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ABSTRACT: In this study, carbon quantum dots (CQDs), which were
synthesized from arabica coffee ground-derived activated carbon, have been
successfully employed as a fluorescence sensor to detect Fe** ions. CQDs were
fabricated using microwave heating for 5—10 min, which emitted vibrant blue
light at 455 nm when exposed to excitation at 365 nm. Dynamic light scattering
(DLS) analysis revealed that the average size of CQDs was 10.12 nm with a
quantum yield of 6.01%. Fluorescence detection was developed for sensing Fe*',
Pb**, and Cr** ions. The addition of the three metal ions resulted in a decrease
in the fluorescence (FL) intensity of the CQDs, with the addition of Fe** ions
demonstrating a more significant decrease in FL compared to the addition of
both Cr** and Pb*" ions. The results indicated that the CQDs synthesized from
activated carbon of arabica coffee waste performed as a selective fluorescent
detector for Fe* ions, with a detection limit of 0.27 uM.

B INTRODUCTION presence of stabilizing agents. The bottom-up method has
the advantage of allowing for precise control over the dots’ size
and shape, which can significantly impact their optical and
electronic properties. Additionally, this method can be easily
scaled up for the large-scale production of carbon quantum

Carbon quantum dots belong to the group of zero-dimensional
nanostructure materials that have gained significant attention
due to their unique properties such as the quantum energy
level,' robust chemical inertness, excellent solubility in water,

and strong luminescence properties.” CQDs have gradually dots.
become a prevalent material since their first fabrication in 2004 Most of the synthesis processes usually involve various
through electrophoresis® and later in 2006, which were chemicals, which are complicated and involve multisteps.
prepared via laser ablation of graphlte Currently, the However, in this study, a simple microwave-assisted synthesis
production of CQDs using a wide range of raw materials has of CQDs from arabica coffee ground-derived activated carbon
been extens1ve1y and 1nten51vely reported, including apple was successfully performed. The synthesis required only 10
]urce, lemon ]ulce, tea,® fermented tea, green tea,” lysrne,) min under microwave radiation without sample pretreatment,
coffee grounds, and lemon peel waste. H resulting in an economized and green synthesis of CQDs. The
CQDs are usually prepared by top-down and bottom-up microwave technique is considered the most straightforward
methods.'” In the top-down fabrication method, carbon mass method that is frequently used to fabricate quantum
is broken down into chemically treated or physically modified dots.”'*™** The microwave method of synthesizing CQDs
nanosized particles, such as ball-milling'> or acid treatment. involves microwave radiation to irradiate a solution containing
The resulting suspension is then filtered and washed to isolate targeted precursors to produce nanoparticles. This method has
the CQDs. The CQDs are usually stabilized using a capping become increasingly popular as it is a fast and efficient way to

agent, such as surfactants or polymers, to prevent aggregation.
Finally, the stabilized CQDs are purified through centrifuga-
tion and redispersion to remove any remaining impurities.
On the other hand, the bottom-up method to synthesize
carbon quantum dots involves using precursor materials such
as carbon-rich organic compounds or graphene oxide, which
are subjected to chemical or thermal treatment to generate the
nanoscale dots. This process typically involves reducing the
precursor materials to form the quantum dots and controlling
the size and shape of the dots through variations in reaction
conditions, such as temperature, reaction time, and the

synthesize CQDs compared to other methods, such as
chemical reduction and hydrothermal synthesis."”** The
microwave method can reduce synthesis times from several
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Figure 1. Schematic illustration for fabrication of CQDs via microwave heating.

hours to a few minutes, ensuring a more cost-effective and
scalable approach in CQD synthesis. Additionally, the
consistent heating process provided by microwave radiation
leads to more homogeneous and well-controlled particle size
and composition compared to other methods.”*** The
properties of CQDs can also be tailored by controlling the
synthesis conditions and the doping agent used, making them
suitable for various applications, including bioimaging, *°~**
photovoltaics,'****" and sensing.'"”*

Toxic heavy metal ions pose a significant threat to the
environment, human health, and animal health.>* Therefore,
toxic metal ion detection techniques have seen much
development. Current methods, including inductively coupled
plasma mass spectrometry, atomic absorption spectrometry,
atomic fluorescence spectrometry, potentiometry, and electro-
chemical techniques, are usually employed to detect heavy
metal ions. Some of these approaches were nonportable,
difficult, and somewhat costly. They also required time-
consuming sample preparation processes.

