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Abstract: The development of biomass-based CQD is highly attentive to enhancing photocatalytic
performance, especially in secondary or ternary heterogeneous photocatalysts by allowing for smooth
electron-hole separation and migration. In this study, kenaf-based carbon quantum dots (CQD)
were prepared. The main objective of the current work was to investigate temperature, precursor
mass and time in hydrothermal synthesis treatment to improve the CQD properties and methylene
blue photocatalytic degradation. Optimization of kenaf-based CQD for inclusion in hydrothermal
treatment was analyzed. The as-prepared CQDs were characterized in detail by Fourier transform
infrared (FTIR) spectroscopy, using a Hitachi TEM System (HT7830, RuliTEM, Tokyo, Japan), by
photoluminescence (PL), and by ultraviolet-visible (UV-Vis) spectroscopy. It was found that C200-0.5-
24 exhibits a higher photocatalytic activity of the methylene blue dye and optimized hydrothermal
conditions of 200 °C, 0.5 g and 24 h. Therefore, novel kenaf-based CQD was synthesized for the
first time and was successfully optimized in the as-mentioned conditions. During the hydrothermal
treatment, precursor mass controls the size and the distribution of CQD nanoparticles formed. The
C200-0.5-24 showed a clearly defined and well-distributed CQD with an optimized nanoparticle size
of 8.1 £ 2.2 nm. Indeed, the C200-0.5-24 shows the removal rate of 90% of MB being removed within
120 min.

Keywords: carbon quantum dots; kenaf; hydrothermal; photocatalytic degradation

1. Introduction

Carbon quantum dots operate as electron state mediators, one of the alternative
ways to establish firm interface contact between heterojunctions of a photocatalyst system
which can improve carrier separation photocatalytic performance [1]. Quantum dots are
semiconductor nanocrystals that are zero-dimensional (0D) nanomaterials with particle
sizes in the nanometer range [2]. Different quasi-spherical carbon nanoparticles with sizes
between 2 and 10 nm are known as carbon quantum dots. When the particle size of QDs
is reduced to the nanoscale, excitons will be constrained in spatial dimensions, leading to
discrete quantum states [3]. An exciton is formed when a weak coulombic force attracts an
excited electron and a hole pair. As a result of the restricted mobility of excited electrons, a
significant band gap is created, which can prevent recombination processes that result in
the loss of active electrons [4].

Random flaws on photocatalyst surfaces are thought to cause a high rate of charge
carrier recombination because they serve as hotspots for free-moving electrons [5]. Car-
bon quantum dots are frequently used in semiconductor modification because of their
excellent electron-accepting ability and significant electron-storing capacity. Additionally,
the heterojunction photocatalyst structure is driven by the high electron affinity of these
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molecules. As a result, the conducting network of CQDs allows electrons to move freely,
separating them from the holes in the semiconductor’s valence band [6]. The high-speed
separation prevents them from returning to equilibrium, allowing the hybrids to achieve
charge stability. Charge carriers with a longer lifetime are more likely to be involved in
forming free radicals, which can improve the overall degrading efficiency of photocatalysts.

These CQDs strategies have several benefits, such as (i) enhancing the photocatalyst
surface morphology (nanoparticle size and shape), (ii) increasing the photocatalyst band
gap energy, (iii) increasing the photocatalyst active surface site area, and (iv) allowing for
smooth electron-hole separation and migration [7]. However, as existing data and studies
demonstrate, this carbon quantum dots technique may not always be advantageous in
boosting the photocatalytic performance of photocatalysts. In addition, while experimental
lab results with simulated systems are presented, the actual natural environment’s behavior
may differ [8]. For instance, in the case of wastewater degradation, the actual result might
not match the simulation because the interaction between natural microflora and trace
elements may be positively or negatively impacted [9].

Due to their abundance, low toxicity, low cost, and prolonged duration, carbon-
based quantum dots have attracted the attention of other members of the quantum dot
family, including semiconductor and graphene quantum dots [10]. The enormous potential
of biomass-based CQDs as a renewable energy source that significantly contributes to
long-term photocatalytic technology has been shown. Numerous techniques, such as
hydrothermal, solar thermal, pyrolysis, microwave irradiation, and thermal decomposition,
have been used to create carbon quantum dots [11]. However, hydrothermal synthesis is
one of the most often utilized procedures because it includes simple preparation processes
and is thus more cost-effective, as shown in Table 1.

