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Abstract

This study presents a green and low-cost fluorescence sensing platform for the simultaneous detection of Fe** and
Fe*" ions (total iron) in water using carbon dots (CDs) synthesized via natural fermentation of Citrus hystrix DC. (leech
lime) fruit. The hypothesis is that functional groups on the surface of biosynthesized CDs can selectively coordinate with
both iron oxidation states, resulting in effective fluorescence quenching. The CDs were characterized using UV-Vis
spectroscopy, fluorescence spectroscopy, FTIR and TEM, confirming their spherical morphology and strong blue
emission at 454 under 330 nm excitation. Experimental optimization was performed for key sensing parameters, including
pH, ionic strength (NaCl), EDTA concentration, reaction time and temperature. Under optimized conditions (pH 4, 5 mM
EDTA, 0.1 M NaCl, 50 °C, 10 min reaction), a linear fluorescence quenching response was observed in the 30 - 100 uM
total iron range, with a limit of detection (LOD) of 8.05 uM and limit of quantification (LOQ) of 26.85 pM. The method
demonstrated high selectivity toward iron ions over 20 other metal ions and negligible interference from chloride and
carbonate. Recovery tests in drinking and tap water samples yielded values between 86.65% - 115.06%, validating the
method’s applicability for real-world water monitoring. This work highlights the potential of naturally derived CDs as

effective and environmentally sustainable probes for trace iron analysis in environmental samples.
Keywords: Carbon dots, Graphene quantum dots, Fluorescence, Quenching effect, Leech lime extract, Metal ions

Introduction

Iron is widely known as the most abundant heavy
metals, and in particular its inorganic species such as
ferrous (Fe?") and ferric (Fe*") ions have significant
roles in biological systems [1]. Both Fe?" and Fe*" are
thus essential for several biological and chemical
systems in living things, including an essential trace
element in the human body, oxygen transport,

metabolism storage, electron transfer in enzymatic

reactions, improving immunity, forming hemoglobin,
acting as an oxidation catalyst in oxidoreductase
reactions and the chain of respiration in the
mitochondria [2-4]. However, this metal has mostly two
types of valence states: Fe?" and Fe**, which constantly
transform with each other, making it very hard to
identify Fe?* and Fe’" ions independently [5].
Furthermore, the total concentrations of Fe?" / Fe3* ions
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among the heavy metals are frequently discovered in
environmental water, including drinking water and tap
water. These amounts are an important consideration
when evaluating the water quality in order to avoid any
risks to the general population that may arise from the
iron [2]. An excessive amount of iron in water has an
impact on the nutritional chain, which causes organisms
to accumulate such heavy metals. It has certain an
impact on health, leading to several illnesses such as
diabetes, heart disease and liver disease. As well, it
raises the risk of hemochromatosis along with
associated illnesses, including cancer [6]. In order to
avoid the harmful consequences of excessive quantities
of iron in the human body, it is significant to develop
practical analytical methods that are precise, dependable
and focused on investigating and utilizing techniques for
measuring and tracking quantities of Fe?" and Fe>* ions
[7]. At present, many analytical approaches have been
performed for evaluating the quantity of Fe?" and Fe3*
ions, for instance, UV-Visible spectrophotometry [8],
colorimetric  analysis [9], chemosensor [10],
electrochemical sensing technology [11], fluorescent
spectrophotometry [12] and dual-mode luminescence
and colorimetric sensing [7]. There are plenty of
research papers as well on the selective detection of
heavy and transition metals by utilizing CDs as sensing
probes [13,14].

Carbon dots (CDs), a new type of fluorescent
carbon nanomaterials, have gained extensive research
interest due to their fascinating properties [14].
Especially their great biological compatibility, low
toxicity, environmental  friendliness, fantastic
photostability, high water solubility. They are
extensively utilized in biomolecules detection, tiny
organic particles, metal ions, anions and stable chemical
features, making them powerful applications for novel
varieties of fluorescent probes and overcoming the
typical disadvantages of past fluorescent probes [15].
With diameters smaller than 10 nm were synthesized by
utilizing carbon-containing substances as carbon
sources. Also, they have been employed effectively
because their physical and chemical characteristics are
exactly like those of semiconductor graphene quantum
dots (GQDs) [16]. At the present, there is an evidence of
several distinct CDs preparation methods. In general,
the CDs synthesis can be divided into two approaches:
“top-down” and “bottom-up” [17]. Because the top-

down process involves cutting and oxidation, the bigger
carbon association structure is split toward small carbon
nanoparticles, which produce the CDs products with
reduced particle diameters. Conversely, in order to
create nanoscale CDs, the method that is applied from
the bottom up relies on a sequence of chemical reactions
involving precursor molecules of small size [16]. The
CDs could be generated through etching from large
carbon-based materials, for example, graphite [18],
carbon fibers [19] and biomass-derived activated carbon
[20]. The treatment methods via hydrothermal [21] or
microwave heating [22] of organic compounds like
glycerol and urea [23], glucose [24] and citric acid [25]
have been available. In addition, numerous works have
been put forth into creating environmentally friendly
synthetic processes for the CDs production. Biological
wastes are used, which includes kitchen garbage, citrus
fruit peels and green tea junk, as cheap and green
materials sources [26]. Hence, leech lime fruit (Citrus
hystrix DC.) is also suitable for being utilized carbon
source to be CDs biosynthesized rather than chemical
traditional methods.

