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Abstract

Graphene Quantum Dots (GQDs) has garnered a significant deal of interest in environmental remediation,
particularly for reducing hexavalent chromium [Cr (VI)] to trivalent chromium [Cr (III)]. This study focused on the
photocatalytic process of Cr (VI) degradation using GQDs and Formic Acid (FA) under Uv-vis light. Batch experiments
were conducted to observe the photocatalytic process of Cr (VI) degradation under Uv-vis light irradiation at varying
concentrations of GQDs, FA, and Cr (VI) and different pH levels. The characterization of GQDs includes PL, XPS,
XRD, and Raman Spectroscopy. This research revealed that combining GQDs and FA for the photocatalytic process of
Cr (VI) reduction is possible. As expected, this system is more effective with lower concentrations of Cr (VI). When
FA was introduced, the Cr (VI) degradation efficiency ratio increased. The GQDs/FA/Uv-vis system gave the highest
degradation rate at 91.1% within 30 minutes. It was also observed that the optimum pH of the solution was 5.42, where
the GQDs were quickly dissoluble. The photocatalytic reduction matched first-order reaction kinetics with a rate
constant (k) of 0.1085 min™' and R* of 0.985. The primary radical in the degradation of Cr (VI) in the GQDs/FA/Uv-vis
system was CO,". These findings highlight the potential of GQDs and FA as efficient catalysts for the photocatalytic
reduction of Cr (VI) under Uv-vis light.
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toxicity compared to trivalent chromium (Cr (III)), it is
crucial to convert Cr (VI) to Cr (III) before disposal [4].

1. Introduction

The presence of high concentrations of chromium (Cr)

in wastewater poses significant environmental risks. Cr is
commonly found in various industries such as metal
coatings, leather tanning, wood preservation, stainless
steel production, and manufacturing [1]. In nature, Cr
occurs in various oxidation states, varying from -2 to +6;
the most common and reliable states are trivalent (1) and
hexavalent (VI) of Cr. Among its oxidation states,
hexavalent chromium (Cr (VI)) is particularly hazardous
to living organisms and can cause environmental damage
when released into water and soil [2, 3]. Due to its high
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The photocatalytic reduction has emerged as an
effective method for wastewater treatment, offering cost-
effectiveness and environmental friendliness by avoiding
the generation of secondary pollutants. Photocatalysts
play a critical role in this process, and materials like
Photocatalysis plays a key role in this process, and
materials such as titanium dioxide (TiO;) and zinc oxide
(ZnO) have been widely considered for
wastewater purification [5]. However, these materials are
considered scarce resources and face the risk of depletion,
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necessitating the exploration of alternative materials with
comparable effectiveness [6]. Therefore, exploring an
alternative material that may substitute the effectiveness
of TiO2 and ZnO is essential.

Research into carbon-based zero-dimensional (0D)
nanomaterials, such as graphene quantum dots (GQDs),
have gained significant attention due to their easy
synthesis, large surface area, excellent solubility, and high
photostability [7, 8]. GQDs can serve as effective
photocatalysts under UV light irradiation and have shown
promise in the degradation of Cr (VI) [9, 10]. However,
the photocatalytic reduction of Cr (VI) using GQDs alone
is limited by the slow kinetic process resulting from the
reaction of photo-generated electrons with oxygen [11].
The introduction of a reducing agent is required to solve
this limitation. Formic acid (FA) exhibits excellent
reducing properties and can promptly reduce Cr(VI) [12].
When FA reacts with photogenerated holes in the
photocatalytic process, a carbon dioxide anion radical
(COy") is generated, accelerating the reaction rate process
and determining the main activity of Cr(VI) reduction
[10]. Previous studies have investigated the photocatalytic
oxidation of organic dye contaminants using GQDs and
the photocatalytic reduction of Cr(VI) using nano-sized
TiO,and FA [10, 11, 13-15]. However, there are no reveal
on the photocatalytic process of Cr(VI) reduction using
GQDs in the presence of FA as a reducing agent.

This work aims to characterize GQDs using various
characterization techniques such as XPS, XRD, Raman
spectroscopy and PL. Furthermore, it attempts to
investigate the effects of light irradiation, GQDs
concentration, FA  concentration, Cr(VI)
concentration and solution pH on the photocatalytic
reduction of Cr(VI). Furthermore, the mechanisms and
kinetic rates of the photocatalytic process in Cr (VI)

initial

degradation will be explored.