Due to their simplicity, excellent sensitivity and selectivity,
quick reaction times, little interference effects, and relative
affordability, fluorescence-based sensors such as CQDs have
recently gained more and more attention.”* The fluorescent
CQDs in an aqueous solution could be quenched by an
electron acceptor or an electron donor, and the photoinduced
electron-transfer properties of CQDs can be utilized to detect
metal ions using nanoscale probes.”> Therefore, rapid
qualitative and quantitative detection of heavy metal ions in
an aqueous solution is of great research value.’® Several studies
have proven that CQDs can be used as metal ion detectors,
such as Fe** and Fe***" ™% Cu®*** Pb*,** and Cr.*"* In
this work, we proposed fluorescent detection of Fe3*, Cr**, and
Pb** ions using CQDs generated from the arabica coffee-
derived AC.

B MATERIALS AND METHODS

Chemicals. Arabica coffee ground (ACG) was obtained
from a local coffee shop in Banda Aceh, Indonesia. Ultrapure
water was purchased from Merck, Germany. All chemicals,
including Pb(NO;),, FeCl;, Cr,05, ZnCl,, HCl, and NaOH
for carbon black activation, were purchased from Sigma-
Aldrich, Singapore, and were used without further purification.

Instrumentation. The synthesis was performed using a
microwave (Rewez P4020DL-K8, Japan). The resulting CQDs
were dried using an oven (Memmert, Germany). An
ultraviolet—visible (UV—vis) spectrophotometer, Shimadzu,
UV1800, Japan, was used to analyze the absorption spectra of
the CQDs. Photoluminescence spectra of the CQDs were
measured using a spectrofluorophotometer model RF-5301PC,
Shimadzu, Japan. CQDs’ particle size distribution was
determined by a transmission electron microscope (TEM,
JEOL JEM-1400, Japan). Functional groups of both AC and
CQDs were analyzed using an FTIR-8400s, Shimadzu, Japan.
The particle size of the CQDs was analyzed using a dynamic
light scattering instrument (Zetasizer Lab, Malvern)

Synthesis of CQDs. CQDs  synthesis was performed
according to previous works'®** with slight modification. A
desired mass of AC was carefully weighed using an analytical
electronic balance (Ohaus CV314C) and transferred to a
beaker glass. Two hundred milliliters of ultrapure water was
added, and the AC suspension was stirred at 1500 rpm for 30
min using a magnetic stirrer (JoanLab SH-2, China) and
transferred to a conical flask. It was then irradiated under
microwave power for 3—7 min. The resulting pale brown
mixture was centrifuged at 3500 rpm for 30 min to remove
impurities; the supernatant was then filtered using filter paper
(Whatman, No. 40) and further purified using a 0.22 gm nylon
filter syringe. The pure CQDs were then dried using an oven
until solid brownish CQDs were obtained.

Figure 1 depicts the schematic synthesis of CQDs by using
the microwave method. As reported earlier, the carbon used in
this work was physicochemically activated using ZnCl,
combined with microwave radiation.** The AC was directly
used to synthesize the CQDs without further treatment. The
resulting CQDs were also found thermally stable since they
were not degraded or damaged after being completely dried
using the oven at 120 °C for 10 h (Figure 2).

