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Introduction

Sensitive, selective, and pretreatment-free
detection of ferric ions in different solvents based
on organic-soluble carbon dots+

Jingfang Shangguan,® Chengjie Qiao,® Yuyang Zhang,? Na Liu,® Tongkun Wei,?
Zhuo Chen,? Yuan Yuan,? Qilu Li,° Lin Li€ and Wei Liu @ *2

The presence of ferric ion (Fe®*) impurities can reduce the stability and efficiency of organic solvents, which
can significantly impact the production of chemicals, food, medical supplies, and daily necessities. Herein
we describe the synthesis of organic-soluble carbon dots (CDs) and their first application for Fe>* detection
in various organic solvents without requiring pretreatment procedures. The CA-CDs were prepared via
a solvothermal method using caffeic acid (CA) as a precursor and anhydrous ethanol as the solvent. The
presence of Fe3* triggered changes in the fluorescence intensity of CA-CDs and exhibited good linearity
in five protonic and non-protonic solvents with different polarities, including ethanol (3.0-50 pM, R? =
0.9915), methanol (5.0-50 uM, R? = 0.9903), ethyl acetate (5.0-50 pM, R? = 0.9945), acetonitrile (6.0—
50 pM, R? = 0.9998), and dichloromethane (4.0-40 pM, R? = 0.9940). The corresponding detection
limits were 0.96, 1.66, 1.54, 1.73, and 1.19 uM, respectively. Owing to the formation of an iron hydroxyl
complex, CA-CDs demonstrated high selectivity towards Fe*" over other potentially interfering metal
ions in both pure solvents and solvents containing 1% (v/v) water. The accuracy of CA-CDs was validated
by comparison with results from the Inductively Coupled Plasma-Optical Emission Spectrometer
method. With the above outstanding properties, the proposed CA-CDs were successfully employed for
Fe* quantification in automotive ethanol gasoline with a detection limit of 2.82 pM. Compared to the
contamination and errors associated with sample pretreatment in most conventional assays, the CA-CD-
based platform offers low-cost, high sensitivity, selectivity, operational simplicity, and contamination-free
detection.

chemical reactions that employ iron salts as catalysts, moni-
toring the residual Fe®" in organic solutions is essential to

Ferric ions (Fe**) play an important role in the geochemical
cycle by driving biogeochemical transformations via redox
reactions.' Furthermore, Fe** serves as a pivotal component in
human industrial applications, with its utilization spanning
diverse fields such as chemical production,*>* biomedical engi-
neering, food safety management,>® and environmental
remediation.” Monitoring of Fe®* impurities is of critical
significance in product quality control, especially in the organic
phase matrix. For instance, trace Fe*" impurities in high-purity
organic solvents can significantly degrade their chemical
stability, compromising their efficiency and safe utilization.® In
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prevent the production of iron contamination-induced side
products.>'® Similarly, detection of the presence of Fe*" in oil
products (e.g., petroleum and lubricants) can provide quantifi-
able indicators of mechanical component wear during trans-
portation and storage." Therefore, it can be seen that the
development of convenient and accurate methods for detecting
Fe®* in organic systems has important practical application
significance. Currently, contemporary advancements in Fe**
detection have been predominantly confined to aqueous envi-
ronments, with the critical domain of organophilic-phase Fe**
quantification remaining substantially underexplored.
Conventional approaches to Fe’" detection include phe-
nanthroline spectrophotometry,>** flame atomic absorption
spectroscopy,** inductively coupled plasma optical emission
spectrometry,' etc. These methods are typically involved with
relatively complex pre-treatment procedures, such as digestion
and roasting, as well as the use of potentially hazardous
reagents, which may raise environmental concerns.®
Although direct organic solvent injection analysis is gaining
increasing popularity, and various analytical methods such as
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ICP-based techniques and their coupled systems are available,
they still face limitations. These include specific technical
requirements that elevate assay costs, such as the need for
hardware materials compatible with organic solvents in the
sample introduction system, careful selection of an internal
standard system, and integration of oxygen-assisted combus-
tion.*® In contrast, fluorescence analysis emerges as an
analytical method characterized by low-cost instrumentation,
simple operation, high sensitivity, and accurate detection.
However, fluorescence-based determination of Fe’" in organic
systems remains underdeveloped, constrained by limited
adaptability to diverse organic matrices and the complex
synthesis and purification of fluorescent materials.*