Table 1. Natural carbon sources synthesize CQD with respective method conditions and performances.

CQD Precursor Solvent Temp .
Precursor Method Mass () (Volume) ©C) Time (h) Performances Ref.
Microprocessor- Lo .
Taro peel based 2.0 H,0, (100mL)  RT 4 F-detection in water: )
. (10-160 ppm)
sonicator
H,O (10 mL) + . )
Raw palm Hydrothermal 0.1 thionyl chloride 200 7 Degrada?lon of RhB' [12]
veneers 71.7% in 45 min
(200 puL)
Degradation of
Rice husk Hydrothermal 0.1 H,O (30 mL) 200 10 acetaminophen: 100% [13]
in 240 min
H,O + ethanol Detection of Fe3* ions
Lychee waste Hydrothermal 1.0 (10 mL solution) 180 5 23.6 nM [14]
. . Microwave- .
Ginkgo biloba . . H; generation:
leaves ' a551§te'd 1.0 H,0 (50 mL) RT 10 min HER: 665 pmol/g.h [15]
irradiation
Methylene blue
degradation:
N-QDs 72.16%, Bi-QDs
Rice husk Hydrothermal 0.5 H,0 (50 mL) 190 4 68.91% within 2 h [16]
Copper Il ion removal:
N-QDs 56.23%, Bi-QDs
33.13% within 1 h
) Chopped .
Cinnamomum leaves boiled Leaves extract Detection of CIP: 1 to
tamala leaves Hydrothermal . 200 12 100 uM, the detection [17]
in 100 mL (40 mL) ..
extract H,O limit of 6.06 UM
2

RT-Room temperature.

Wongso et al. showed that the silica carbon quantum dots (Si-CQDs) from rice husk
are decorated into a TiO, matrix through easy mixing to minimize TiO,’s drawbacks in
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place of the beneficial effects of CQDs [13]. The PL spectra and the N; sorption isotherm
show that adding Si-CQDs to the mix extends the charge separation lifetime and increases
surface area (17% more than TiO;). Due to the large surface area, it offers more active
sites for the breakdown of pollutants, which enhances photocatalytic activity. Additionally,
Wongso et al. found that loading Si-CQDs into TiO; of 1 weight percent is the most effective
and can eliminate acetaminophen 33.3% faster than pure TiO,. The paper also mentioned
that adding more than one weight percent of TiO; reduces the surface area of the composite
because an excess of Si-CQDs may plug the pore.

In this regard, high specific surface area, pendant functional groups, high chemical
activity, and nanosized CQDs have a significant impact on promoting ion storage and trans-
fer [18]. CQDs are amorphous shell structures with large functional chains and a carbon
core in most cases. The disadvantages, however, include the inability to precisely control
the size of nanoparticles and the ability of CQDs shells to alter optical properties [19].
Therefore, several studies suggested that a stable polymer CQDs shell is necessary for a
properly engineered heterojunction photocatalyst. Additionally, these CQD-heterogeneous
photocatalysts were reportedly able to exhibit higher photocatalytic activity and photo-
catalytic regeneration. To increase the sustainability and affordability of CQD production,
green synthesis techniques using natural precursors are currently being researched [17].

Therefore, natural carbon materials such as biomass from kenaf plants will be used
to produce quantum dots in this work. Kenaf is a Malvaceae family plant with a rapid
growth rate and large biomass utilized as a versatile fiber source. Kenaf matures in
5-6 months and has cellulose as its main component, accounting for more than 70% of its
entire structure [20]. Carbon quantum dots made from biochar such as kenaf contain carbon
nanoparticles with diameters smaller than 10 nm, with features such as semiconductor
nanoparticles [21]. Biomass-based CQDs are superior as electron state mediators due to
their low cost, ease of synthesis, and abundant source. The conventional heterojunctions
typically result in unfavorable losses of redox ability for photogenerated charge carriers.
A cost-efficient solid electron mediator plays an essential role in relaying the electron to
improve the catalytic efficiency of the photocatalytic system.