Relative Quantum Yield Determination. The quantum
yield (QY) of the CQDs was calculated by comparing the
integrated luminescence intensities and absorbance values of
the sample by following the standardized procedure.*
Concisely, the desired amount of CQDs was carefully weighed
using an analytical balance and diluted in pure water (5 =
1.33), the reference chemical (quinine sulfate) was dissolved in
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Figure 2. HRTEM image of CQDs (A) 100 nm and (B) 50 nm. (C) Particle size distribution of CQDs measured by DLS and (D) FTIR spectra.

a sulfuric acid solution (H,SO,, 0.1 M), and the absorbance of
both the sample and the reference were recorded at 350 nm.
The sample QY was calculated using the following equation:

I A >
®=Py x —x L xLa
IR A ’/IR

where @, I, A, and 5 are QY, FL intensity, absorbance, and
refractive index, respectively, @y is QY of the quinine sulfate =
54%," and R stands for reference.

Detection of Fe*, Pb?*, and Cr** lons. To examine the
sensing ability of CQDs against the metal ions, a 1000 ppm
stock solution of CQDs was prepared by adding it to a desired
volume of ultrapure water. The metal ions Pb**, Cr**, and Fe**
at various concentrations (50—400 ppm) were prepared
separately. In order to evaluate the sensitivity of metal ions,
each metal ion with varied concentrations was added to the
CQDs solution, and the FL spectra were recorded at the
maximum excitation wavelength, 224 nm. FL spectra were then
used to compare their quenching efficiency.

M RESULTS AND DISCUSSION

The conversion of CQDs from arabica coffee ground-derived
AC utilizing microwave irradiation has been successfully
conducted. The optimum conditions for the CQD fabrication
was achieved at the contact time of 8 min, 1.5 g of starting
material, and 80% power of a 800 W microwave oven, as
previously reported.”” The pale brown solution of CQDs
observed under daylight was characterized using HRTEM,
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FTIR spectrophotometer, DLS, and a fluorescence spectro-
photometer.

The microscopic properties of the CQDs were determined
using HRTEM analysis, indicating that the particles were
spherical, homogeneously monodispersed, and with no form of
aggregation. The CQDs’ particle distribution confirms the
small particle size ranging from 7 to 16 nm (mean = 10.12 nm,
SD + 1.76). The CQDs fabricated in this study met the criteria
of nanosized material when compared to some previous
studies, as depicted in Table 1.

The FTIR spectra of CQDs confirm the presence of OH
groups (3246 cm™) and C=C stretching (1650 cm™"), while
the FTIR spectra of the AC used as a precursor for preparing
CQDs do not exhibit a OH spectrum but show weak N—H
stretching at 3633 cm™". The FTIR spectrum of the precursor
also indicates the presence of C=0 and C=C (1650 and
1577 cm™") at much lower intensity (Figure 3). The vigorous
intensity of the absorption of OH, CH, C=0, C-0O, and
conjugated C=C in CQDs is attributed to their small particle
size, which ranges from 1 to 10 nm and is linked to their larger
surface area, which is associated with a more significant
number of functional groups appearing on the surface of
CQDs.>® The above investigations suggested that CQDs were
functionalized with hydroxyl, carboxylic, carbonyl, and amino
groups, derived from organic moiety-activated carbon with
microwave synthesis.

The photoluminescence characteristics of CQDs may be
affected by diverse functional groups present on their surfaces,

such as carboxyl (—COOH), amino (—NH,), hydroxyl

https://doi.org/10.1021/acsomega.4c02254
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Table 1. Particle Size of CQDs Produced from Different
Precursors

particle size range

no precursor method (nm) reference

1 cranberry beans hydrothermal 1.23-6.63 47

2 table sugar microwave 2.50-5.50 48

3 lemon juice hydrothermal 30—-80 S

4 starch microwave 2—4 14

N Calotropis gigantea —microwave 2.7-104 17

6 eggshell microwave 0.56—3.88 49

7 sucrose hydrothermal 4-15 S0

8 coconut shell hydrothermal 3-5 S1

9  broccoli hydrothermal 2—6 52

10  aloe vera facile 4-10 S3

carbonization

11 kelp microwave 3—4.4 20

12 apple juice hydrothermal 5—10 1

13 sugar cane hydrothermal 2-8 S4

14 Arabica coffee microwave 7-16 this
ground work

—— Activated Carbon
— CQDs

Transmittance (%)

T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3. FTIR spectra of CQDs and their precursor of Arabica coffee
ground activated carbon.

