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rbon: growth of excitation-
independent CDs within functional mesoporous
carbon towards detection and adsorption of
a specific nitrofuran class of antibiotics†

Sanjay Yadav,*ab Nishu Choudharyab and Alok Ranjan Paital *ab

The rampant use of antibiotics has led to significant environmental pollution and the emergence of

antibiotic resistance, necessitating effective detection and remediation methods. To address these

pressing concerns, an innovative functional material has been developed, comprising a mesoporous

matrix and a luminescent tag, both composed of carbon for the detection and removal of specific

antibiotics from aqueous solutions. Initially, a high surface area bearing mesoporous carbon material

with regular spherical geometry and ordered pores (5.4 nm) was synthesized and amine-functionalized

with (3-aminopropyl)triethoxysilane to form OMC@NH2. Subsequently, a hydrothermal process was

employed to load carbon dots (CDs) in situ within the amine-functionalized mesoporous carbon material

(CD@OMC@NH2) using carbon dot precursors. The resulting blue-green luminescent material exhibited

excitation-independent luminescence and demonstrated the ability to selectively detect the antibiotics

nitrofurantoin (NFT) and furazolidone (FZD) through a combined effect of the IFE (inner filter effect) and

FRET-based quenching mechanism. The material's detection performance was assessed by calculating

the LOD (Limit of Detection), LOQ (Limit of Quantification), and L-R (Linear Range) values, which

indicated its superior and sensitive detection capabilities. Moreover, the material exhibited exceptional

detection parameters, a high adsorption capacity, and easy recyclability for specific antibiotics, making it

a sustainable option for environmental sample monitoring.
1 Introduction

Water pollution resulting from the excessive use of antibiotics
has become a serious concern, impacting water quality, public
health management, and environmental monitoring systems.1,2

Antibiotics, which are commonly used to treat diseases in
humans and animals, and extensively in aquaculture, agricul-
ture, and livestock farming, have led to their widespread pres-
ence in soil, sediments, and aquatic systems, including tap
water.3,4 This presence has adverse effects on human and
animal health.5 As a result, there is a growing focus on devel-
oping sustainable methods for monitoring and removing anti-
biotics from aqueous systems.6–9 Traditional methods of
detecting antibiotics include microbial inhibition,
chromatography/mass spectrometry, and immunoassay
techniques.10–12 However, these methods suffer from drawbacks
such as inaccuracy, time consumption, and high costs. Modern
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techniques like electrochemical sensing, Raman spectroscopy,
and optical spectroscopy have been explored as alterna-
tives.6,13,14 Among them, optical methods, especially uores-
cence detection of antibiotics, have garnered attention due to
their high sensitivity, user-friendliness, low operational cost,
and fast response.15–19 Similarly, various remediation methods,
including chemical degradation, catalytic oxidation, coagula-
tion, membrane ltration, and adsorption, have been
studied.20–24 Among them, adsorption is considered a less
expensive and effective method for the remediation process.25,26

To achieve synergistic applications of environmental moni-
toring and remediation, the materials used should possess dual
functions of detection and removal, along with recyclability for
sustainability.27–33 Functional mesoporous materials have been
widely utilized for this purpose, as they can be loaded with
uorescence tags for detection while adsorbing the analytes.
These materials offer advantages over those used for only
detection or removal, as they can serve both functions in
heterogeneous systems. Recently, mesoporous carbonmaterials
have gained signicant attention for various applications due to
their high surface area, mesoporosity, thermal stability, and
ease of functionalization.34–37 They have been explored in
sensing and adsorption studies as well.38–41 Quantum dot-based
This journal is © The Royal Society of Chemistry 2024
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uorescence tags have also emerged as advantageous over
organic uorophores due to their ease of surface immobiliza-
tion, cost-effectiveness, and shorter chemical processing time.
Carbon dots (CDs) among quantum dots have been extensively
used for different applications, including metal ion detection,
photocatalysis, in vivo biological applications, and antibiotic
detection.42–46 However, CDs oen face challenges like
agglomeration, aggregation-caused quenching (ACQ) effects,
and excitation dependency in aqueous media, which limit their
sensing and adsorption applications. Researchers have adopted
various methods like coating, doping, and in situ growth in the
matrix to overcome these issues and protect CDs from aggre-
gation and excitation-dependent luminescence.31,47–49 The
growth of CDs in the matrix is particularly advantageous as it
eliminates the need for prior purication of CDs to achieve
excitation independence. While this strategy is known for CDs
in silica matrices for various applications, it has not been re-
ported in the literature for CDs as uorescence tags encapsu-
lated within mesoporous carbon.

