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This study presents the pequi (Caryocar coriaceum) as a new biomass source for carbon dots
synthesis. The pequi almond, usually discarded, was used as the biomass precursor in one-step
hydrothermal green synthesis of carbon dots. Pequi-based carbon dots (PQ-CDs) exhibited an estimated
height of around 8 nm, with hydroxyl, carbonyl, and amino functional groups confirmed by FTIR,
bright blue emission, and a quantum yield of 17.9%. PQ-CDs were employed as fluorescent sensors
for Fe’* ions, based on the quenching of PQ-CDs fluorescence by interaction with Fe** ions. The sensor
demonstrated a linear relationship between the quenching of PQ-CDs fluorescence and the increase in
Fe** ion concentration, with a LOD of 1.16 umol L', well below the maximum Fe** concentration for
drinking water established by the WHO. PQ-CDs are a cost-effective and highly sensitive alternative

for Fe** ions detection in drinking water samples from the Cariri region.
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1. Introduction

Fe*" ions play a crucial role in several biochemical
mechanisms, such as cellular respiration and mitochondrial
electron transfer'. Additionally, Fe*" ion is ubiquitously
distributed in living organisms and serves as an essential trace
element to support fundamental life processes®. While iron
itself is not toxic, an imbalance of Fe** in the body can lead
to issues such as anemia, heart disease, and cancer, thereby
endangering normal human life activities®.

On the other hand, the content of Fe* is also an important
factor affecting water quality. Heavy metal pollution is a
common type of pollution in water environments, which
poses significant hazards due to its bioaccumulation, toxicity,
and non-degradability*. Brazilian legislation defines the
iron concentration in potable water, set at 0.3 mg L' by
Ordinance 888/21, due to its impact on water’s organoleptic
properties. The World Health Organization recommends a
stricter limit of 0.2 mg L.

However, in some water supply points in the Cariri
region of Ceard, the levels are higher than established
ones®. In addition to posing health risks, elevated Fe*" ion
concentration in drinking water can result in complications
such as the deposition of iron within pipes, as well as
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increased microbiological contamination by iron-bacteria®’.
It is therefore becoming increasingly important to develop
sensitive Fe’* ion detection systems.

In this context, carbon dots (CDs) have been gaining
increasing prominence due to their potential application as
fluorimetric ion sensors®’. Compared to traditional systems
for detecting Fe*" ions, such as mass spectrometry, atomic
adsorption spectroscopy (AAS), atomic fluorescence
spectrometry (AFS)!%!" CDs have the advantages of
being low cost, easy to obtain and instrumental, as well as
sensitivity, selectivity, and fast responding when compared
to the aforementioned methods.

CDs are zero-dimensional nanomaterials that stand out
for fluorescence. In addition, their biocompatibility, high
water solubility and emission stability make them suitable for
extensive applications as a fluorimetric ion sensor'>'*. The use
of natural sources as precursor material in the synthesis of
CDs stands out due to its low cost and high availability of
materials, and because of the varied constitution of biomass
sources, the optical properties of CDs can be improved®!'*15.

In this context, pequi, with its high fatty acid and methyl
esters content, is an effective biomass source for CDs synthesis.
Pequi (Caryocar coriaceum) is an oleaginous fruit native and
adapted to the Brazilian Northeast'®. Data from the Vegetable
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Extraction and Forestry production report points out that
in 2023, 3,073 tons of pequi were harvested in Ceara, with
3,058 tons produced in the Cariri region'’. However, fruit
parts such as peels and almond are discarded in the harvest
or commerce places'®. This discarded material could be a
carbon source for carbon dots production.

In this study, we present a novel utilization of pequi
almonds, which is often discarded because it has no
commercial value, as a biomass precursor for the synthesis
of CDs. The pequi-based CDs (PQ-CDs) were obtained
by hydrothermal reaction, without the addition of doping
agents, in a one-step process that does not require additional
purification steps. The structural characterization of PQ-CDs
revealed a predominant composition of carbon, oxygen,
and nitrogen in amino, hydroxyl, and carboxyl functional
groups. The PQ-CDs exhibited bright blue fluorescence with
a high quantum yield of 17.9% and the ability to detect iron
ions. The sensor demonstrated sensitivity with an LOD of
1.16 umol L', which is well below the maximum Fe*" ion
concentration limit in drinking water.

2. Experimental Procedure

2.1. Materials

We obtained pequi (Caryocar coriaceum) (SisGen
Code: AFAEC4D) on the street market of Brejo Santo,
Ceara, Brazil (latitude 7° 29 13” S, Longitude: 38° 58’
477 0). We purchase iron (IIT) chloride (FeCL,-6H,0, 98%)
from Vetec. We used distilled water (0.087 MQ cm) during
the experiments. We used a cellulose membrane Spectra/
Por®6 dialysis membrane of 1 kDa MWCO for dialysis.