Leech lime, formerly referred to Kaffir lime
(Citrus hysteria or Citrus hystrix), is a member of the
Ruta family plant (Rutaceae) [27]. There are other
names for Citrus hystrix DC. as well, including
“Makrut” (in Thai), kaffir lime and leech lime [28]. A
citrus fruit is most commonly grown in Southeast and
South Asian countries [29,30]. Both the fruit and the
leaves that from the leech lime (Kaffir lime) are
currently utilized in herbal treatments and cooking [31].
In addition, citric acid, which is an important organic
acid, was reported to be a compound discovered in the
citrus fruits [32]. So, the development of natural carbon
dots (CDs) is subject for more potential uses.

In this study, the CDs existing its blue-emission as
a source of carbon was obtained from simple fermented
extraction of leech lime fruit (Citrus hystrix DC.). Since
leech lime fruit is non-toxic, cheap and large quantity,
the CDs are applied as fluorescence sensor for trace
detection of total iron (Fe?" and Fe**). The use of natural
carbon dots (CDs) as fluorescence sensors for the
simultaneous detection of Fe?* and Fe** ions represent a
novel and targeted approach. This strategy emphasizes
the sensor's performance over the individual detection
of specific iron species. To date, only a limited number

of studies have reported the high-selectivity detection of
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both Fe?" and Fe**or total iron in complex water matrices

such as drinking water and tap water.

Materials and methods

Plant material and chemicals

Leech lime fruit (Citrus hystrix DC.) was used as
a raw herb material to produce its natural fermented
extract. It is available in local fresh markets in Khon
Kaen province, Thailand. All of chemicals used were of
analytical grade. Ethylenediaminetetraacetic acid
(EDTA) was purchased from Ajex Finechem
(Australia). Iron(II) sulfate heptahydrate, iron(III)
chloride hexahydrate, citric acid and boric acid (QRec,
New Zealand), sodium chloride (BDH, England), acetic
acid, sodium hydroxide, ortho-phosphoric acid (RCI
Labscan, Thailand) were also used. Deionized water
(Simplicity Water Purification System, Model
Simplicity 185, Millipore, U.S.A) was used throughout

the experiments.

Instruments

Fluorescence spectrum and intensity was mainly
RF-5301PC
spectrofluorophotometer (Japan) with an excitation and
emission slit width of 3 - 5 nm. UV-Visible

obtained from a Shimadzu

spectrophotometer (Agilent, Germany), model number
8,453 was used. A quartz cell with a path length of one
centimeter (Fisher Scientific, U.S.A.), an analytical
balance (Model LX 220A, Precisa, Thailand), an
ultrasonic cleaner (Model VGT-2300, GT SONIC,
Hong Kong) and a pH meter (UB-10 UltraBasic,
Denver, USA) were also used utilized. A Fourier
transform  infrared spectrometer from  Bruker
(TENSOR27), Germany was used to measure attenuated
total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopically. The morphology, size and
shape of the obtained carbon dots was evaluated by
transmission electron microscopy (TEM) (TEM, JEOL,
JEM-2010, Japan) operated at an acceleration voltage of
200 kV.

Preparation of carbon dots (CDs)

The obtained carbon dots (CDs) were slowly
formed via a natural fermentation process at ambient
temperature, the so-called the fermented extract of leech
lime fruit (Citrus hystrix DC.). The extract part was
finely filtered using a cartridge syringe with a diameter

of 0.22 um filter membrane. The clear extract solution
is then diluted with deionized water as stock CDs sample
kept in refrigerator (4 °C) prior to experiments.
Practically, the CDs nanoparticles was homogeneously
dispersed in aqueous solution at different diluted
concentrations and relatively stable in room temperature
after timely adjusted by its absorbance and fluorescence

intensity.

Optical properties of the CDs

The UV-Visible absorption of the CDs was
measured in comparison with that of GQDs. Also, its
fluorescence spectrum of the CDs was acquired via
maximum excitation wavelength and maximum
emission wavelength with appropriate slit width of 3 - 5
nm. Furthermore, ATR-FTIR of the CDs vs GQDs were
carried out to identify their specific chemical structure
and compared.

Morphology images of the CDs by HR-TEM

The morphological images of both CDs and GQDs
were comparatively demonstrated by transmission
electron microscopy (TEM) to confine their

nanoparticle dispersion and particle size as well.