Significantly, fluorescence analysis utilizing carbon dots
(CDs) has gained widespread attention due to its low cost,
simple operation, and environmental friendliness.?* Nowadays,
CDs have been extensively studied for Fe*" detection taking
advantages of diverse synthetic precursors, easy preparation,
low toxicity, and tunable fluorescence emissions.*>* However,
as noted earlier, existing methods for applying CDs to Fe®*
detection still face limitations, particularly the insufficient
emphasis on organic phase applications. Therefore, given the
merits of CD-based fluorescence analysis, there is a high
demand to develop organic-soluble CDs to monitor Fe**, espe-
cially in diverse solvent systems.**"*® So far, many strategies have
been reported to fabricate organic-soluble CDs, demonstrating
that their optical properties and solubility can be manipulated
by adjusting several factors including precursors, solvents, and
preparation methods.””*® For instance, Zhang et al. reported
CDs prepared with o-phenylenediamine as the precursor by
hydrothermal treatment, which exhibited constant optical
properties in six alcohols but solvent-dependent fluorescence
emission in other solvents.”” Gyulai et al. prepared CDs with
identical precursors (citric acid and urea) in different solvents
and found that the dispersing solvents significantly influenced
emission intensities rather than peak positions.?® It is worth
noting that, on the one hand, the fluorescence emission peaks
of certain CDs typically shift and change in intensity with
changes in solvent, which affects the sensitivity of the detection
method to some extent, making it difficult to develop
a universal detection platform. On the other hand, the fluo-
rescence emission intensity of CDs is usually susceptible to
interference by various metal cations such as Cu®*", Hg*>*, Pb*",
etc.’*** Therefore, it is still a challenge to develop CD-based
analysis methods with sensitive and selective Fe** detection
ability in diverse solvents.

In this work, we synthesized organic-soluble CDs for highly
sensitive, selective, simple operation, and contamination-free
detection of Fe*" in a wide range of solvents with simplified
operational procedures. The obtained CDs were prepared with
caffeic acid (CA) as the carbon source (CA-CDs) in a one-step
anhydrous ethanol-based solvothermal method (Scheme 1).
The CA-CDs presented relatively stable fluorescence emission
and good solubility in a diversity of organic solvents. Further-
more, CA-CDs exhibited Fe*"-induced fluorescence quenching,
which could be further employed for Fe** quantification in
various solvents. In the end, Fe*' in automotive ethanol
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Scheme 1 Preparation of CA-CDs and the working mechanisms of
Fe®* detection in organic solvents.

gasoline with complex solvent composition was quantitatively
detected using CA-CDs, confirming their practical utility as Fe**
Sensors.

Experimental
Chemicals and reagents

Caffeic acid (CA) and metal cations (as chloride or phosphate
salts) were purchased from Sinopharm Chemical Reagent Co.,
Ltd (China, Shanghai). Anhydrous ethanol, dichloromethane,
methanol, acetonitrile, and ethyl acetate were purchased from
Macklin Biochemical Technology Co., Ltd (China, Shanghai).
The automotive ethanol gasoline (E10, 92#) was obtained from
a gas station of China Petroleum & Chemical Corporation.