2.2. Synthesis of pequi-based CDs

‘We conducted the synthesis according to the conventional
hydrothermal method. Briefly, 1 g of almond was macerated
and diluted in 10 mL of distilled water. The suspension was
transferred to a 50 mL Teflon-lined autoclave. The hydrothermal
reaction was conducted for two hours at 230 °C. The product
was dialyzed in two cycles of 12 hours. The CDs suspensions
were stored in a refrigerator at temperatures between 6 and
10 °C.

2.3. Structural and optical characterization

We performed X-ray photoelectron spectroscopy (XPS)
using a Thermo Fisher Scientific model K-alpha+, employing
monochrome radiation of Al Ko, with a pass energy of
respectively 200 and 50 eV for survey and high-resolution
scanning spectra. The spot size was 400 um. The chamber
pressure was approximately 107 Pa. Peak fitting was done
using the Avantage software provided by the equipment
manufacturer, with mixed Gaussian and Lorentzian curves
and background subtraction using a smart algorithm.

We obtained atomic force microscopy (AFM) images
using an Asylum MFP 3D. Topography and phase contact
contrast of the pequi-based CDs were performed with an
NCHR-50 silicon noncontact tip (Nano World), (less than
8 nm of radius tip, 42 N m! of force constant, 320 kHz of
resonance frequency), operating with a scan rate of 0.20 Hz.
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The functional groups of PQ-CDs were analyzed by
Fourier transform infrared spectroscopy (FT-IR) with KBr
pellets in a Shimadzu Spectrometer. The spectra were
recorded using a range of 400 — 4000 cm™', with resolution
of 4 cm™. The PQ-CDS absorption and fluorescence spectra
were obtained in a Shimadzu UV-2600 and a Shimadzu
RF-6000 spectrophotometer, respectively.

2.4. Quantum Yield (QY) determination

We measured the PQ-CDs quantum yield (QY) using
quinine sulfate (in 0.1 mol L' H,SO, as a solvent, QY =
54.0%) as a reference. In the quantum yield measurements,
the absorbance of samples was kept below 0.05 to avoid inner
filter effects'®. The QY was determined using Equation 1:

2
XAref X n (1)

1
QY= QVYef X
2
L A Dyef

ref

where [ is the integrated emission intensity; A is the absorbance
measured at 310 nm; and n is the refractive index. The
subscript ref is related to the quinine sulfate (QY = 54.0%,
0.1 mol L' H,SO,).

2.5. Fluorescence detection of Fe’* ions

The Fe’' sensing assay was based on the fluorescence
quenching of PQ-CDs. Firstly, the PQ-CDs fluorescence
intensity (I ) was measured at room temperature. In a typical
experiment, 0.5 mL of 54.1 pg mL! solution of PQ-CDs was
diluted to 2.0 mL, and we measured fluorescence spectra.
In a typical experiment for the iron assay, 0.5 mL PQ-CDs
solution was mixed with 0.1 pL of Fe*" stock solution.
The cuvette’s volume was adjusted to 2.0 mL, and we
recorded the fluorescence spectra (I).

We investigated the limit of detection (LOD) by examining
the slope (k) of a linear relationship plot of fluorescence
quenching intensity and iron ion concentrations. The standard
deviation (o) was determined by the fluorescence intensity
of'the PQ-CDs solution. The detection limit was calculated
using the following Equation 2:

33
LOD="=0 )

3. Results and Discussion

3.1. Pequi-based carbon dots’ optical and
structural characterization

PQ-CDs synthesized via the one-step hydrothermal route
showed a characteristic bright blue emission when subjected to
UV radiation. The UV-VIS spectrum (black line in Figure 1)
displays two absorption bands, the first one in the 275 nm
region, corresponding to m-n* transitions in the carbon core.
The second absorption at 325 nm is related to n-n* transitions
of C=0 or C=N bonds in functional groups*-*>. We observed
the emission maximum at 390 nm when the PQ-CDs was
excited at 310 nm (blue line in Figure 1). With emission
values above 39,000 a.u., the suspension showed intense blue
emission when subjected to UV radiation (Inset Figure 1).
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Figure 1. UV-VIS and emission spectra of PQ-CDs. Inset: PQ-CDs under sunlight and UV-light.