Herein, this work reports a hydrothermal synthesis treatment of kenaf-based CQD,
which has not been reported previously. Accordingly, an optimization synthesis of kenaf-
based CQD development was evaluated in this research for an optimal application to a
visible-light-driven photocatalyst for methylene blue removal. However, the hydrothermal
parameters might influence the photodegradation performance, depending on the precursor
mass, temperature and time. Therefore, this research compares the as-prepared kenaf-based
CQD’s physicochemical properties by varying hydrothermal conditions. The evaluation
of their quantity yield and photocatalytic degradation performance of CQDs were also
explored in detail.

2. Materials and Methods
2.1. Materials

All the reagents and solutions were of analytical grade and used without further
purification. Hydrochloric acid (purity of 37%) and NaOH (purity of 98.0%, pellets) as pH
adjusters were purchased from Sigma-Aldrich (Selangor, Malaysia) and Merck (Selangor,
Malaysia) companies, respectively. Methylene blue from Honeywell Fluka (Kuala Lumpur,
Malaysia) was employed as a water pollutant to evaluate the photocatalytic ability of kenaf-
based CQDs. The deionized water was used in preparing all required aqueous solutions
during the experiments.

2.2. Synthesis of Kenaf-Based CQDs

The carbon quantum dots (CQDs) were synthesized from kenaf fiber via hydrothermal
treatment and the synthesis process is shown in Figure 1 [17]. Initially, 5 g of kenaf fiber
was placed in an alumina crucible and heated at 600 °C for 3 h at an air heating rate of
10 °C/min. Then, 40 mL of deionized water was added with 0.5 g of the crushed burnt
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Kenaf fiber

kenaf fiber into a stainless-steel autoclave for the hydrothermal process under 190 °C for
24 h. The yellowish solution CQDs were collected through centrifugation and kept inside a
vial. Meanwhile, the yellow precipitate was rewashed several times using deionized water
and let dry overnight at 60 °C. The obtained CQDs were labeled as Cx-y-z, where “x” “y”
and “z” were denoted as temperature, precursor mass and time, respectively (as shown in
Table 2).

Carbonization Burnt kenaf fiber Hydrothermal Kenaf-CQDs

Figure 1. Synthesis process of kenaf-based CQDs.

Table 2. Nomenclature of CQD samples at various hydrothermal conditions.

Sample Temperature (°C) Mass (g) Time (h)
C200-0.1-24 200 0.1 24
C200-0.5-24 200 0.5 24
C200-1.0-24 200 1.0 24
C150-0.5-24 150 0.5 24
C250-0.5-24 250 0.5 24
C200-0.5-12 200 0.5 12
C200-0.5-36 200 0.5 36

2.3. Physicochemical Characterization

The physicochemical properties of the as-prepared CQDs were investigated via several
characterization techniques. The Perkin Elmer IR spectrophotometer (FTIR-Frontier, Salt
Lake, OH, USA) was used to obtain Fourier transform infrared (FTIR) spectroscopy analysis
from a wavenumber of 500-4000 cm~!. The particle size distributions of calcined samples
were studied using a Hitachi TEM System (HT7830, RuliTEM, Japan). The average particle
size was analyzed using Image ] software based on at least 10-50 nanoparticles. Then,
using an excitation wavelength of 350 nm, the photoluminescence (PL) of the prepared
samples was confirmed using an Edinburgh Instrument (FLS920, Livingston, UK) photolu-
minescence spectrophotometer. Agilent’s Cary Series UV-Vis spectrophotometer was used
to analyze the CQDs” UV-Vis spectrum (UV-1800, Shimadzu, Tokyo, Japan) in the 280-600
nm range.

2.4. Quantum Yield Calculation

The quantum yield (QY) of Si-CQD samples was calculated using the following
Equation (1) [22].

2
) 0
R
where [ is the photoluminescence area, OD is the absorbance value, and is the solvent’s
refractive index. The subscripts “S” and “R” stand for sample (CQDs) and reference
(quinine sulfate), respectively. 0.1 M H,SO4 contains quinine sulphate, which has a QY of
0.54 and an excitation wavelength of 350 nm.