Selective fluorescence quenching effect of CDs
by various metal ions

The selective fluorescence quenching effect of
CDs was investigated by various metal ions. As a typical
procedure, 40 pL aliquot of the CDs obtained from the
fermented extract of leech lime (Citrus hystrix DC.) was
filtered with a 0.22 um filter membrane, added 1 mL of
1 mM EDTA and adjusted with deionized water to 10
mL final volume solution used as a blank. For screening
test of various metal ions, each 1 mL of 0.5 mM metal
ions solution, including Cr**, Cu®*, Zn*", Mg?', Fe?*,
Cr®, Ni%*, Co?*, Fe**, Mn?*, Cd**, Pb%*, Li*, Na*, K",
Ca?", Ba?, AI**, As’", As’", Ag* and Hg?" was added
into the mixture of the blank sample and also adjusted to
10-mL final volume with deionized water. Then, their
fluorescence intensities were recorded at the excitation
and emission wavelengths of 330 and 454 nm,
respectively, with its excitation/emission slit width of
3/3 nm. Each of the experiments was conducted under
the same conditions at room temperature.
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Optimization conditions for Fe*/Fe’* mixed
ions

The trace determination of Fe?"/ Fe*" was carried
out using dilute solution of CDs at room temperature
with 1 mM of EDTA as an auxiliary complexing
medium. The both kinds of the iron hydrate
(FeSO4*7H,0 and FeCl3*6H,0) were used for the
standard stock solution of Fe*' and Fe*'. To study of
both sensitivity and selectivity of the fluorescence
quenching sensor for the mixed fraction of Fe?"/Fe*"
with different concentration, the following solution
included the addition of 0.1 M NaCl and 5 mM EDTA
into the CDs solution (200 pL) then adjusted with
Britton-Robinson buffer at pH 4 under the optimum
condition. Following, their assigned different
concentration ratios of total Fe?*/Fe>" ions at 10, 20, 40,
60, 80 and 100 uM were added into the reaction mixture
in a 10-mL volumetric flask. After heating at 50 °C for
10 min in an ultrasonic water bath, the mixed solution
was allowed to cool to room temperature (~25 °C), after
which fluorescence measurements were recorded at an

emission wavelength of 454 nm (Aex= 330 nm).

Method validation

Evaluation of an analytical method's quality is
consistently assessed based on its appropriateness for
the intended purpose, recovery capability, need for
standardization, sensitivity, stability of the analyte, ease
of analysis, necessary skill set, as well as time and cost
considerations, in that particular sequence. It is of
utmost importance to rigorously ascertain, via a
systematic procedure, the suitability of the analytical

method in question for its intended objective.

Linearity, LOD and LOQ

Linearity is necessary analytical factor for trace
determination of such target ions, in particular for wide
range of their calibration curve. This is also to identify
how its sensitivity of the developed method. The
determination of the limit of detection (LOD), limit of
quantitation (LOQ) are critical parameters in method
validation within the field of analytical chemistry. Both
LOD and LOQ are utilized to characterize the minimum
concentration of an analyte that can be accurately
determined by an analytical method. In this study, the
determination of the LOD is performed using the
formula LOD = 3SD/S, while the LOQ is calculated

using the formula LOQ = 10SD/S. In these calculations,
SD denotes the standard deviation of the blank readings
multiplied by three and S indicates the slope of the linear
regression plot.

Recovery study

The percentage recovery (% Recovery) is
employed to ascertain the proportion of the original
material that is obtained following the completion of a
chemical reaction. The calculation of recovery has been
performed using the formula % Recovery = Cround /
Caddeax100. In this context, Ciuna denotes the
concentration of the analyte subsequent to the
introduction of a known quantity of standard into the
actual sample. Caqdeq signifies the concentration of the
analyte inside the actual sample, while Caqdeq reflects the
concentration of the known quantity of standard that was
introduced into the actual sample.

Trace determination of total iron in real water
sample

Total iron model was determined to evaluate the
practical use of the developed method in real water
samples five drinking water samples and two tap water
samples, using the CDs as fluorescence quenching
sensor. The drinking water samples were collected from
the general retail stores. Tap water samples were
received from the dormitory of Khon Kean University
and laboratory which were kept with 1% (v/v) dilute
nitric acid to stop any bacterial activity in plastic bottles.
The reaction mixture was prepared by using 200 uLL CDs
solution, 1 mL 0.1 M NaCl, 1 mL 5 mM EDTA and 1
mL water sample and then adjusting with buffer solution
pH 4 in a 10 mL final volume under 50 °C for 10 min
using ultrasonic bath prior to analysis by fluorescence
spectrophotometer.