The PQ-CDs emission spectra show that after the
emission band (310 nm excitation), the emission decays
in every excitation wavelength (Figure S1, Supplementary
material). Moreover, it is possible to observe the emission
band shift as a function of excitation wavelength increase
(Inset Figure S1). Excitation-dependent behavior is standard
in carbon dots'>%; it can be attributed to different sizes of
nanoparticles or surface energy traps®. PQ-CDs quantum
yield (QY) was 17.9% (Table S1), considerably higher than
other biomass-derived CDs**%.

PQ-CDs atomic force microscopy showed the formation
of nanoparticles with a quasi-spherical structure (Figure 2a).
However, the formation of aggregates and the roughness of the
nanomaterial were higher than expected (Figure 2b). A high
concentration of PQ-CDs may have caused the nanoparticles’
self-aggregation. Regarding the size of the nanoparticles,
despite the formation of aggregates, the observed height
profile of PQ-CDs is around 8 nm (Figure 2¢), compatible
with other CDs based on natural sources®*.

The PQ-CDs XPS spectrum showed three characteristic
peaks at 284.38, 399.02 and 531.15 eV, which correspond
to Cls, N1s and Ols, respectively (Figure 3a). The full-
scan XPS spectrum showed that the PQ-CDs produced are
mainly composed of carbon (63.35%), oxygen (24.62%)
and nitrogen (8.56%). PQ-CDs constitution is consistent
with other reports of CDs based on natural products®?7,

Additional high-resolution XPS spectra of C1s (Figure 3b)
illustrate the presence of five main peaks at 283.29 eV,
284.05¢eV,284.99 eV, 286.14 eV and 287.32 eV that correspond
to C-C/C=C/C-H, C-N, C-0O, C-O-C and C=0/0-C=0,
respectively?'*? (Table S2). Similarly, the high-resolution
spectrum of N1s (Figure 3¢), which can be divided into three
peaks located at 398.6 €V, 399.27 ¢V and 399.98 eV, related

to nitrogen C-N, C=N and N-H, respectively®. The Ols
spectra (Figure 3d) show four components at 530.42 eV,
531.27 eV, 532.23 eV and 533.44 eV and can be attributed
to HO-C=0/0=C-N, C-OH/ C-O-C, C=0 and H-O-H3*%.

The FTIR spectra of PQ-CDs display a broadband
transmission band in the region of 3280 ¢cm™ attributed to
O-H and N-H stretching vibrations (Figure 4). A characteristic
band around 2930 cm is attributed to the stretching of
C-H bonds of sp? and sp* carbons®*. In addition, the band
at 1710 cm™! can be attributed to the stretching vibration of
C=0 amid bonds. The absorption bands at 1660 cm™ and
1450 cm! represent the C=C stretching band and the C-N/
C=N stretching band, respectively*'s7, The band located at
1115 cm™ may be related to C-O-C/C-OH stretching, which
are very common groups in CDs*%,

Given the presence of these functional groups, the
FTIR spectrum showed good agreement with the XPS data.
The PQ-CDs had hydroxyl, carboxyl and carbonyl groups on
their surface, as well as high water solubility and stability,
which are important characteristics for the application as
an ionic sensor*’.

3.2. Sensing system optimization

The PQ-CDs concentration directly correlates with
the intensity of the resulting fluorescence (Figure S2).
The data shows a clear linear relationship between the
PQ-CDs concentration and the intensity of the resulting
fluorescence, with an R? value 0£ 0.99831 (Inset Figure S2).
The concentration of 54.1 pg mL™! was selected for the Fe**
ion detection assay to ensure substantial fluorescence intensity
while circumventing the occurrence of self-aggregation, a
phenomenon that has the potential to diminish the quantum
yield (QY) and fluorescence of the nanoparticles*'.
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Figure 2. PQ-CDs atomic force microscopy. (a) topography (b) roughness and (c) particle sizes profile.
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Figure 3. Full XPS scan (a), and high-resolution XPS spectra of Cls (b), N1s (¢) and Ols (d) of PQ-CDs.
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The high fluorescence stability of CDs is an important
factor for their practical applications, especially in ion
sensing'>*2. The PQ-CDs emissions initially decreased,
reaching a minimum value of approximately 85% of the
initial fluorescence after 5 minutes (Figure S3). However,
after this period, the emission recovered to values above
95% of the initial emission, even after 50 minutes. Based on
this test, we considered 3 minutes as ideal homogenization
period for carrying out the Fe’" ion detection tests.

3.3. Fé*' ions determination

We collected fluorescence spectra by introducing various
concentrations (5-500 umol L) of Fe** ions into the PQ-
CDs suspension (Figure Sa). The fluorescence intensity of
PQ-CDs decreased significantly with increasing Fe*" ion
concentrations. The fluorescence intensity was extinguished
at approximately 76.55% of its initial value.