2. Material and Methods
2.1. Chemical and Reagent

The chemicals and reagents used in this research are
all analytical grades. GQDs with a 1 mg/mL concentration
were sourced from Nanjing XFNANO Materials Tech
Co., Ltd. (China). Sodium hydroxide (NaOH),
hydrochloric acid (HCI), and formic acid (HCOOH) 88%
were sourced from Sinopharm Chemical Reagent Co.,

Ltd. Furthermore, Shanghai Aladdin Chemical Reagent
Company (Shanghai, China) provided potassium
dichromate (K,Cr,O7;) and N-N dimethylaniline (N-N
DA).

2.2. Photocatalytic Reduction of Cr (VI)

To prepare the simulated wastewater, a solution of
KoCr,O7 was utilized. Different concentrations of
K,Cr,07 (80 mg/L, 40 mg/L, and 20 mg/L) were prepared
in 50 mL glass beakers. Then, 1 mL of GQDs (1 mg/mL)
was added to the solution (GQDs: 1 mL, 2 mL). The
mixture was stirred for 20 minutes to achieve adsorption
equilibrium. To achieve the desired pH values of 3, 4, and
5.42, the initial pH of the solution was modified by adding
either 0.1 M HCI or NaOH.

Before exposing the solution to a Uv-vis light source
at A >420 nm, 1 mL of solution was sampled as the initial
Cr (VD) concentration at 0 minutes. Subsequently, 1 mL
samples were taken at specific intervals of 3 minutes for
30 minutes to analyze the concentration of Cr (VI).

To investigate the effect of adding a reduction agent, 1
mL of 88% formic acid (FA) was added to the solution
(FA: 1 mL, 2 mL, and 3 mL), followed by exposure to Uv-
vis light.

The absorbance at 350 nm of each Cr (VI) sample was
a Uv-vis spectrophotometer. A
calibration curve was generated by plotting the

measured using

absorbance values against the initial Cr (VI)
concentrations (Figure 1).
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Figure 1. Scheme of Cr (VI) photocatalytic reduction in a
batch experiment.
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The degradation curve was then obtained using the
calibration curve. The photocatalytic reduction efficiency
was expressed as C/Co, where Co represents the initial Cr
(VI) concentration, and C represents the Cr (VI)
concentration at each specific sampling time.

2.3. Instruments and Analytical Methods

X-ray diffraction (XRD) analysis was performed
using a Shimadzu XRD X-ray diffractometer, utilizing
Cu Ko = 1.54178 radiation to capture a broader range
of diffraction peaks for GQDs. Raman spectroscopy
was conducted using a Renishaw RM 1000 instrument
from Renishaw, Hong Kong Co., Ltd, to characterize
the carbon nanomaterial properties of GQDs.

X-ray photoelectron spectroscopy (XPS) was
carried out using a Thermo Scientific ESCALAB 250
instrument, with Al Ka radiation as the X-ray source,
to analyze the elemental composition of GQDs,
particularly carbon and oxygen. Photoluminescence
(PL) spectroscopy was employed to study the
luminescent properties of GQDs, utilizing a
SHIMADZU RF-5301PC fluorescence spectrometer.
The concentration of Cr (VI) was estimated by
measuring its absorbance at 350 nm using a UV-vis
spectrometer.

3. Results and Discussion
3.1. Characterization of GQDs
3.1.1. XPS Analysis of GODs

X-ray photoelectron spectroscopy (XPS) characterized
GQDs composition, XPS scans to indicate the presence of
the element on the GQDs sample surface [16]. GQDs
include three main components, according to several
researchers [17] as shown in Figure 2 (a); they are C, N,
and O without contaminants at 75.56 %, 0.64%, and 23.8
%, respectively. The high percentage of element C
contributes to photocatalytic activity where carbon-based
graphene sheets in GQDs can act as excellent conductive
pathways for electron/photon transfer [18]. In the XPS full
scans spectra, three peaks were detected at 283.40 eV
(Cls), 399.10 eV (N1s), and 531.67 eV (Ols).