Results and discussion

Characterization of CDs by FTIR

The water extract drawn from leech lime (Citrus
hystrix DC.) fermentation tank was used as the main
source of natural carbon dots (CDs). To determine
which chemical functional groups on the CDs surface,
FTIR spectrum was acquired. According to Figure 1, it
exhibits the characteristic absorption broad band at
3,257 cm™ and the small band at 2,930 cm™ were
assigned to the stretching vibrations of the O-H
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(hydroxyl) and C-H bonds, respectively [33]. The
stretching vibrations of C=0 (carbonyl) were identified
as the cause of the peak at 1,776 cm™!. The characteristic
peak at 1,610 cm' was assigned to the stretching
vibration absorption in the strong region corresponding
to the aromatic containing function group of the C=C
bond, and the peak at 1,022 cm™! implied the existence
of C-O stretching vibration [34,35]. The CDs are very
easily soluble in water due to the presence of hydroxy

functional groups on their surface, as indicated by the
FTIR absorption peaks [36]. While the bands in the
range of 1,449 cm™! were assigned to the C-H group of
bending vibrations of benzene [37], the bands at 820 cm”
! were assigned to the C-H bending vibration (out-of-
plane) [31]. The spectra of CDs were similar and
confirmed the frequency of these functional groups by

comparing with those of GQDs.

(b) CDs

(a) GQDs

Transmittance (%)

1556 1378
c=C C-H

Y T Y T
4000 3500 3000

2000 1500 1000 500

Wavenumbers (cm™)

Figure 1 The FTIR spectra of (a) GQDs and (b) CDs.

Characterization of CDs by TEM

When examining the morphology, size and shape
of nanomaterials, such as carbon dots (CDs) and
graphene quantum dots (GQDs), transmission electron
microscopy (TEM) is a potent technique. TEM pictures
(Figure 2) show that, although being carbon-based
nanomaterials, CDs and GQDs differ structurally. Most
CDs are either quasi-spherical or spherical. CDs are
typically between 1 and 10 nm in size. TEM images may
reveal that CDs have a propensity to combine and form
clusters. The surface functional groups of CDs can vary,
which could impact TEM picture contrast. GQDs range

in size from 2 to 20 nm and they frequently appear as
tiny flakes. In comparison to CDs, GQDs are typically
smaller and have a more defined, planar structure.
Graphitic layers are represented by the distinct
crystalline structure and observable lattice fringes of
GQDs. In TEM images, different layers or sheets can be
seen due to the planar nature of GQDs, which can also
aggregate. To summarize, TEM images of GQDs will
reveal compact, planar structures with distinct
crystalline patterns and lattice fringes, whereas TEM
photos of CDs will typically show spherical particles

with a maybe less obvious interior structure.
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Figure 2 TEM images of GQDs and CDs.

UV-Visible

properties

absorption and fluorescence

The UV-Visible absorption spectra of carbon dots
(CDs) and graphene quantum dots (GQDs) dispersion in
an aqueous solution were investigated to reveal the
optical characteristics of the carbon nanoparticles. As
exhibited in Figure 3, the CDs (red line) have a
relatively low UV absorption spectrum band ranged
from 250 to 400 nm, which is occasionally visible in the
UV-Vis spectrum. Also, the GQDs (black line) have a
UV absorption maximum at 370 nm, which was quite
low and attributable to the n-n* transition came from the
carbonyl double bond as previously demonstrated for
GQDs [38].

(a)

——GQDs 200 ppm
——CDs 200 pL.

Absorption(a.u.)

054

0.0 T T T T T T T
200 250 300 350 400 450 500 550

‘Wavelength (nm)

(©

oy i—
. |
GQDs

CDs

FL Intensity

Also from the fluorescence results, their excitation
and emission spectra of both CDs compared with GQDs,
as shown in Figure 3(a), reveal the maximum peak
emission wavelength of CDs at 454 nm, followed by the
excitation wavelength at 330 nm. While, GQDs display
its spectra of the excitation and emission wavelengths at
370 and 460 nm (Figure 3(b)), respectively. Thus, when
compare their highest emission peaks between CDs and
GQDs, the CDs gives an excellent emission, stronger
than that of GQDs. Figure 3(c) shows that the color
solution of GQDs and CDs in an aqueous solution is
lightly yellow under visible light, but blue under UV
light as demonstrated in Figure 3(d).