Measurements

High-resolution transmission electron microscopy (HRTEM)
images were captured using an FEI Tecnai F20 microscope
(Thermo Fisher, USA). The particle size distribution of CDs was
characterized by a dynamic light scattering (DLS) study with
a Zetasizer Nano ZS90 (Malvern, U.K.). A D8 X-ray diffractometer
(XRD) was used for X-ray photoelectron spectroscopy analysis
(Bruker AXS GmbH, USA). X-ray photoelectron spectra (XPS) were
obtained on an ESCALAB 250XI (Thermo Fisher, USA). Fourier
transform infrared spectroscopy (FTIR) was conducted on an iS50
FTIR spectrometer (Nicolet, Japan). UV absorption and fluores-
cence emission spectra were recorded on a UV-2700 spectro-
photometer (Shimadzu, Japan) and a RF-6000 spectrophotometer
(Shimadzu, Japan), respectively. The fluorescence lifetime test
was performed on an FLS 1000 spectrometer (Edinburgh, UK).

Synthesis of CA-CDs

The CA-CDs were synthesized by heating caffeic acid in anhy-
drous ethanol. Briefly, 1.8 g of caffeic acid was dissolved in
20.0 mL of anhydrous ethanol solvent. The resulting suspension
was transferred to a Teflon-sealed autoclave reactor and heated
at 200 °C for 6 h. Subsequently, the reactor was naturally cooled
to room temperature. The obtained yellowish solution was
purified through a 0.22 pm filter membrane and then dialyzed
against anhydrous ethanol for 48 h. After evaporating the
solvent, the CA-CD powder was obtained and stored in a desic-
cator for further use.

Determination of quantum yield (QY)

The relative fluorescence quantum yield (@) of CA-CDs in
anhydrous ethanol was determined with that of L-tryptophan in
water as the reference according to the following equation:*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where the subscripts “r” and “s” refer to the reference (i-tryp-
tophan) and sample (CA-CDs), respectively. “F”, “A4”; and “n”,
respectively, refer to the integrated fluorescence intensity,
absorbance at 280 nm, and refractive index (1.3330 and 1.3618
for water and ethanol, respectively).

Quantification of Fe*" in various organic solvents

The quantification of Fe*" in ethanol was performed as follows.
Briefly, CA-CD solution (85 pg mL™") and standard Fe** solu-
tions with different concentrations were prepared by dissolving
CA-CDs and FeCl; in anhydrous ethanol, respectively. Subse-
quently, the CA-CD solution was mixed with different concen-
trations of standard Fe®" solutions according to desired
amounts in the volume ratio of 9: 1. After incubation at room
temperature for 1 h, fluorescence intensity spectra of CA-CDs
before and after Fe’" addition were measured at 340 nm with
an excitation wavelength of 290 nm. Each measurement was
conducted in triplicate. The calibration curve for Fe*" quanti-
fication in ethanol was obtained by plotting the quenching
efficiency (F,/F) against the concentration of Fe**. The quanti-
fication of Fe** in other organic solvents was conducted simi-
larly but with different solvents (methanol, ethyl acetate,
acetonitrile, and dichloromethane) replacing ethanol.

Determination of anti-interference ability

Various cationic solutions (1.0 mM) were prepared by dissolving
chloride or nitrate salts in organic solvents. The obtained
solutions were then incubated with CA-CDs at the volume ratio
of 1: 9 (v/v) at room temperature for 1 h. Fluorescence intensity
spectra of the mixtures were recorded before and after the
addition of interfering ions. Each measurement was conducted
in triplicate.

Results and discussion
Characterization of CA-CDs

CA-CDs were prepared as described in the Experimental section.
The influences of experimental parameters including CA mass
(1.4,1.6,1.8,2.0,2.2,and 2.4 g), reaction temperature (140, 160,
180, 200, and 220 °C), and reaction duration (2, 4, 6, 8, and 10 h)
on the QY performance of CA-CDs were comprehensively
investigated. Table S11 shows that as the CA amount increases
from 1.4 g to 2.4 g, the QY value of CA-CDs initially increased
and then declined, which results in a maximum QY value at
1.8 g. In addition, the QY value of CA-CDs was enhanced as the
reaction temperature increased and relatively stabilized at 200 °©
C. The QY value of CA-CDs exhibited a positive correlation with
reaction time, peaking at 6 h. Accordingly, CA-CDs achieved
a maximum QY of 13.8% under the optimized conditions (1.8 g
CA, 200 °C, 6 h).