Figure 2 (b, c) shows the Cls and Ols XPS analysis of
GQDs.
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Figure 2. Full Scan XPS Spectra (a); XPS High-Resolution
Deconvolution Cls Spectra (b); and Ols Spectra(c) of GQDs.
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The high-resolution Cls XPS can be separated into
five characteristic peaks, such as the signals of sp’—
bonded carbon in C=C (283.28 eV), sp’~bonded carbon in
C-C (283.57 eV), C-OH (285.03 eV), C=0 (285.92 eV),
and O=C-O (288.52 eV). Meanwhile, the high resolution
of the N1s spectrum only shows one peak assigned to
pyridinic N (C-N-C) at ~399.1 eV. All sp* and sp’ bonded
carbon peaks confirmed graphene hexagonal structure and
the aromatic ring group of GQDs, consistent with
previous research [19]. The existence of sp> and sp’ C
peak in the XPS spectra indicates that GQDs structural
planarity has been drastically diminished, and defects
have occurred in surface GQDs, which plays the leading
role in photocatalytic activity [19, 20]. The high-
resolution of the O1s spectrum detects two different peaks
at ca. ~531.5 and ~532.7 eV these peaks are attributed to
the presence of C=0 bonds and C-OH or C-O [21, 22].
The Ols spectrum results indicate that the GQDs
fabricated are common
substituents [19].

in the oxygen-containing

3.1.2 Raman Spectroscopy Analysis of GODs

Raman spectroscopy is a crucial characterization to
assess GQDs quality. The D and G bands are commonly
seen in Raman spectra, and they provide crucial
information on the needed quantum point's distinctive
form. Figure 3 shows the Raman spectrum of GQDs in the
spectral range of 500-2500 cm'.
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Figure 3. Raman Spectroscopy Analysis of GQDs.

The D and G bands, corresponding to sp” carbon
networks and the graphite structure, were obtained at
specific mid-peak points at ca. 1375 and 1589 cm™,
demonstrating its defects and discordance [23, 24]. The
intensity ratio of the D and G bands, or Ip/Ig, reveals sp’
or sp® carbon atoms hybridization. The Ip/Ig indicates the
crystalline size [25] and estimates GQDs defect rates [26].
The Ip/Ig ratio was obtained at 0.92, expressing a partially
disordered graphite structure of GQDs. According to the
D and G bands, the Raman spectrum of the GQDs sample
exhibits two prominent peaks, and the Ip/Ig ratio values,
which are consistent with earlier studies, indicate high-
quality GQDs [27].

3.1.3 XRD Analysis of GODs

X-ray diffraction (XRD) or electron diffraction (ED)
is a useful technique for examining the structure of atomic
materials and regularly obtain crystallographic structural
information of materials with high accuracy. The XRD
analysis provides structure, crystal orientation, mean
particle size, crystal defects, and crystallinity [28]. Based
on the efforts of Von Laue, W. H and W. L Braggin 1913,
now known as Bragg's law, defining the diffraction beam
of a crystal described by Eq. (1) [29]:

A= Zdhkl -sin 6 (1)

Where A is wavelength X-ray and dna is inter-planar/
interlayer spacing (nm), and is the diffraction angle.
Figure 4 displays XRD pattern of GQDs.
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Figure 4. XRD Analysis of GQDs.
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A weak broad, which can be described to the (002) as
lattice spacing of graphene, shows a diffraction peak mid-
pointed at 260 = 26.62°, relating to an inter-planar spacing
at ca. 0.34 nm is wider than graphite [30, 31]. In the
spectrum for GQDs, the other peak at 2 indicates the
disordered stacking structure of graphene layers [17]. As
sighted in another report, XRD analysis of GQDs with 26
in the range 25° - 30° points to the structure of a graphene
crystal in which GQDs synthesized from
commercially available graphene nano-powder [32].

wEre

3.1.4 Photoluminescence (PL) Spectroscopy Analysis
of GODs

The GQDs PL Spectrum usually has excitation around
350 nm, consistent with previous photoluminescence
analyses [33]. Figure 5 shows GQDs PL Spectrum, the PL
spectrum under a particular absorption band (350 nm)
determined to the m-n* transition of graphitic sp? domains
[30].

Cr(VI/GQDs/FA
—GQDs
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Figure 5. PL spectrum of GQDs and photocatalytic solution
(Cr (VD/GQDs/FA).

GQDs emits an intense PL spectrum at 450 nm when
excited at 350 nm from these emission peaks than the Cr
(VI)/GQDs/FA sample, where the PL is quenched
completely. This identifies that GQDs have good PL
properties that can be used as semiconductor materials,
where the PL spectrum with the transition energy levels
obtained shows its ability to absorb photons and excite
electrons [34].