——GQDs, Ex370 nm
———GQDs, Em 460 nm
——CDs, Ex 330 nm
———CDs,Em 454 nm

] (b)

T T T T T T
250 300 350 400 450 500 550 600
‘Wavelength (nm)

GQDs CDs

Figure 3 (a) UV-Vis absorption spectra of GQDs and CDs at 50-fold dilution (200 pL in 10 mL water); (b) Fluorescence
spectra of GQDs and CDs at the same dilution; Aex/Aem = 370/460 nm for GQDs and 330/454 nm for CDs (slit width 3/3
nm); (c) visible-light image and (d) UV-light image of GQDs and CDs aqueous solutions under identical conditions.
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Effect of CDs on the selectivity of Fe*"/Fe** ions

Selective fluorescence quenching by various
metal ions

To examine the interaction between CDs and Fe?*
and Fe*', its selectivity was studied in details. Various
metal ions, including Cr*, Cu?', Zn?*", Mg?', Fe**, Cr®,
Ni%*, Co?', Fe**, Mn?*, Cd**, Pb**, Li*, Na', K, Ca?",
Ba%", A, As®", As**, Ag" and Hg?", were used to
investigate their selectivity under the same conditions as
done with both Fe?* and Fe*". According to Figure 4, it

200

is evident that only Fe* and Fe*" have a significantly
quenched effect at 454 nm, as the emission intensities of
the other metal ions show no discernible changes. This
indicates that both Fe?* and Fe’' ions have a high
potential selectivity for CDs in comparison to other
metals. Consequently, Fo—F value, where Fo and F are
the fluorescence intensities of CDs without metal ions
and that containing various metal ions, provides an
obvious instance of the quenching effects of the Fe?" and
Fe* ions [33].

180 (a)
160-‘

140 4

FL Intensity
E Lz 2 B
| I IR | 1

[ %3
=]
1

=
1

> 31 1+ 43§21 1413 3
Q\w“ C OGSO FF

100

Metal Ions

s0 (b)

60 -
40 4

20

-40
-60 -

-80

100 4—————

VL)
=T T
VL&

Ty =

V|
X RO E

N

4.1

Metal Ions

Figure 4 The comparison in (a) fluorescent intensities of CDs between its blank (Fo) and in the presence of different
metal ions (F) and (b) the Fo - F values of CDs response the quenching effect of these metal ions. (The volume and
concentration of CDs, EDTA and metal ions were 40 uL., I mM and 0.5 mM, respectively; the fluorescence was recorded

at 454 nm. Excitation wavelength was 330 nm).
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Effect of suitable based concentration of the
CDs extract

Fluorescence intensity was used to estimate the
effect of CDs concentration. As a result, the amounts of
CDs required to monitor their complex interactions of
Fe?" and Fe** are shown in Figure 5, which is definitely

400

very high and significant at a diluted solution of the CDs
about 50 folds (200 pL). Thus, it was a choice to
evaluate the fluorescence quenching effect of both Fe?*
and Fe*" using a 50-fold dilution of the CDs extract for

further experiments.

\-

T T
600 800 1000 1200

Concentration of CDs dilute (fold)

QR
350 o (@)
300 \
1 -
w04\
2 ]
£ !
£ 200
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0 — ;
0 200 400
400
(b)
300 -

3

=3

)
[l

FL Intensity

=3
<
1

—&— CDs
—&— CDs/Fe** 0.5 mM
—A— CDs/Fe™ 0.5 mM

T T
0 50 100

150

T T
200 250 300

Concentration of CDs dilute (fold)

Figure 5 (a) Fluorescence (FL) intensities of various concentrations of the CDs expressed as its dilution from 10 to 1000
folds and (b) the quenching effect of CDs in the presence of 0.5 mM of Fe?" and Fe* at Aex/Aem = 330/454 nm, slit width

3/3.

Effect of each concentration of Fe?" and Fe**
ions

The effectiveness of Fe** and Fe’' detection is
confirmed by the fluorescence spectra of CDs with
various concentrations of Fe** and Fe* ions, as shown
in Figure 6 [39]. These spectra present a gradual
decrease in CD fluorescence with an increase in Fe?" and
Fe’" concentrations, as indicated in Figures 6(a) and
6(b) [33]. According to Figure 6(c), the comparison of

the Fo -F quenching efficiencies of CDs in the presence
of different amounts of Fe?" and Fe* in the CDs solution
is also given [24,34]. For the relationship between Fe?*
and Fe*', the parallel linear equations of both of lines
with nearly identical slope values are presented to
demonstrate the fluorescence quenching ability. This
indicates that the fluorescence response of CDs media

complexed with Fe?" and Fe*" was the same.
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Figure 6 FL spectra of CDs resolved with (a) Fe?* ions and (b) Fe** ions at different concentrations (10 - 50 uM). (c)
Linear regression plots of fluorescence quenching response (Fo - F) of carbon dots toward Fe*", Fe** and total Fe
(Fe**/Fe*") within the concentration range of 10 - 100 uM under optimized conditions (pH 4, 5 mM EDTA, 0.1 M NacCl,

50 °C, 10 min).

Effect of pH solution
The effect of pH solution on the fluorescence
quenching of CDs by Fe?" and Fe** was also studied, as

shown in Figure 7. The findings suggest that the FL

intensities of CDs were higher at pH 4 [34] and the
difference in the fluorescence quenching of Fe?* and
Fe*" was also more significant at this pH than that of

other pH values. These results seem to demonstrate that
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the FL intensity of CDs dispersed in the acid medium is
stronger than that of the alkaline medium and the FL
intensity gives the highest level at pH 4. Our work, thus,
confirms that the as-prepared CDs have pH dependence

400

because we were able to change the FL intensity by
changing the pH value of the CDs solution [35]. Hence,
the following studies were better set to concentrate on

this optimal pH effect.