The morphological feature of CA-CDs was characterized with
transmission electron microscopy (TEM), dynamic light scat-
tering (DLS), and X-ray diffraction (XRD) study. The individual
CA-CDs exhibit a particle size of less than 5 nm with
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Fig.1 Characterization of CA-CDs. (A) A representative HRTEM image
of CA-CDs. The inset shows a crystalline structure image. (B) The XRD
pattern. (C) FTIR spectra. (D) XPS survey scan. (E and F) The high-
resolution scan of C 1s peaks (E) and O 1s peaks (F).

a monodisperse morphology and no evident aggregation
(Fig. 1A). Distinct lattice structures were observed, characterized
by a lattice spacing of 0.220 nm, corresponding to the lattice
plane (100) of graphitic carbon (Fig. 14, inset). Additionally, the
CA-CDs displayed a weak and broad diffraction peak at 20.7°,
indicative of an amorphous carbon matrix (Fig. 1B). Combined
HRTEM and XRD analyses confirm the presence of localized
graphitized domains within the CA-CDs, despite their overall
amorphous nature. Dynamic light scattering (DLS) evaluation
revealed a particle size distribution ranging from 3.62 to
6.50 nm, with a predominant size of 4.78 + 0.46 nm (Fig. S17).
Moreover, the chemical structure of CA-CDs was explored by
FTIR and XPS analyses. As illustrated in Fig. 1C, typical peaks
could be found in the FTIR spectra of both CA and CA-CDs. The
peak at 3390 cm ™~ was attributed to O-H in the carboxyl group,
peaks at 1605, 1516, and 1441 cm™ " suggested the tensile
vibration of C=C and C=0, and the peak at 1280 cm ' is
derived from the C-O stretching of phenolic hydroxyl groups.
The XPS analysis revealed the presence of two elements, carbon
(75.37%) and oxygen (24.63%), on the surface of CA-CDs
(Fig. 1D). Deconvolution of C 1s high-resolution spectra
showed three contributions including C-C/C-H at 240.80 eV,
C-O at 286.24 eV, and O-C=0 at 289.02 eV (Fig. 1E). The
binding energies of O 1s high-resolution spectra at 532.37 and
533.54 eV were attributed to the formation of C=0 and C-O,
respectively (Fig. 1F).

Fundamental optical properties of CA-CDs

The optical properties of CA-CDs were explored by recording
their UV-vis absorption and fluorescence emission spectra. The
ethanol solution of CA-CDs is transparent yellowish and shows
blue emission under UV light (Fig. 2A). It displays a maximum
absorption peak at 286 nm, which is attributed to the n-m*
electronic transition of C=0 bonds. The fluorescence emission
intensity and emission wavelength of CA-CDs exhibited distinct
excitation wavelength dependencies, as systematically charac-
terized in Fig. 2B. The maximum fluorescence emission peak
appeared at 340 nm with an excitation wavelength of 290 nm.
Normalized spectral analysis revealed a pronounced 18 nm
redshift that occurred across the 280-320 nm excitation range,

Nanoscale Adv., 2025, 7, 4161-4168 | 4163
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Fig.2 (A) The absorption (solid black line) spectrum, the fluorescence
excitation and emission (dashed black line) spectra of CA-CDs in
ethanol solution. (B) Fluorescence emission spectra of CA-CDs at
different excitation wavelengths.

whereas a negligible shift (A4 = 5 nm) occurred within the 240-
270 nm excitation window (Fig. S2t). Integrated with the
preceding characterization data, the observed fluorescence
behaviour of CA-CDs can be attributed to a synergistic interplay
of the surface domain effect (diverse states of multiple C- and O-
containing surface functional groups) and the quantum effects
modulated by the graphitization of the carbon core.***°