(@)
QY = Q¥r(£)(Gpe

2.5. Photocatalytic Degradation Setup

The photocatalytic degradation experiments were carried out in a photoreactor with
a magnetic stirrer. A 100 mL beaker was covered with an aluminium foil sheet to avoid
the release of radiation. The suspension was exposed to encourage visible light irradiation
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and will be placed 15 cm away from the photoreactor. All photocatalytic degradation
studies of synthetic MB were performed at room temperature (30 & 1.0 °C) and pH 7. In
a typical method using standard parameters, 15 mL of CQD was dispersed in a 50 mL
aqueous solution of 50 ppm MB. The suspension was stirred in the dark for 30 min to ensure
an equilibrium adsorption—desorption state [23]. Afterwards, the solution temperature
was maintained using cooling fans and irradiated under continuous stirring (150 rpm)
using a 500 W halogen lamp. Every 30 min, 0.1 mL of an aliquot of the solution was
removed using a micropipette and examined at 664 nm with a UV-Vis spectrophotometer
(UV-1800, Shimadzu). The MB degradation efficiency (%) was estimated through the
following Equation (2):

Co_ct

MB degradation ef ficiency = x 100 (2)

0

where C, and C; represents to initial and at specific time concentrations of MB, respectively.

2.6. Reaction Kinetics Analysis

In this work, the pseudo-first order (PFO) and pseudo-second order (PSO) models were
used to fit with the experimental data. The photocatalytic degradation kinetics of pollutants
explained by PFO and PSO are represented by the Equations (3) and (4), respectively in
linear form as [24]:

C
—ln(CZ> = K;t ©)

1 1
— — — =Kyt 4
c G 2 4)

where ¢ (min) and k are the degradation rate constant of the kinetic model (min~'). Val-
ues of Kj can be calculated from the slope of the linear plots respectively of the plots
of —In(C¢/Cp) versus t. While K, can be calculated from the slope of the linear plots

respectively of the plots of C% - CLO versus t.

3. Results and Discussion
3.1. Chemical Stability Analysis

Figure 2 shows an FTIR spectra that was implemented to determine different addi-
tional groups when the CQDs were functionalized with various hydrothermal conditions.
The broad band at around 3338 cm ™! corresponds to the O-H group in all samples syn-
thesized by hydrothermal reaction [25]. The observable peak at 1637 cm ! indicates the
presence of stretching vibrations of the C=0 functional group [26]. This demonstrates that
during the hydrothermal process, the kenaf fibre was destroyed, resulting in the carbon
material with aromatic structures rich in surface functional groups, such as hydroxyl and
carbonyl groups. O-H groups on the photocatalyst surface are advantageous for photocat-
alytic activity because they result in the production of the hydroxyl radical (¢OH) follow-
ing charge separation. This degradation of organic pollutants depends heavily on these
free radicals.

3.2. Morphological Properties

The morphology of the prepared CQDs in various hydrothermal conditions was inves-
tigated using a Hitachi TEM System (HT7830, RuliTEM, Japan), as shown in Figure 3a-g.
The images reveal that the formed carbon nanoparticles have a spherical shape. These
CQDs have a broad size distribution with mean size in the range from 2.7 & 0.6 nm to
21.4 £ 5.6 nm, indicating that the hydrothermal parameters significantly affect the CQDs
particle size formed. C200-0.5-24 (Figure 3b) has a diameter of 8.1 4= 2.2 nm at the opti-
mal precursor mass during the hydrothermal treatment. It can be seen from Figure 3a,c
the diameter of nanoparticles was reduced to 6.3 + 1.9 nm and 2.7 £ 0.6 nm (C200-0.1-
24 and C200-1.0-24, respectively) at lower and higher than the optimal precursor mass
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(0.1 g <0.5 g>1.0 g). Therefore, precursor mass restraint the size and the distribution of
CQD nanoparticles formed. The C200-0.5-24 showed a clearly defined and well-distributed
CQD nanoparticle size compared to C200-0.1-24 and C200-1.0-24 which the CQDs were
smaller and agglomerates. Furthermore, the intense attraction between the nanoparticles
caused by the CQDs’ high surface energy may also have contributed to the aggregation [16].
Hence, it causes a reduction in the interfacial area of nanoparticles and lowers the possibility
of improving the interphase properties of photocatalytic degradation [27].

0O-H (3338 cm™) C=01(1637 cm™)
r——— - - | r-— _I C200-0.5-36
1 |
: : €200-0.5-12
| |
1 1 C250-0.5-24
| |
| |

|
|
|
|
1
|
I C150-0.5-24
|
|
]

C200-1.0-24

Transmittance (%)

|
I C200-0.5-24
|

C200-0.1-24

I i I i I i 1 i I i I "
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)
Figure 2. FTIR spectra of CQD samples at various hydrothermal conditions.