3.2. Reaction Conditions and Mechanisms of
Photocatalytic Reduction

Figure 6 (a) shows the impact of light irradiation on
the photocatalytic process of Cr (VI) degradation
performance between the ratio degradation efficiency of
Cr (VD) and the reaction time. Cr (VI) degradation
efficiency percentages reached 12.7%, 18.3%, 85.4%, and
91.1% within the reaction time of 30 min for GQDs/FA;
GQDs/Uv-vis; FA/Uv-vis; and GQDs/FA/Uv-vis system,
respectively. From Figure 6 (a), the two parameters, Uv-
vis and reduction agent (FA), significantly reduce Cr (VI).
In GQDs/FA without Uv-vis, it displays that the reduction
of Cr (VI) is negligible, as well as GQDs/Uv-vis without
FA. Interestingly, FA/Uv-vis without GQDs could reduce
Cr (V) up to 85.5%, but the combination of
GQDs/FA/Uv-vis increased the degradation by up to
90%. The extra Cr (VI) reduction ratio was obtained due
to the role of GQDs as a photocatalyst with
photoluminescence properties. In addition, GQDs can
also speed up the photocatalytic process, where
GQDs/FA/Uv-vis system drops significantly with the
ratio of degradation efficiency of up to 62.26% at 24
minutes’ interval time and 39.1% at 30 minutes’ interval
time if compared to FA/Uv-vis system. Thus, the
participation of FA as a reduction agent and GQDs as a
catalyst is relevant and reached good performance under
Uv-vis light irradiation in the photocatalytic Cr (VI)
reduction process [35].

As shown in Figure 6 (b), the reactions reached high
performance with increasing the FA dose. The initial
degradation percentages of Cr (VI) are low at 18.3%
without the addition of FA. When the FA added about 1.0
mL and 2.0 mL, the Cr (VI) degradation percentages were
obtained at 91.1% and 92.9%, respectively. Then at 3.0
mL FA, the increase in Cr (VI) reduction tends to
stabilize. This phenomenon occurs because it has reached
the optimum condition of the solution in generating
hydrogen ions and carbon dioxide anion radicals (CO,")
in photocatalytic Cr (VI) degradation [10].

As seen in Figure 6 (c), without the addition of GQDs,
reduction of Cr (VI) can be achieved at 85.4%. Then, by
adding 1.0 mL GQDs, Cr (VI) reduction with an extra 6%
can be increased. In the other addition, 2.0 mL GQDs, Cr
(VI) reduction can be achieved up to 97.5% in 30 minutes.
This increase is due to GQDs, which can be explained by
kinetic energy under Uv-vis light irradiation, the
formation of additional free electrons in the conduction
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band, and carbon dioxide anion radicals (CO>") can be all
attributed to these results [36].
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Figure 6. Photocatalytic reduction of Cr (VI) by GQDs. Effect

of different light irradiation (a); different FA concentrations (b);
different GQDs concentrations (c). All initial at I mL GQDs, 1
mL FA with the initial K2Cr207 of 40 mg/L, pH of 5.42.

Meanwhile, the consequence of initial Cr (VI)
concentration on photocatalytic reduction is shown in
Figure 7 (a). The result demonstrates an inverse
correlation between Cr (VI) degradation and initial Cr
(VI) concentration. Reduction of Cr (VI) is effective at
low concentrations, where increasing the concentration
will reduce the effectiveness of Cr (VI). It can be observed
that with 40 and 20 mg/L of Cr (VI) is very effective using
GQDs, where 20-45 mg/L of Cr (VI) is commonly found
in the textile industry [37].

Furthermore, the interesting finding is found that the
ability of GQDs is not only practical with low Cr (VI)
concentration but also to time. To which 40 mg/L of Cr
(VD) takes 30 minutes while 20 mg/L of Cr (VI) takes 15
minutes for the Cr (VI) reduction process. Because of the
decomposition of FA, this condition produces abundant
hydrogen as a reducing agent on the surface of the GQDs
photo-catalyst; therefore, it only takes a short time to
degrade Cr (VI) [4].