Responsiveness study of Fe**

The responsiveness of CA-CDs to various cations (Ag, Al, Ca, Cu,
Fe, Hg, K, Mg, Na, Pb, and Zn) in ethanol was preliminarily
investigated. It turns out that the fluorescence emission of CA-
CDs could be significantly quenched by Fe®* with prolonged
incubation time, which implies the potential use of CA-CDs as
a fluorescent Fe*' sensor. However, it was also observed that
Cu*" interfered with the detection selectivity, as it partially
quenched the fluorescence emission of CA-CDs. Therefore, we
optimized the measurement conditions by varying the incuba-
tion time to achieve satisfactory selectivity. As shown in
Fig. S3A,T the quenching efficiency of Fe*" toward CA-CDs was
42.4% immediately after addition of 100 uM and gradually
increased to 93.8% after 8 h of incubation. In contrast, the
addition of 100 pM Cu®" resulted in only 16.6% quenching
efficiency within 1 h, ultimately reaching 44.0% after an incu-
bation period of 8 h. Thus, selective detection of Fe** over Cu>*
can be realized by setting the incubation time to be 1 h
(Fig. S3BT). Based on this optimization, a detailed investigation
of Fe** detection using CA-CDs in ethanol was performed. The
fluorescence intensity of CA-CDs gradually decreased as the
concentration of Fe’" increased from 0 to 100 uM (Fig. 3A). In
particular, a good linear relationship (R* = 0.9915) in the range
of 3.0-50 pM was obtained by plotting the relative quenching
efficiency (Fo/F) at 340 nm against the concentration of Fe’*
(Fig. 3B). The limit of detection (LOD) was calculated to be 0.96
uM by the 34/S method, where ¢ represents the standard devi-
ation of 20 blank samples, and S is the slope of the standard
curve (Table S21). The LOD obtained in this work is lower than
the iron limit specified in some quality standards, such as the
quality standard for the iron limit in ethanol (chemical reagent)
in China (GB/T 678-2002), indicating its potential for sensitive
monitoring of trace iron impurities in ethanol-based chemical
reagents.
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against the concentration of Fe3* in the range of 3.0-50 uM.

Fe*" detection in various organic solvents

The sensing ability of CA-CDs for Fe*" in other organic solvents
was also investigated. Five protonic and non-protonic solvents
with different polarities including methanol, ethyl acetate,
acetonitrile, dichloromethane, and acetone were utilized. It was
found that the addition of 1.25% (v/v) acetone to the CA-CD
ethanol solution immediately resulted in a significant drop by
50% in the fluorescence intensity. When the acetone concen-
tration increased to 10% (v/v), the fluorescence intensity was
quenched over 80%. It indicates that it is difficult to sense Fe**
in acetone due to the strong solvent quenching effect (data not
shown). On the contrary, as shown in Fig. S4,T the fluorescence
intensity of CA-CDs remained above 90% with 10% (v/v) of other
solvents, except for dichloromethane (54.2%). It is also worth
noting that the maximum emission wavelength of CA-CDs was
unaffected by the addition of those solvents. Therefore, the
detection linear relationship could be further established in
methanol, ethyl acetate, acetonitrile, and dichloromethane,
demonstrating the potential of CA-CDs for detecting Fe* in
diverse solvents.

Fig. 4 shows the plots of relative quenching efficiency (F,/F)
of CA-CDs against the concentration of Fe** in methanol
(Fig. 4A), ethyl acetate (Fig. 4B), acetonitrile (Fig. 4C), and
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Fig. 4 The linear relationship of relative quenching efficiency (Fo/F)
versus different concentrations of Fe** in (A) methanol, (B) ethyl
acetate, (C) acetonitrile, and (D) dichloromethane.
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dichloromethane (Fig. 4D), and they all display linear relation-
ship with good correlation coefficients. The linear detection
ranges and the corresponding LOD values in these solvents are
as follows: methanol (5.0-50 puM, 1.66 uM), ethyl acetate (5.0-50
uM, 1.54 pM), acetonitrile (6.0-50 uM, 1.73 uM), and dichloro-
methane (4.0-40 uM, 1.19 pM). Additionally, the reliability of
LOD values was confirmed by calculating the signal-to-noise
ratio (SNR), with a requirement of SNR = 3. As shown in
Table S3,T the SNR values at LOD concentrations all exceeded
3.0, thus collectively validating the accuracy of our LOD
thresholds.