The effect of hydrothermal temperature and time conditions on kenaf-based CQDs
samples are shown in Figure 3b,d,e and Figure 3b,f,g in ascending order (150 °C, 200 °C,
250 °C and 12 h, 24 h, 36 h, respectively). The CQDs nanoparticle size trend for both
factors tends to form large spherical morphology dots as the hydrothermal temperature
and time increase. The alteration of the diameter was increased from 3.1 &+ 0.9 nm to
17.9 &+ 3.4 nm and 3.3 &= 0.7 nm to 21.4 & 5.6 nm for temperature and time, respectively. In
addition, as shown in the histogram of particle size distribution, at higher temperatures
(C250-0.5-24) and time (C200-0.5-36), the total counts were decreased as the CQDs were
denatured. This proves that hydrothermal temperature and time (duration) control kenaf
fibre’s carbonization rate. The rationale is that high temperature is more likely to cause
severe carbonization and particle growth which are detrimental to fluorescence [28]. Yet
again, the ideal temperature and time during the hydrothermal treatment is 200 °C and
24 h, respectively, denoted as C200-0.5-24.

3.3. Optical Properties

Figure 4 shows UV-Vis spectra for various hydrothermal conditions with a shoulder
absorption band of 280-330 nm. Meanwhile, the inset figure shows the x-axis focus range
at 280-290 nm wavelength. The absorption band is associated with the C=O bonding n—7*
electron transition [22]. As the agglomeration of CQDs nanoparticles increased, the band
shifted towards the x-axis. This demonstrates that agglomeration significantly influences
the intensity of light absorption and may also affect UV absorption and the photocatalytic
activity of CQDs [29]. Furthermore, the wavelength shift was caused by agglomeration,
which is not favourable to fluorescence properties [27].
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Figure 3. Cont.
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(e) C250-0.5-24

D=17.9+3.4 nm

(f) C200-0.5-12

(g) C200-0.5-36

D =3.3%0.7 nm

D =21,4+5.6 nm i Total counts 210 S Diameter

Diameter (nm)

Figure 3. TEM images at low and high magnification as well as histogram of CQD samples at
various hydrothermal conditions (a) C200-0.1-24, (b) C200-0.5-24, (c) C200-1.0-24, (d) C150-0.5-24,
(e) C250-0.5-24, (f) C200-0.5-12 and (g) C200-0.5-36.

Meanwhile, Figure 5 illustrates the photoluminescence (PL) spectra of all the CQDs
samples n the wavelength of 380-650 nm. Unlike typical PL spectra CQDs reported,
kenaf-based CQDs displayed a multi-peak emission feature at ~400 and ~450 nm. The
emission peak at ~400 nm is attributed to the fluorescence of the carbon nucleus [30] and the
emission peak at ~450 nm is attributed to the flourescence caused by the nano-interparticles
distances due to the CQDs agglomeration [31]. The narrow PL emission area with the
emission band centered at ~400 nm validates the narrow size distribution of CQDs because
of similar quantum effects and emission traps on the carbon surface, which matches well
with the results of the HRTEM histogram [32]. The decreased intensity of PL spectra at
this wavelength followed the order of size distribution (std. dev.) of CQDs from small
to large. This band might be due to radiative, structural, and surface defects assigned to
n—7t* transitions of CQDs carbon nucleus [33].
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Figure 4. UV-Vis absorption spectra of CQD samples at various hydrothermal conditions. Inset

figure of the x-axis focus range at 280-290 nm wavelength.
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Figure 5. PL spectra of CQD samples at various hydrothermal conditions.

A drop in the luminous intensity of CQD nanocomposites and an increase in the
band broadening at ~450 nm wavelength may be attributed to the quantum confinement
effect due to the degree of agglomeration reduced and addition of large-sized CQDs.
The positions of the CQDs’ PL spectra would be affected by the nanoparticle sizes due
to their enclosed sp2 domains [34]. Moreover, these dual emissive spectra are caused
by the interaction of CQDs and solvent, which results in partial agglomeration. The
over-carbonization resulting from the hydrothermal treatment’s higher temperature and
prolonged duration caused CQDs to lose their fluorescence. Additionally, it was discovered
that the PL excitation spectra of these CQDs were the same as their UV-Vis absorption
spectra, proving that the correlation between their emissions and their absorption-relevant

moieties should exist.
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3.4. Quantum Yield