The pH of the solution is one of the most critical
factors affecting the photocatalytic reduction as shown in
Figure 7 (b); the acidic conditions are not favorable in the
degradation of Cr (VI). Cr (VI) reduction with
GQDs/FA/Uv-vis system at pH 3.0 and pH 4.0 showed a
low degradation rate, meaning Cr (VI) reduction is more
significant at pH conditions above 4.0. Where for pH 3.0;
4.0; and 5.42, the Cr (VI) degradation percentages were
obtained at 45.18%; 80.4%; and 83.24%, respectively. It
is slightly different from earlier research [38].

The degradation of Cr is significantly effective under
acidic solution. Several researchers reported that the more
decreasing pH, the higher positive charge (H") formed on
the catalyst surface, resulting benefit in reduction Cr VI)
to Cr (III). Meanwhile the significant Cr (VI) degradation
using GQDs was observed at pH 5.42 (above pH 4.0),
This indicates that GQDs was easily soluble below a
neutral pH; this suggests that Cr (VI) reduction in the
semiconductor catalyst is more effective at pH above 4.0
[39].



Science, Engineering and Technology

Vol. 3, No. 2, pp. 1-11

1.0 A
"\ —=— 20 mgL"
| \ \\_‘.\ ® 80 mgL’
0.8 \ % —&— 40 mgL’

0.2 4 \
\ i
e
0.0 T T T L T i} * T T T
0 5 10 15 20 25 30
Time (Minute)
(a)

1.0 —&—pH 5.42
. —eo—pH4
—A—pH3
0.8
Q° 0.6
9]
0.4 4
0.2
T T T T T T T

==
wn
—
=
—
n
[
=]

Time (min)

(b)

Figure 7. Photocatalytic reduction of Cr (VI) by GQDs. Effect of different Cr (VI) concentrations (a); different solution pH
(b). All initial at I mL GQDs, 1 mL FA with the initial K»Cr,07 of 40 mg/L, pH of 5.42.

3.3. Proposed Mechanisms and kinetic rate of

Photocatalytic Cr (VI) Reduction

Photocatalysis is a phenomenon using energy equal to
or more than the bandgap energy (AEg) of the
semiconductor catalyst, which is utilized to catalyze
processes. In this research, by using GQDs excites hole
(h") and electron (&) to the valence bands (VB) and the
empty conduction bands (CB), respectively (Eq. 2,3) [9].

GQDs +hv » GQDs-h" + GQDs— ¢’ ?)

GQDs-h"+ GQDs—e — GQDs-h(VB) +

GQDs—¢ (CB) )

As semiconductor catalyst, GQDs has a band gap
energy (AE,) approximately at 2.71 eV [40].

The photocatalysis mechanism is based on the idea of
semiconductor catalysis, in which electrons are stimulated
by light of a suitable wavelength to move from VB to CB.

Furthermore, the light photo-generated electrons (&)
react with oxygen to generate peroxy radicals (O>") (Eq.
4). However, these photo-generated electrons cannot
reduce Cr (VI) without FA. The presence of FA reacting
with the photo-generated hole (h") in the photocatalytic
reduction is the formation of a carbon dioxide anion
radical (CO,™), which determines the main activity for the
Cr (VI) degradation (Eq. 5) [10].

O +e - 0,

(4)

HCOO +h" - CO," + H' ©)
Furthermore, the greatly reductive radicals (CO,")
were qualified to reduce the dichromate ions (Cr.07%)
through the reaction (Eq. 6). In the photocatalytic process
of Cr (VI) reduction, N-N Dimethyl Aniline (N-N DA)
was utilized as a radical scavenger to quench CO," radical
as shown in Figure 8 (a) [10]. After applying N-N
Dimethyl Aniline (N-N DA) into the GQDs/FA/Cr (VI)
system, the degradation ratio progressively decreased,
demonstrating that CO;" radicals were the primary

radicals generated during Cr (VI) degradation, with the
majority of them quenched.