350 +
300
250

200

150

FL Intensity

100

pH 4

Effect of NaCl used as an ionic strength

The impact of an ionic strength on the stability of
the CDs used in a solution of 0.1 M Britton-Robinson
buffer (pH 4) containing various NaCl concentrations
was additionally evaluated in this study as well. Their
FL intensities remain stable as the ionic strength

increases, as seen in Figure 8. The CDs were rather

500

pH7
pH
Figure 7 Effect of solution pH (pH 4, 7 and 10) on each 50 pM of either Fe?" or Fe*" ions detection

[ cps

B CDs/Fe 50 pM
CDs/Fe' 50 uM

1

pH 10

exhibited a residual charged surface, so there was barely
any ionization of the functional groups of the carbon
atoms on the surface of the CDs. Based on the results
presented above, there is evidenced that the CDs were
extraordinarily stable even dispersing under stressful

solution conditions [38,40].

400 4

1

=

S
1

200 +

FL Intensity

100

0 T T

0.0 0.1 0.2

1

0.3

T
0.4 0.5 0.6

Concentration of NaCl (M)

Figure 8 Effect of an ionic strength as using 0.1 - 0.5 M NaCl on the fluorescence quenching effect of total Fe ion

(Fe*'/Fe*).
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Effect of EDTA as a general masking agent

In such case, this study was to investigate the
effect of EDTA as a general masking agent for heavy
metal ions when an aqueous sample was included.
Different concentrations of EDTA at 1, 5, 10, 25, 50,
100 and 200 mM were added into CDs (200 pL), 0.1 M
of NaCl and 50 uM of total iron (Fe*'/Fe*") aqueous
solution, which was adjusted to 10.0 mL in a volumetric

shown in Figure 9. Following these results, there was a
slight increase in the reaction mixture between total iron
(Fe?**/Fe*") and the CDs in the 5 - 25 mM range when
the amount of EDTA increased. Then the F,-F values
remained constant after that. Based on the optimization
study, 5 mM EDTA was selected as an effective
masking agent to stabilize the iron ions and enhance the

fluorescence quenching response during the sensing

flask before the fluorescence measurement. The F,-F process.
fluorescence intensity was monitored and presented, as
500
400 -
EIT I
B 200 - /
1
e
100 1
01a
-100 2 T E T T ) T g
0 50 100 150 200 250

Concentration of EDTA (mM)

Figure 9 Effect of EDTA concentration (mM) containing 200 uL. CDs and 0.1 M NaCl in Britton Robinson buffer

solution at pH 4

Effect of the reaction time

The impact of the reaction time between total iron
(Fe*"/Fe*") and the CDs at various time intervals was
also investigated at 10, 30, 40, 50 and 60 min. The

results of the reaction time as shown in Figure 10 were

80

not affected significantly while the time increased
continuously, confirming the excellent stability of the
reaction mixture [35,38]. Because of this, it was chosen
to concentrate at about 10 min in the following studies.

704
60

50

30 4

20

—m—CDs/NaCl 0.1 M/EDTA 5 mM/total Fe 50 uM

E
—

—

30

40 50 60 70

Time (min)

Figure 10 Effect of the variation reaction time (10 - 60 min) on total Fe ions detection.
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Effect of the reaction temperature

The effect of reaction temperature was studied
ranging from 25, 30, 40, 50 and 60 °C on both total iron
(Fe*'/Fe*") and the CDs used. Based on these heating
effects, the net fluorescence F,-F was observed and

80

demonstrated in Figure 11, showing that the Fo-F
increased and reached a maximum at 50 °C while the
reaction temperature was increased continuously.
Therefore, it was decided to settle at 50 °C for the

subsequent experiments.

7
o
50
B 404
30-
20 +

10

~—m— CDs/NaCl 0.1 M/EDTA 5§ mM/total Fe 50 uM

e '\E

0 +————
010 20

40 50 60 70

Temperature (°C)

Figure 11 Effect of different reaction temperature (25 - 60 °C) on total Fe ions detection.