Hence, our main goal was to develop and produce
a composite material consisting of carbon dots (CDs) encap-
sulated within an ordered mesoporous carbon (OMC) for both
detection and adsorption studies. To achieve this, we started by
synthesizing a high surface area mesoporous carbon using an
ionic liquid-based surfactant assembly approach.50 This
synthesis method resulted in the formation of well-ordered
spherical carbon spheres with a regular geometry, possessing
a signicant surface area of approximately 1480 cm3 g−1 within
the mesoporous range (5.4 nm), along with a high pore volume
of 1.89 cm3 g−1. Following the successful synthesis of the
carbon nanomaterial, we chemically anchored 3-APTES ((3-
aminopropyl)triethoxysilane) to the OMC, resulting in the
formation of an OMC@NH2 material for specic interactions at
amine sites. Next, we loaded carbon dot precursors (iminodi-
acetic acid (IDA) and ortho-phenylene diamine (o-PD)) into the
OMC@NH2 material and subjected it to hydrothermal heating,
Scheme 1 The schematic representation of the synthesis of the ordered
CD@OMC@NH2.

This journal is © The Royal Society of Chemistry 2024
leading to the formation of a luminescent composite material
known as CD@OMC@NH2. This composite material exhibited
unique luminescence properties. Based on the luminescence
characteristics of CD@OMC@NH2, we utilized it to perform two
important functions: the detection and removal of specic
antibiotics belonging to the nitrofuran class, such as nitro-
furantoin (NFT) and furazolidone (FZD). They are 5-nitrofuran
ring containing broad-spectrum antibiotics commonly used for
preventing infections and as growth promoters in livestock, bee
culture, and aquaculture.51 Due to their widespread use and
high elimination rate from animals, these antibiotics have
become a signicant source of water contamination. Although
some studies have reported methods for detecting these anti-
biotics,52,53 nding materials that can perform both detection
and remediation functions is rare.54 Therefore, this work
encompassing a novel material for dual functions of detection
and remediation of specic antibiotics with various advantages
distinguishes it from existing literature.
2 Results and discussion
2.1 Structural and surface analysis

The synthetic procedure (Scheme 1) involves the synthesis of
ordered mesoporous carbon spheres using Pluronic F127
surfactant as a template, an ionic liquid as a co-template, and
a resol precursor (phenol + formaldehyde) as the high-density
carbon source, which then gets polymerized and carbonized
to give regular spherical carbon spheres. The ionic liquid
principally acts as an N-dopant and nanomaterial stabilizer due
to its high solubility in water and ethanol, and therefore, can
direct the formation of mesostructures by interacting with the
resol phase or micellar phase of F127.50 The ratio of surfactant
to ionic liquid was kept on the higher side to afford the pore in
the wide mesoporous range which then can appropriately be
functionalized with the entities of interest. The process yielded
high surface area carbon spheres with high pore volume in the
mesoporous carbon spheres (OMC), OMC@NH2 and the final material
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mesoporous range, which then functionalized with 3-APTES to
form the amine functionalized OMC@NH2 material. The
OMC@NH2 material was loaded with iminodiacetic acid (IDA)
and o-PD (ortho-phenylene diamine) and hydrothermally heated
to afford the carbon dot doped nal material named
CD@OMC@NH2 (Fig. S1†), which was then utilized for simul-
taneous optical detection and adsorption of specic antibiotics.
A similar approach has also been reported to generate CDs in
a silica matrix using SBA-NH2 and carbon dot precursors (citric
acid and ethylenediamine).55
Fig. 1 (A and D) The FeSEM images of the synthesized ordered mesoporo
ordered mesoporous carbon spheres (OMC@NH2); (C and F) the FeSEM
carbon spheres (CD@OMC@NH2).