Cr,07% + 14H" + 6CO," - 2Cr*" + 7TH,0 + 6)
6CO>
The modified Langmuir-Hinshelwood kinetics model

provides kinetic information using the pseudo-first-order
model (Eq. 7) [41]:

[cr(vi)
lnt—2—~"4 _ _
"lerovil, obs

(7)
Where [Cr (V])] and [Cr (VI)]o are the final t time and

initial time of Cr (VI) concentrations (mg/L), and kobs

represent the pseudo-first-order rate constant (min™).
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Figure 8 (b) plots In [Cr (VI)/ Cr (VI)o] vs time to give
the kinetic data at GQDs/FA/Uv-vis system. From the
slope of In [Cr(VI)/Cr(VI)o] vs time plots, the pseudo-
first-order rate constant (kobs) was calculated to be
0.10847 min”. Furthermore, the linear regression
coefficient (R?) was 0.985. This result was consistent with

previous research, with R* values ranging from 0.979 to
0.997 [42].
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Figure 8. Effect of quenching CO," radical (a); In [Cr (VI)/Cr
(VI)o ] vs. t-plots (b). Conditions GQDs/FA/Uv-vis of Cr (VI)
photocatalytic reduction: 1 mL GQDs, 1 mL FA, and 40 mg/L
K,Cr;07, 1 mL of N-N DA, pH 5.42.

Table 1 lists the pseudo-first-order rate constant (Kops)
from other systems.

Table 1. The Pseudo-First-Order Rate Constant and the Linear
Regression Coefficient from various systems.

Systems R? kobs (min)
GQDs/FA 0.66078 0.0139
GQDs/Uv-vis 0.00036 -0.1072
FA/Uv-vis 0.98247 0.0468
GQDs/FA/Uv-vis 0.98455 0.1085

The modified Langmuir-Hinshelwood kinetic model
can be adapted from plots of the initial concentration rate
(r) and initial Cr (VI) concentration in a heterogeneous
photocatalytic process(Eq. 8,9) [43-45]:

K v [crev o

r=

[crovn] (9

=k
“1+K Cr(vI) [cr(vry]  obs
1 1 [crovn),
ko kK Tk ©)
obs C™Cr(VI) ¢

Where Kcenvyy (L/mg) represents the Langmuir-
Hinshelwood adsorption equilibrium constant and kc (mg”
'Lmin™") represents the surface reaction kinetic rate
constant.

By plotting 1/kobs vs Cr (VI)o give the slope and
intercept of the linear regression (Table 2), are Kcyvy at
0.0537 L mg™ and k. 1.6556 mg/L min, respectively. As
comparison, photocatalytic reduction of Cr (VI) using
Fe;Os/clay reached constant Kcxvyy (0.052 L/mg) and kc
(0.893 mg/L min) [44], and Cr (VI) reduction using ZnO
reached the rate constant k. at 0.8245 mg/Lmin [46].
Thus, Cr (VI) reduction using GQDs/FA is higher than
Fe;0Os/clay and ZnO.

Table 2. kobs kinetic parameters at various Cr (VI) initial
concentration.

[Cr (VD)]o (mg/L) R? kaps (min')  1/kaps (min)
80 0.92462 0.0261 38.31418
40 0.98455 0.1085 9.21914
20 0.99461 0.3025 3.30579
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4. Conclusion

In conclusion, this study successfully demonstrated the
effectiveness of Graphene Quantum Dots (GQDs) as a
photocatalyst for the degradation of Cr (VI) using Uv-vis
light irradiation and formic acid (FA) as a reductive agent.
The characterization of GQDs revealed critical insights
into their properties. XPS analysis showed a high
percentage of carbon elements, indicating the substantial
contribution of GQDs to photocatalytic activity. Raman
spectroscopy provided information on the crystalline size
and defect rates of GQDs. XRD analysis confirmed the
presence of a graphene crystal structure in GQDs. PL
spectroscopy demonstrated the emission of a solid
luminescent spectrum by GQDs.

The photocatalytic reduction of Cr (VI) achieved its
highest performance using the GQDs/FA/Uv-vis system.
The solution's optimal pH was 5.42, as GQDs exhibited
better solubility below neutral pH. The photocatalytic
process exhibited a remarkable kinetic reaction, with a
degradation efficiency of 91.1%. The kinetic parameters,
including the rate constant (k) and the coefficient of
determination (R?), followed the pseudo-first-order model
with values of 0.1085 min™ and 0.985, respectively. The
photocatalytic
generation of CO,” as the primary active radical
responsible for reducing Cr (VI) to the more
environmentally friendly Cr (III). These findings
highlight the potential of using GQDs and FA under Uv-
vis light for efficiently degrading Cr (VI) to Cr (III).
However, further research is warranted to explore the
applicability of GQDs with other reduction agents in the
remediation of other pollutants. The insights gained from
this study contribute to the prospects of utilizing GQDs in
environmental remediation applications.

reduction mechanism involved the
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