Method validation

To assess the analytical performance of the
proposed fluorescence quenching sensor for total iron
(Fe*/Fe*") detection, a comprehensive method
validation was conducted. The validation included
linearity, limit of detection (LOD), limit of
quantification (LOQ), precision, recovery and
selectivity. Under the optimum conditions, total iron
(Fe**/Fe*") in an aqueous solution can be analytically
identified by the fluorescence quenching of the intact
CDs. The combined fraction experiments of Fe?'/Fe’"
were subject to generate the fluorescence spectra of
CDs, which were subsequently applied to improve on
the relationship between Fe?"/Fe*" concentration ratios

and the fluorescence intensity of the CDs. The

fluorescence spectra of CDs adaptation as various
concentrations of total iron (Fe?>"/Fe*") are observed, as
illustrated in Figure 12(a). The fluorescence of the CDs
is quenched at regular intervals and sensitive to both
kinds of iron ions as the ion concentration increases.
According to Figure 12(b), there is a good linear
correlation between the quenching efficiency (y =
0.8232x + 6.0275; R?> = 0.9959) and the low
concentration of total iron (Fe?/Fe*") with linear range
of 10 - 100 uM. The linear equation (F,-F) was used to
calculate the quenching efficiency of total iron
(Fe**/Fe*") where Fo is the fluorescence intensity of the
blank and F is the fluorescence intensity with added

different metal ion concentrations, respectively [37].
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Figure 12 (a) The fluorescence spectra of the CDs at different concentrations of total Fe ions; (b) the corresponding linear

calibration plots between Fo-F vs. concentrations of total Fe ions as their working range. The detection was performed
under the optimized conditions of 200 uL. CDs, NaCl 0.1 M, EDTA 5 mM in Britton Robinson buffer solution at pH 4

and heating under ultrasonic bath at 50 °C for 10 min.

The limits of detection (LOD) and limit of
quantification (LOQ) were calculated with the
corresponding equations: LOD = 3SD/S and LOQ =
10SD/S, where SD is the standard deviation for the 3
times of blank readings and S is the slope of a linear
regression plot. Table 1 provides a summary of the
LOD, LOQ and calibration curve computations. The
findings of linear range for trace determination of total
iron (Fe**/Fe*") detection concentration range of 10 -
100 uM (LOD = 8.05 puM, LOQ = 26.85 uM). In
addition to high efficiency and simultaneous detection
of total iron on their universal curve, the interactions

within total iron (Fe?"/Fe’") and the CDs are expected to

trigger the formation of nanoparticle complexes and the
stiff structure's propensity to form stable heavy metal
complexes. The present study is one of the few that can
detect both Fe?* and Fe** because it is interesting that
very few publications have reported that the CDs can
detect two types of iron ions simultaneously. When
compared to a subset of pertinent reports of Fe?" or Fe*
trace detection by a variety of materials, for instance
NCDs, N-CQDs, N, S-PPI-CDs and N, P-CQDs, as
indicated in Table 2, this study shows that the proposed
method can pave the way of this CDs media for total
iron (Fe**/Fe*") detection with quite low LOD of 8.05
uM.
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Table 1 Calibration curve, limit of detection (LOD), limit of quantitation (LOQ) of the method validation for total
Fe?'/Fe’" fraction using fluorescence quenching sensor.

Calibration curve (uM)

Linear equations R?

LOD (uM)

LOQ (1M)

10 - 100

y=0.82x + 6.03

0.9959

8.05

26.85

Table 2 Comparison of different fluorescence sensor for the detection of Fe?*/Fe*" using CDs probe.

. Synthetic Synthetic Quantum Sample Linear range LOD
Material i Analyte Ref.
sources method yield types (M) (M)
NCDs citric acid pyrolysis 65.5% river water, Fe3* 0 -400 0.703 [1]
lake water,
tap water
N-C dots melamine one-step 12.8% blood, Fe?*, Fe3* 0.01 - 10 and 0.005 [5]
neutralization tap water 0.02-10 and
heat reaction 0.0075
CDs citric acid, hydrothermal 30.21% fluorescent Fe’t 0-300 0.0455 [35]
polyvinyl method ink
pyrrolidone
CDs 1,10- solid state 54% milk Fe**,Fe**  0-32and0-50 0.02 [42]
(CA+Phen) Phenanthroline, method and
citric acid 0.035
CDs black tea hydrothermal - human serum Fe¥* 0.25 - 60 0.25 [43]
method
N-CQDs chitosan hydrothermal - tap water, Fe¥* 0-200 0.15 [44]
method lake water
N,P-CQDs amino hydrothermal 54% river water, Fe?", Fe’* 0 - 600 and 0.298 [45]
trimethylene method tap water 0-250 and
phosphonic 0.447
acid (ATMP),
sodium citrate
N,S-PPI- peanut protein  hydrothermal - drinking Fe?*, Fe?* 0-2 0.12 [46]
CDs isolate, method water and
cysteamine 0.17
DA-S,N- citric acid, hydrothermal - tap-water, Fe?", Fe’* 5-300and5 - 2.06 [47]
CDs thiourea, method lake-water 200 and
dopamine 2.86
CDs leech lime fruit natural drinking a Fe*/Fe3* 10 - 100 8.05 This
(Citrus hystrix ~ fermentation water work
DC.). process

*Total Fe (Fe*': Fe)

In addition, their repeatability of precision was
assessed using the relative standard deviation (RSD).
Table 3 describes the reproducibility (inter-day
5%3

successive days) and repeatability (intra-day precision,

precision, the research performed over n =

n = 3x3) of the linear regression slopes during working

ranges from the purposed determining the presence of

total iron (Fe?'/Fe*") under such acceptable conditions.
The optimal settings for chemicals, CDs fermented
extract from leech lime, reaction temperature, and
reaction time are presented in Table 4 for the purposed
detecting trace iron (Fe?*'/Fe*") in drinking water and tap

water samples.
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Table 3 RSD (%) of their slops from the intra-day and inter-day analysis calibration curve.