(—OH), and carbonyl (C=0) groups. These groups can alter
CQDs’ surface states, passivation, and trap states, thereby
influencing their photoluminescence properties, such as
quantum yield, emission wavelength, and lifetime. Typically,
a CQD would absorb the UV light and emit visible rays. When
CQDs are irradiated with UV light, the energy from the
photons is absorbed by the electrons, which elevate them to a
higher energy state (excited state). However, due to their small
size and high surface-to-volume ratio, CQDs exhibit quantum
confinement effects that result in discrete energy levels rather
than the continuous energy bands observed in bulk semi-
conductors.

Therefore, the high-energy states created in CQDs are
highly localized, and the electrons rapidly transition back to
their underlying ground state. In this process, excess energy is
released as a photon, and the wavelength of this photon
corresponds to the energy difference between the excited and
the ground states. For CQDs, this energy difference falls within
the visible-light range, resulting in visible-light emission. The
emission was confirmed by fluorescence spectroscopy analysis
of the CQDs, as depicted in Figure 4. Typical CQDs emit

visible light ranging from 350 to 650 nm, depending on the
precursors used for synthesis.

The CQDs emit pale blue visible light at the wavelength of
around 280 to 600 nm, with the most intensive emission at 455
nm.’® The CQDs produced in this work have shown the
capacity to absorb UV at a maximum wavelength of 224 nm,
which corresponds to electron promotion from 7 — 7*; this
transition typically occurs in unsaturated hydrocarbon
molecules or molecules with double bonds, which is also
confirmed by FTIR spectra (Figure 3). The energy band gap of
the CQDs was also determined using Tauc’s plot. The
absorbance spectrum of CQDs shows an optical energy gap of
6.06 eV (Figure 4C); this value is relatively higher compared to
previously synthesized CQDs. Sutanto et al.’’ reported
successful synthesis of CQDs from citric acid and urea with
an energy gap ranging from 1.5 to 2.5 eV. Another study by
Bao et al.”” revealed that the energy gap of a carbon dot is
dictated by the particle size of the CQDs; the smaller the
particle, the greater the energy gap between the valence and
the conduction band due to the conjugate effect or the
quantum-size effect.

Following their dissolution in water, AC and CQDs vary
significantly in visible light. A CQD solution has a light brown
color and emits blue light when exposed to UV light, while AC
is difficult to dissolve in water and forms a clear solution and
shows a very weak ability to emit visible light when exposed to
UV light. FL Intensity measurement (Figure SB) shows that
the aqueous solution of CQDs is highly fluorescent.

Figure 6 shows the results of the 15 h CQD stability test.
Water-dispersed CQDs were exposed to direct sunlight for 15
h and observed under UV light every S h. Visually, the color of
the CQD solution under visible light did not show any
significant degradation. However, when observed under UV
light, the fluorescence properties of the CQDs decreased with
increasing time. In addition, Figure 5B confirms the gradual
decrease in the ability of CQDs to emit visible light after being
exposed to direct sunlight for a period of time. CQDs’
exposure to sunlight for a duration of 15 h results in a
reduction exceeding 70% in the visible-light-emission capacity
of CQDs (Figure 6).