The synthesized CQDs’ quantum yields (QY) are found to be 41.51%, 14.87%, 76.12%,
35.12%, 12.22%, 45.24%, and 5.00% for C200-0.1-24, C200-0.5-24, C200-1.0-24, C150-0.5-24,
(C250-0.5-24, C200-0.5-12 and C200-0.5-36, respectively. Low QY, in this instance, might be
connected to the non-fluorescence feature, agreeing with the trend of the PL spectra and
the HRTEM data. As demonstrated in Table 3, the resulting quantum yield is discovered to
be comparable to and significant than the values of other carbon precursors that have been
reported. The C200-1.0-24 generated from kenaf fiber showed the maximum fluorescence
quantum yield of 76.12% in this research of optimal hydrothermal conditions.

Table 3. CQD quantum yield from various carbon precursors.

Carbon Precursors Quantum Yield (%) References
Raw palm veneers 0.90 [12]
Rice husk 20.80 [22]
Lemon juice 21.37 [35]
Waste carbon paper 5.10 [36]
Citric acid (CA) and urea 0.37 [37]
Orange peels 11.37 [38]
CA and o-phenylenediamine 33.55 [39]
CA and l-cysteine 82.00 [40]
Banana juice 32.00 [41]
Kenaf fiber 5.00-76.12 This work

3.5. Photocatalytic Degradation Performance of CQDs

The efficiency of kenaf-based CQDs with various hydrothermal synthesis conditions
was evaluated in batch setup containing MB solutions and the findings are presented in
Figure 6. Decolorizing MB dye without CQDs is also conducted to confirm the performance
of CQD samples. During the light off, the MB removal of all samples was 20-50%, indicating
the adsorption process engaged in this study. Therefore, the first 30 min without light
irradiation were to allow for adsorption rection. Based on the figure, C200-0.5-24 was the
highest removal efficiency of MB from the solution. A significant difference between the
sample can be observed in the time required to reduce the dye to the minimum level. The
C200-0.5-24 shows the highest MB removal rate with 90% of MB being removed within
120 min.

1.0 [po——b-¢-0-0-0-0-0 ——8——0——o—8— C200-0.1-24
[ —e— C200-0.5-24
‘ ! —A— C200-1.0-24
08| ! —v— C150-0.5-24
<17 ' €250-0.5-24
_ : €200-0.5-12
Ry —p— C200-0.5-36
064 Ny . —— Without CQD's
> v
o R, w-,\v
(&) ] &, \l-a-d g
I ® P-»_N\ \'
0.4/ A\
| .\ “"—-—.Qb__‘__
] : .-..\ ‘\\--—..____.
[ ]
|
02| 4 ! \ \A
] | '\.
|
0.0 LPARKyLIGHT ON NN

0 30 60 90 120 150 180 210 240 270
Time (min)

Figure 6. Photocatalytic degradation of CQDs in MB (50 ppm) under visible light irradiation.
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Meanwhile, other CQDs achieved below 80% within the same timeframe given. In
this work, the CQDs QY did not play an essential role in the photocatalytic degradation
performance. As previously explained in detail in morphological structure examinations,
clearly defined and well-dispersed CQDs were the most significant factor in photodegra-
dation. Additionally, the CQDs’ surface imperfections and agglomerations, which are
usually brought on by surface oxidation because of mild or severe hydrothermal conditions,
may reduce contact area and negatively affect the efficiency of photocatalytic degradation.
This is consistent with a similar observation made by Pellegrino et al., who believe that
the aggregation of nanoparticles affects their optical characteristics and photocatalytic
activity [29]. Figure 7 shows a comparison of the degradation of C200-0.5-24 (optimized
CQD) under visible light irradiation and total dark. It shows that the CQD sample will
undergo an adsorption reaction with minimal degradation in the total dark conditions. As
observed, the adsorption capacity of the samples are identical in first 30 min; however,
significant MB degradation was shown after introducing a visible light to the sample.
Therefore, the CQD in the dark condition alone was not impactful compared to that under
visible light irradiation after adsorption equilibrium [42].
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—#— C200-0.5-24 (DARK)
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0 30 60 90 120 150 180 210 240 270
Time (min)

Figure 7. Comparison degradation of optimized CQD (C200-0.5-24) under visible light irradiation
and total dark condition.