Investigation of interfering ions

The evaluation of anti-interference capability serves as a critical
performance metric for the practical application of CD-based
fluorescence analysis. Due to the limited solubility of inter-
fering ionic impurities in organic solvents, we systematically
evaluated the anti-interference performance of CA-CDs in the
presence of interfering ions at a final concentration of 100 pM
(equivalent to twice the upper detection limit concentration of
the linear range). As demonstrated in Fig. S5A-C,} the common
interfering ions found in ethanol, methanol, and acetonitrile
exhibited slight impact on Fe** detection after 1 h of incubation.
In addition, we investigated the response of CA-CDs to Fe** in
organic solvents containing 1% (v/v) water, as the presence of
trace amounts of water can enhance the solubility of metal ions.
Fig. S5D-F{ demonstrate that interfering ions with increased
solubility can induce partial fluorescence quenching of CA-CDs.
However, the overall impact of these ions remains negligible at
this concentration. In response to higher concentrations of
interfering ions, it was found that Cu®** can stably coexist in
these solvents within 100-500 pM while inducing pronounced
fluorescence quenching of CA-CDs (data not shown). Notably,
the presence of elevated concentrations of Cu®" did not
compromise the analytical validity. For instance, in anhydrous
ethanol solution, the reaction between CA-CDs and high
concentrations of Fe®" is rapid (less than 1 min) and results in
a substantial colour change to grey-black. Conversely, although
high concentrations of Cu®" can expeditiously quench the
fluorescence of CA-CD, there is no propensity for the solution
colour to blacken (Fig. S61). These findings -collectively
demonstrate that the CA-CDs developed in this study exhibit
effective anti-interference properties for Fe** detection.

Photostability evaluation of CA-CDs for practical applications

Photostability is a critical indicator of the practical applicability
of carbon dots for detection purposes. To this end, a compre-
hensive analysis of the photostability of CA-CDs was performed
and detailed experimental procedures are described in Text S1.f
Initially, the effects of storage and ambient temperatures on the
practical utility of CA-CDs were investigated. CA-CD solutions
were mixed with various solvents (ethanol, methanol, ethyl
acetate, acetonitrile, and dichloromethane) at a 9:1 (v/v) ratio
and incubated at 4 °C, 25 °C, and 35 °C prior to fluorescence
measurement. As shown in Fig. 5A, the fluorescence intensities
of these CA-CD solutions decreased with increasing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CA-CDs in different solvents (9:1, v/v) under ambient light exposure
for 30 days. (C) Photobleaching resistance of CA-CDs in different
solvents (9 : 1, v/v) during continuous irradiation for 120 min. Excitation
and emission wavelengths were 290 nm and 340 nm, respectively.

temperature, with a decrease of approximately 20% across the
tested temperature range. Subsequently, the long-term photo-
stability of the CA-CD solutions under ambient light was
assessed at room temperature (Fig. 5B). The relative fluores-
cence intensities of CA-CDs exposed to indoor light for 30 days
remained stable compared to light-protected control solutions,
demonstrating the potential for practical applications.
Furthermore, their resistance to photobleaching was evaluated
by monitoring fluorescence intensity changes during contin-
uous scanning for 120 min at an excitation wavelength of
290 nm. The fluorescence intensity of CA-CDs showed negli-
gible variation, with all solvent systems retaining over 95% after
120 min of irradiation (Fig. 5C). Combining these results, the
carbon dots synthesized in this work exhibit significant
advantages for practical applications, particularly in Fe**
detection across various solvents.