The diminishing capacity of CQDs to absorb UV and emit
visible light is associated with the reduction of functional
groups responsible for these processes, such as OH, C=0,
and N—H groups. Fluorescent materials usually fade over time
when exposed to light, emphasizing the need for high
photostability in applications requiring prolonged light
exposure. Previous studies revealed that the stability of
CQDs is significantly affected by several factors such as UV
and visible-light radiation,® temperature,59 pH,60 and salt
solutions including NaCl or KCL®' Therefore, the photo-
stability of CQDs should be evaluated by considering these
palrameters.62

Quantum Yield (QY). The QY pertains to the ratio of
fluorescence intensity emitted by nanomaterials concerning
absorbed excitation. As the fluorescence intensity increases, the
QY of the CQDs also increases. The fluorescence mechanism
of nanoparticles relies on two principal factors: surface state
defects or alterations in surface conditions and quantum
confinement.”"*” Surface state defects or changes in surface
conditions cause modifications in the optical properties of
nanoparticles, including fluorescence intensity, excitation
wavelength, and radiation. These effects stem from the fact
that nanoparticles predominantly consist of a limited number

https://doi.org/10.1021/acsomega.4c02254
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Figure S. (A) Water-dispersed AC and CQDs observed under visible light and UV light. (B) FL intensity of the aqueous solution of AC and

CQDs.

of atoms, mainly situated on their surfaces, thereby rendering
any surface changes influential on the nanoparticle properties.
Quantum confinement theory elucidates that all particles are
constrained within the band gap formed by the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO).®* Diminishing particle
size enhances the energy gap between these orbitals, resulting
in greater energy demand for electrons in the HOMO orbital
to be excited to the LUMO orbital. Consequently, electrons

20575

relax and return to the ground by emitting light upon
excitation. The magnitude of the energy gap, thus, determines
the emission wavelength of nanoparticles.”*

The CQDs produced in this study have a QY value of 6%
relative to that of quinine sulfate (54%). This QY value is in
good agreement with previous studies that produced CQDs
with yields up to 5%, even though some studies have reported
higher QY values, such as refs 2,4,31,65—67. These studies
reported a higher QY that was achieved by doping the starting
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materials with nitrogen-rich compounds for more functional
groups corresponding to higher light-emission rates.

Table 2 shows the QY values of CQDs synthesized using
different precursors. Both pure chemicals and plant material

Table 2. Quantum Yield of CQDs Derived from Different
Precursors

precursor quantum yield (%) reference
arginine 17.0 68
lemon juice 249 69
used coffee ground 3.8 70
coffee ground 5.0 71
Arabica coffee ground AC 6.0 this work

extracts can produce CQDs with higher QY. On the other
hand, waste precursors, especially coffee waste, yielded lower
QY due to the minimum content of carbon—nitrogen
compounds remaining in coffee grounds. Despite attempts at
carbonation, as performed in our research, a significant
increase in the QY values has yet to be achieved. Carbonation
and activation of carbon obtained from arabica coffee grounds
contribute to a 20% increase in QY compared to the previous
study.”’

Heavy Metal Detection. Some previous studies have
revealed the potential of CQDs as sensors for metals such as
Fe** and Cu®'. However, they have shown limited efficacy in
detecting other metals due to their low sensitivity and high
limit of detection (LOD). The ions such as Cu®**, K*, Ca**,
Pb**, Hg*', Fe?’, and Fe’" are frequently being studied for their
interactions with CQDs. In this study, the focus shifted to
three metal ions, Cr**, Pb**, and Fe*, because these three
metal ions are frequently used in the chemistry lab. The test
results indicate that the FL intensity of the CQDs decreases
gradually when interacting with the targeted metal ions at
various concentrations but possesses different magnitudes and
patterns. Optical studies of desired metal ion quenching using
a UV—vis spectrophotometer show significantly different
patterns of absorbance due to the addition of the metal ions
at different concentrations, particularly Fe®*, which exhibits
shifted shoulder peaks.