3.6. Proposed Photocatalytic Degradation Mechanism

Methylene blue, an organic pollutant, was degraded utilizing photocatalysts and light
sources in the photocatalytic degradation process. Photocatalysts are photoexcited by UV,
visible, or near-infrared light via a simple photocatalytic redox process, depending on their
energy band gaps [43]. In order to activate the photocatalytic activity, the light adsorption
(ultraviolet spectrum, visible light, or near-infrared light) must meet the photocatalyst’s
band gap. In general, this process consists of three basic steps: (i) adsorption on the
photocatalyst surface, (ii) electron excitation and transfer, and (iii) organic pollutant de-
struction on the reactive surface. A promising photocatalyst should have a small bandgap,
high electron-hole separation, or strong visible light adsorption to increase photocatalytic
degradation efficiency [44].

Figure 8 shows the photocatalytic degradation pathways over CQD. As photons (hv)
are absorbed (h is the Planck constant, v is the frequency of the light), holes (h+) are
produced in the valence band (VB) and electrons (e—) are produced in the conduction
band (CB). Additionally, it was noted that the generated VB holes and superoxide radical
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anions (¢0O;) and hydroxyl radical (¢OH) would combine with oxygen and water to form
CB electrons and VB holes, which can degrade MB in wastewater [45]. The reactions that
take place have the following mechanisms.
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Figure 8. Anticipated mechanism of MB degradation under visible-light irradiation and postulated
reactions. (Reprinted with permission from Ref. [46].)

3.7. Reaction Kinetics Analysis

The degradation profile of the MB by all CQDs was fitted onto PFO and PSO, as
shown in Figure 9a,b. Given the kinetic data presented in Table 4, the degradation profiles
by C200-0.5-24 and C200-1.0-24 were well fitted to PFO, with R? = 0.960 and 0.946 and
degradation rate k; = 0.023/min and 0.009/min, respectively. Therefore, the kinetics shows
a physisorption mechanism that governs long-range binding on all surface coverage by
van der Waals forces [47]. Contrary to the others, CQDs fit the PSO model with a range of
R? from 0.808 to 0.961, although with a very low degradation rate compared to the PFO.
The PSO reaction implies that the MB degradation occurred in a chemisorption reaction
between the MB and surface functional groups of CQDs [16]. Thus, C200-0.5-24 was the
best CQD and had the highest decolorization rate constant of 0.023/min with a good
correlation R? = 0.960 compared to others.
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Figure 9. (a) PFO and (b) PSO kinetic rate plots of MB degradation.
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Table 4. Kinetic parameter of CQD samples at various hydrothermal conditions.

PFO PSO
Sample
k; (min—1) R? ky (min—1) R2
C200-0.1-24 0.006 0.890 0.0002 0.947
C200-0.5-24 0.023 0.960 0.0049 0.740
C200-1.0-24 0.009 0.946 0.0005 0.890
C150-0.5-24 0.004 0.880 0.0001 0.961
C250-0.5-24 0.003 0.802 0.0001 0.873
C200-0.5-12 0.007 0.826 0.0002 0.945
C200-0.5-36 0.005 0.689 0.0001 0.808

4. Conclusions

In this work, kenaf-based CQDs were developed, and experiments were designed
to assess the effect of temperature, precursor mass and time (duration) in hydrothermal
synthesis treatment. All these process parameters play a crucial role in tuning CQDs’
morphology and photoluminescence properties. The investigation found that C200-0.5-24
obtained the highest photocatalytic degradation rate of 0.023/min with the optimum condi-
tions by using 200 °C, 0.5 g and 24 h during the hydrothermal treatment. The degradation
was performed in about 120 min with a degradation efficiency of 90%. The improvement of
the morphological structure, which has a well-defined and widely disseminated nanopar-
ticle and increases the interphase between MB and CQD, was the explanation for the
outstanding photocatalytic activity of the optimized CQD. With the completion of this
study, it is believed that the research objectives specified in the introduction have been
achieved. The performance of the optimized CQD is still limited by their propensity to
have surface defects which can affect the recombination of electrons and holes by acting
as traps, thus deteriorating the quantum yield. Therefore, the recommendation was to
analyze further the synthesizing CQD conditions such as solvent, phase, pH and many
more. However, these results offer a promising way to produce future nanoparticle CQDs
and could be applied to highly stable, durable, and economically feasible secondary or
ternary heterogeneous photocatalysts.
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