain functional groups that predominantly contain
oxygen, which could increase surface defects and, in turn,
create more emission sites (Jiang et al., 2019). However, the
molecular state theory, which is common in low-temperature
bottom-up approaches like hydrothermal process, can also be
considered. It is possible that during synthesis, fragments of
fluorophore molecules derived from the feed materials are
either distributed on the surface of the dots or integated into the
carbon core (Alafeef et al., 2024). Although this study did not
specifically investigate the fluorescence mechanism nor the
presence of fluorophores during the hydrothermal processing of
banana peel powder, the exact contributions of these factors to
the observed fluorescence require further investigation.
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4. Conclusion

This research effectively produced P-CQDs from banana peels
and phosphoric acid through a hydrothermal approach. The
UV-Vis spectroscopy confirmed the formation of P-CQDs,
indicated by the m—m* transitions of the sp? carbon in the core
and the n—m* domains primarily linked with C=0, C=P, and
P=0 bonds on the CQD surface. FTIR analysis further revealed
characteristic bands corresponding to hydroxyl, carbonyl,
carboxyl, and phosphorous-containing functional groups, which
may act as active sites for generating reactive oxygen species
responsible for photocatalysis under visible light irradiation.
Another notable property of the synthesized compound is its
strong photoluminescence with blue-green emissions under
365nm UV light, which supports its possible applications in
bioimaging, fluorescent sensing, and anticounterfeiting.

This study demonstrated that the synthesized P-CQDs
exhibited promising photocatalytic activity, with a reduction
efficiency for 50 ppm Cr (VI) ranging from 57.3% to 85.4% under
2 hours of visible light irradiation. Statistical analysis of the 2%
factorial experiment confirmed the significant effect of varying
hydrothermal conditions such as phosphoric acid to banana
peel powder mass ratio, reaction temperature, and reaction time
on the performance of P-CQDs in photoreduction. Overall, this
study highlights the potential of utilizing green sources, like
banana peels, for the sustainable fabrication of photocatalysts
for environmental remediation. Furthermore, the performance
of the synthesized photocatalysts under visible light opens new
possibilities for sunlight-driven photocatalysis and in solar
energy harnessing and development.
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