20576

When Cr**, Pb*, and Fe*" ions with similar concentrations
were added to the CQD solution at ambient temperature, FL
intensity degradation was observed (Figure 7). However, the
results indicate that the FL intensity of CQDs decreases when
interacting with Fe®* is more noticeable compared to Cr** or
Pb*" ions (Figure 7E). Specifically, the addition of 50 ppm Fe®*
ions shows a significant and sharp decrease in FL intensity,
dropping from 462 (blank) to 196, representing a reduction of
over 50% in the FL intensity of CQDs. In contrast, adding 50
ppm Cr’* and Pb** ions has only resulted in 16 and 9%
reductions in the FL intensity of CQDs, respectively.
Moreover, the interaction between Fe>* ions and CQDs
induces a noticeable shift in the emission peak from 343 to 370
nm, as depicted in Figure 4E. However, this shift in the
emission peak is not observed in the FL spectra of both Cr**
and Pb*. The optical studies also reveal that the lowest
concentration of Fe** was able to decrease the FL intensity of
CQDs much more significantly compared to Cr** and Pb**.

The linear relationship between the relative FL intensity
values and the addition of each metal ion at different
concentrations was also investigated (Figure 8). Based on
the linear correlation between the relative FL intensity of the
metal ion samples and their respective concentrations, it is
evident that all three metals, Cr**, Pb?*, and Fe', exhibit linear
solid correlations with R-squared (R*) values of 0.985, 0.998,
and 0.995, respectively. However, when comparing the values
of relative FL intensities (Fo/F) after the addition of 400 ppm
Cr*, Pb**, and Fe*', the values of relative FL intensities of
both ions were found to be 1.9, 4.0, and 9.8, respectively
(Figure 7A,C), and the (Fy/F) values of Fe* ions were twice
greater than Pb*" ions and about four times greater when
compared to the Cr** ions. The differences in the relative FL
intensity indicate that CQDs interacted more effectively with
Fe®" ions compared to Cr** and Pb**.

The addition of Fe** ions results in a decrease in emission
intensity at 344 nm. This decrease is attributed to carboxyl
(—COOH) groups, which undergo deprotonation to generate
carboxylate ions (—COO). This deprotonation process
facilitates the formation of complex ions with Fe’*,
contributing to the detection mechanism.”” This finding
further confirms the selectivity of CQDs toward Fe®* ions,
thereby suggesting that CQDs derived from arabica coffee
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Figure 7. (A, B) FL intensity and absorbance of quenching CQDs on the addition of varied concentrations of Cr**. (C, D) FL intensity and
absorbance of quenching CQDs on the addition of varied concentrations of Pb**. (E, F) FL intensity and absorbance of quenching CQDs on the

addition of varied concentrations of Fe’*.

waste-activated carbon can be utilized as a selective
fluorescence sensor for Fe’*-ion detection with a detection
limit of 0.27 uM. The study on the utilization of CQDs as a
fluorescent detector of Fe®* ions has garnered considerable
attention. Vadia et al. synthesized CQDs from a lemon peel
with an impressive quantum yield (QY) of 32% and capable of
detecting Fe>* ions at a better detection limit of 0.18 uM.”
Other studies conducted by Khan et al.”* and Wang et al.”

20577

have also reported successful deployment of CQDs as
fluorescent sensors for detecting the Fe’* ion.

B CONCLUSIONS

In this study, the synthesis of CQDs from arabica coffee
grounds using a simple and cost-effective method of microwave
irradiation has been successfully performed. The characteristics
of CQDs, including particle size, photoluminescent properties,
FTIR analysis, optical evaluation, and fluorescence light
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Figure 8. (A—C) Linear relationship of relative FL intensity of quenching CQDs and the concentrations of Cr**, Pb*", and Fe* ions, respectively,
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concentrations = 400 ppm). (E) FL intensities of CQDs on addition of metal ions (100 ppm, A, = 224 nm).

emitting properties, were investigated using a proper apparatus.
The quantum-sized particles fabricated in this study can absorb
the energy in the ultraviolet wavelength and emit a glowing
vibrant blue light at the wavelength ranging from 330 to 600
nm when excited at different wavelengths (220—400 nm).
Further evaluation of the CQDs’ interaction with three
different metal ions, including Cr**, Pb*, and Fe¥, revealed
that the CQDs are highly selective to Fe’* ions and thus can be
utilized as a fluorescent detector of the ferric ions.
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