Accuracy evaluation

The quantitative accuracy of Fe*" in dichloromethane using CA-
CDs was verified by comparing the recovery results of spiked
samples with those obtained by the Inductively Coupled
Plasma-Optical Emission Spectrometer (ICP-OES) method
(Table 1). The recovery rate achieved by the CA-CD-based
method ranged from 100.4% to 105.1%, with a relative stan-
dard deviation (RSD) of 1.03% to 8.38%, confirming that the
accuracy of the proposed method is comparable to that of ICP-
OES. The International Organization for Standardization (ISO
number: 6353-3:1987) specifies that the iron content of the
analytical reagent dichloromethane should not exceed 0.001%

Table 1 Recovery results of spiked samples in dichloromethane using
CA-CD-based fluorescence analysis and ICP-OES methods®

Recovery rate
(this method)

Recovery rate

Spiked samples (ICP-OES method)

Sample 1 101.4% £ 1.03% 107.7% £ 0.07%
Sample 2 105.1% =+ 4.70% 108.2% =+ 0.09%
Sample 3 100.4% =+ 8.38% 109.6% = 0.05%

“ Sample 1, 2, and 3 are spiked samples with 3.0 uM, 7.0 uM, and 15.0
uM of Fe**, respectively.
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(W/%). Therefore, the CA-CD-based fluorescence analysis
method for Fe*" detection can achieve relatively high accuracy,
sensitivity, precision, operational simplicity and low-cost.

CA-CDs for Fe** detection in actual samples

CA-CDs were further practically applied for Fe*" detection in
real samples. An automotive ethanol gasoline (E10, 92#),
a mixture of multiple organic solvents, was used as the analyte
of interest. Fig. 6A depicts the fluorescence emission spectra of
CA-CDs in ethanol after mixing with automotive ethanol gaso-
line with various Fe*" concentrations in the volume ratio of 9 : 1.
It clearly shows that the fluorescence intensity decreased as the
Fe®" concentration increased, and a good linear relationship
between Fo/F and Fe®" concentration was observed in the range
of 10-50 pM (R* = 0.9822), which showed that CA-CDs are able
to effectively monitor Fe*" in complex solvents (Fig. 6B). The
detection limit of the proposed method was calculated to be
2.82 uM, which complies with the requirement for iron detec-
tion specified in the National Standard of the People's Republic
of China (GB 18351: Ethanol gasoline for motor vehicles (E10);
= 0.010 g L™, equivalent to 179.05 uM). Moreover, a compara-
tive table has been included in terms of sensitivity, conve-
nience, cost and time consumption of the present method with
other existing approaches. As demonstrated in Table S4,1 the
CA-CD-based fluorescence analysis method developed in this
study is well-suited for the detection of trace iron in organic
solvents, exhibiting advantages including reduced cost, simple
operation, high accuracy and precision, as well as broad appli-
cability to various organic matrices.

Exploration of the possible sensing mechanism

Encouraged by the remarkable fluorescence responsiveness of
CA-CDs to ferric ions across various solvent systems, a series of
experiments were conducted to elucidate the underlying
detection mechanism. Typically, the fluorescence quenching
mechanism may involve one or more processes, such as fluo-
rescence internal filtration effect (IFE), dynamic quenching and
static quenching. The IFE is usually presented as a decrease in
fluorescence intensity due to the absorption of the excitation/
emission of the fluorophore in the solution. Therefore, the
overlapping of absorption and excitation/emission spectra of
CA-CDs in the presence of Fe** in ethanol was studied (Fig. 7A).
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Fig. 6 (A) Fluorescence spectra of CA-CDs with different concen-
trations of Fe** in automotive ethanol gasoline and (B) the corre-
sponding plot of the relative quenching efficiency (Fo/F) against the
concentration of Fe**.
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Fig. 7 (A) UV-vis absorption spectrum of Fe3*—ethanol solution (red
line) and the excitation/emission spectra of CA-CDs (green/black line).
(B). UV-vis absorption spectra of different concentrations of Fe>* in
ethanol. (C) Fluorescence lifetime investigation of CA-CDs in the
absence (black line) and presence (red line) of Fe3*. (D) The quenching
constant (Ks,) and bimodular quenching constant (K,) calculated using
the Stern—Volmer equation.