Calibration No.

Intra-day analysis®

Inter-day analysis®

Linear equation

Linear equation

1 y =0.7865x + 1.3465 y =10.7008x + 13.4043
2 y = 0.8580x + 4.2439 y=0.7483x + 3.9141
3 y =0.8718x +4.9705 y=0.8118x+6.1211
4 y=0.7303x — 0.1570
5 y=0.7772x + 9.5303
RSD (%) 5.67
an=3,%n=>5. RSD: relative standard deviation
Table 4 The optimum conditions to determine total Fe in the real water samples.
Parameter Analytical data
Amount of CDs fermentation extract (uL) 200
NaCl concentration (mM) 100
EDTA concentration (mM) 5
pH value (Britton-Robinson buffer solution) 4.0
Reaction temperature under ultrasonic bath (°C) 50
Reaction time under ultrasonic bath (min) 10

Trace analysis of total iron in real water sample

The developed fluorescence process was also
employed for detecting trace analysis of total iron
(Fe*"/Fe*™) in real water samples under suitable
application conditions. Fluorescence sensing quenchers
were then used to detect the total iron (Fe?'/Fe’") in
multiple sample matrices, for instance, drinking water
and tap water. Evaluating the outcome of the recovery
discovered with those water samples allowed us to
definitively verify the accuracy of the method.
Recoveries were calculated using spiked fractions of

total iron (Fe*'/Fe*") in drinking and tap water samples
at three different concentrations (20, 40 and 60 pM) of
the Fe*'/Fe*" standard solutions of interest [41]. The
corresponding percentage of that recovery after being
spiked had been calculated by using the previous
equation: % Recovery = [Crund / Cadaea] 100, where
Crouna represents the concentration of the analyte after
adding a known amount of standard to the actual sample
and Cgaseq represents the concentration of the known
amount of standard that was added to the real sample.
These resulted outcomes are concluded in Table 5.

Table 5 Recovery results of the determination of total Fe in the real water samples by using the CDs as fluorescence

sensing quenchers (X + SD, n = 3).

Samples Total Fe added (uM) Total Fe found (uM) Recovery (%)
Drinking water samples 1 0 - -
20 22.67+0.73 113.35
40 39.60 = 1.06 98.98
60 60.43 £ 1.31 100.72
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Samples Total Fe added (uM) Total Fe found (uM) Recovery (%)
Drinking water samples 2 0 - -
20 17.33£2.39 86.65
40 41.72£1.51 104.29
60 6291 +£2.11 104.85
Drinking water samples 3 0 - -
20 18.05+1.47 90.25
40 39.75+1.80 99.37
60 60.25 +0.80 100.41
Drinking water samples 4 0 - -
20 19.18 +£2.63 95.89
40 37.26 £0.17 93.14
60 64.45+1.41 107.42
Drinking water samples 5 0 - -
20 21.48+1.10 107.38
40 43.47 +0.85 108.68
60 66.95 £ 0.55 111.59
Tap water 1 0 - -
20 18.57+0.72 92.85
40 41.49 +1.03 103.71
60 69.04 £+ 0.88 115.06
Tap water 2 0 - -
20 19.50 +£2.29 97.49
40 4438 +1.76 110.96
60 65.12+0.54 108.53
- not detect
Conclusions CDs sensing probe is stable, sensitive and effective for

In this study, a standard calibration curve was
successfully optimized for the fluorescence quenching
sensor, using the CDs extracted from natural
fermentation of leech lime (Citrus hystrix DC.), for iron
detection. So, the use of CDs as a simple sensor is the
novel discovery applied for the two Fe?/Fe** ions. The
CDs was characterized by spectroscopic techniques
including fluorescence spectroscopy, UV-Visible
spectroscopy and FTIR and TEM image analysis. The

total iron detection under optimized conditions. There
was an excellent linear relationship between the
fluorescence intensity of the CDs and the total iron
(Fe*'/Fe*") concentrations in the range of 10 - 100 uM,
with 8.05 uM LOD and 26.85 pM LOQ. Therefore, the
developed method demonstrated much satisfactorily
recovery for of the total iron determination in tap water
(92.85% - 115.06%) and drinking water (86.65% -
113.35%) samples.
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