The process of fluorescence decreasing of PQ-CDs,
also known as quenching, can occur in two different ways:
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Figure 4. PQ-CDs FTIR spectra.
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statically or dynamically®. This process is described by the
Stern-Volmer equation, which takes the following form:

Lok [0 3

where K_ is the Stern-Volmer constant, and [Q] is the
concentration of the analyte or quencher. The linearity observed
between the I /I ratio and the Fe*" ion concentration suggests
that that either static or dynamic quenching is predominant.

PQ-CDs quenching fluorescence induced by the addition
of Fe** ions is due to the chelation between the ions and
the hydroxyl and amine functional groups present on the
nanomaterial’s surface*. The decrease in fluorescence observed
may be attributed to the formation of complexes between
CDs and Fe** ions®. Numerous studies have indicated that
Fe’* ions exhibit a strong thermodynamic affinity with the
hydroxyl, carbonyl, and amino functional groups that are
prevalent in biomass-based CDs**". These functional groups
act as electron donors, which are readily transferred to the
half-filled 3d orbitals of the Fe** ions*.

To verify the efficiency of the turn-off Fe** ion sensor
based on PQ-CDs, we established a linear correlation
curve between the /I ratio and Fe’" ion concentration.
The coefficient R? = 0.99924 between the concentration
range of 5 to 250 umol L, in conjunction with the LOD
of 1.1618 umol L', substantiates the sensitivity of the PQ-
CDs-based sensor (Figure 5b).

The LOD is equivalent to 0.03 mg L', which is
considerably lower than the maximum limit for Fe*" ions in
drinking water. Furthermore, the PQ-CDs-based sensor has
a lower or comparable LOD to other iron ion sensors based
on biomass CDs (Table 1). This finding demonstrates the
feasibility of the PQ-CDs fluorimetric sensor for application
in real drinking water samples.

The study by Sawalha and colleagues used tobacco
as a precursor source for synthesizing CDs’!. They used
extraction and chemical oxidation as synthesis routes. In the
latter case, using oxidizing agents such as strong acids is
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Figure 5. a) PL spectra of PQ-CDs in the presence of Fe** (5 — 500 pmol L™); b) The linear fitting curve of I/I) versus the concentration

of Fe** ranges from 5 to 250 pmol. L.
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Table 1. Comparison of the limits of detection (LODs) of biomass-
based CDs.

Biomass LOD Reference
Fruit wastes 72 pumol L! Varisco et al.*
Cassava pulps 11.2 pmol L' Watcharamongkol et al.*
Tobacco molasses 3.9 pmol L Sawalha et al.”!
Elm seeds 3.18 pmol L"! Zhang et al.*®
Microalga 1.83 pmol L Jafari et al.”
Durian shells 1.28 pmol L*! Jayaweera et al.
Caryocar coriaceum 1.16 pmol L”! This work

a disadvantage compared to hydrothermal green synthesis,
which uses only water as the reaction medium. In addition,
Tobacco molasses is a mixture of sugar, flour, and glycerin.
The mixture could improve the fluorescence properties of
the material. The material detected Fe** ions with an LOD
of 3.9 umol L.

Durian shell waste was employed as a carbon source for
CDs production®. Hydrothermal synthesis was employed
to synthesize the CDs. However, the researchers used
dichloromethane to remove unreacted organic fractions in
the material’s purification after synthesis. Dichloromethane
is an organic solvent that can cause health problems and
environmental contamination. The sensor was based on the
quenching in CDs’ fluorescence, with a calculated LOD of
1.28 pmol L.

PQ-CDs are synthesized from a single biomass source,
without doping agents, using only water as the reaction
medium, and without solvents in the purification process. This
process is in line with the principles of green chemistry for
reducing the use of reagents in the synthesis and purification
of materials. The PQ-CDs showed higher quantum yields
than the other carbon dots mentioned above, and the LOD
obtained was lower than other iron ion sensors based on
biomass CDs.

4. Conclusion

A fluorescent iron ion sensor based on carbon dots was
developed from a biomass source typical of Cariri, Ceara.
The PQ-CDs showed higher quantum yields than other CDs
synthesized from biomass. The hydroxyl, carbonyl, and
amino functional groups present in the PQ-CDs’ structure
enabled interaction between the PQ-CDs and Fe®" ions.
The sensor exhibited a notable affinity for Fe** ions, with
a calculated limit of detection (LOD) of 1.16 umol L', a
value considerably lower than the limit stipulated by the
World Health Organization. This finding underscores the
potential for the application of PQ-CDs in the analysis of
drinking water samples.
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