In the Fe*'-ethanol solution, it was clearly observed that typical
peaks appeared at 240 nm and a broad peak appeared between
330 nm and 370 nm. With the increase in concentration of Fe**,
the absorption intensity increased gradually, indicating the
formation of ligand complexes between Fe*" and the ethanol
molecule (Fig. 7B). Therefore, competitive absorption of UV
light may occur between the complexes and the CA-CDs at the
excitation wavelength of 290 nm. Meanwhile, the broad
absorption between 330 nm and 370 nm precisely overlaps the
emission spectrum of CA-CDs, resulting in fluorescence
quenching of the IFE mechanism. In addition, the fluorescence
lifetime of CA-CDs with or without the presence of Fe’" was
determined to confirm their interaction (Fig. 7C). The average
fluorescence lifetime of CA-CDs remains almost unchanged
with the presence of Fe’* (1, = 2.13 ns) compared to that
without Fe* (t = 2.10 ns), which indicates the formation of non-
fluorescent complexes due to the static interaction between CA-
CDs and the Fe®" quencher. Subsequently, the quenching
constant (Kg) and bimodular quenching constant (Kj) were
determined to provide further evidence of this conclusion as
they are also common indices to distinguish static quenching
from dynamic quenching (Fig. 7D).**** The quenching constant
(Ksy) is measured by using the standard Stern-Volmer equation

(2)-
FolF =1+ KSV/[Q] (2)

where F, and F refer to fluorescence intensities of CA-CDs in the
absence and presence of Fe*', respectively. K, is the Stern-
Volmer quenching constant and [Q] is the concentration of the
Fe®" quencher. The K, value can be obtained by calculating the
ratio of the Stern-Volmer quenching constant (Ky,) and
unquenched fluorescence lifetime of CA-CDs (1), and it is re-
ported that the K, value is usually several orders of magnitude

© 2025 The Author(s). Published by the Royal Society of Chemistry
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larger than 10'° M ' s™' in static quenching while it is in the
order of 10" M ™" s™! in dynamic quenching. Fig. 7D shows that
the estimated Ky, was 2.48 x 10" M " and the corresponding K
value was 1.16 x 10" M~' s, which provides convincing
evidence of static quenching. Collectively, these results indicate
that the fluorescence quenching phenomenon in this study is
caused by the synergistic effect of IEF and static quenching.

Conclusions

To summarize, we present organic-soluble CA-CDs for selective,
sensitive, and pretreatment-free detection of Fe*" in the organic
phase. CA-CDs were fabricated via a one-pot solvothermal
method using caffeic acid and anhydrous ethanol. The resulting
CA-CDs exhibit high fluorescence stability, good solvent
compatibility, and a quantum yield of 13.8%. The relative
quenching efficiency (Fo/F) of CA-CDs against the concentra-
tions of Fe*" presents good linearity in a diversity of organic
solvents (ethanol, methanol, ethyl acetate, acetonitrile, and
dichloromethane) with detection limits of 0.96, 1.66, 1.54, 1.72,
and 1.19 uM, respectively. Furthermore, CA-CDs display high
specificity towards Fe** via Fe-O bond formation in both pure
solvents and water-containing solvents 1% (v/v) under the
optimized conditions. The precision and accuracy of CA-CD-
based fluorescence analysis were validated by comparison
with the ICP-OES method. Their detection capability in real
samples was also confirmed using automotive ethanol gasoline
as a complex matrix. In comparison with other analytical
methods requiring complex pretreatment steps, the proposed
CA-CD fluorescence sensor provides a green and facile approach
for Fe*" detection across a broad range of organic solvents. It
serves as a cost-effective tool for monitoring trace Fe®" impuri-
ties, offering low-cost, high accuracy and precision detection
capabilities.
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