Fig. 2 (A and D) The TEM and HR-TEM images of the synthesized order
nature); (B and E) the TEM and HR-TEM images of the aminated ordered
TEM images of the carbon dot embedded aminated ordered mesoporo

204 | J. Mater. Chem. A, 2024, 12, 202–213
The FeSEM images displayed regular, highly ordered, carbon
spheres with a particle size of 340–490 nm with a smooth
surface and good dispersion properties having a carbonaceous
nature with oxygen and nitrogen contents (Fig. 1, S2 and S3†).
The particle size and spherical geometry remained unaltered
upon functionalization with the APTES group and also during in
situ generation of the carbon dots; however, in the nal material
CD@OMC@NH2 carbon spheres exhibit a rough surface prob-
ably due to the presence of the carbon dots evidenced by high
magnication SEM images (Fig. 1F). The TEM and HR-TEM
us carbon spheres (OMC); (B and E) the FeSEM images of the aminated
images of the carbon dot embedded aminated ordered mesoporous

ed mesoporous carbon spheres (OMC) (inset: picture showing porous
mesoporous carbon spheres (OMC@NH2); (C and F) the TEM and HR-
us carbon spheres (CD@OMC@NH2).

This journal is © The Royal Society of Chemistry 2024
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Table 1 The physiochemical parameters of the materials from N2

sorption analysis (BET)

Sample Surface area Pore size Pore volume

OMC 1480.43 5.43 1.8921
OMC@NH2 420.21 3.32 0.7813
CD@OMC@NH2 55.31 0.23 0.0432

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
7 

N
ov

em
be

r 
20

23
. D

ow
nl

oa
de

d 
on

 6
/2

1/
20

24
 9

:3
7:

07
 A

M
. 

View Article Online
images showed the porous nature of the carbon spheres in the
mesoporous range with a regular square arrangement of the
pores (Fig. 2). The pore size was signicantly reduced during the
covalent attachment with the APTES and completely blocked in
the nal material CD@OMC@NH2. This is probably due to the
successful functionalization process and effective encapsula-
tion of carbon dots (Fig. 2D–F and S4†). The physiochemical
parameters obtained from the N2 sorption analysis (Fig. 3A) are
tabulated in Table 1. The materials OMC and OMC@NH2

exhibit typical type IV isotherms and type II in the nal material
with the highest capillary condensation in the OMC and least in
the nal material supporting the functionalization process
(Fig. 3A). The OMC shows an extremely high surface area of
1480 cm3 g−1, pore size in the mesoporous range of order
5.43 nm, and a high pore volume of 1.89 cm3 g−1, which
subsequently reduced with functionalization, supported by HR-
TEM images (Fig. 2D and E). The low-angle and high-angle
PXRD also gave signicant information regarding the nature
and pore arrangement of the carbon spheres. The high angle
PXRD of the materials OMC, OMC@NH2 and CD@OMC@NH2

showed an amorphous nature with broad bands at 22.2, 22.8
and 22.4°, which remains nearly constant throughout the
chemical processing corresponding to the (002) crystal plane
(Fig. 3B, inset). The low angle PXRD of the materials showed an
intense peak around 1° resembling the (100) crystal plane
supporting the ordered mesoporous arrangements (Fig. 3B).
Furthermore, the degree of graphitization was elucidated using
the Raman proles of the OMC material showing peaks at 1345
and 1558 cm−1 resembling the D band and G band arising from
the graphitic carbon framework (Fig. S5†). The ID/IG ratio serves
as a quantitative measure of disorder or imperfections in
carbon-based materials, with the D-band representing disor-
dered carbon (sp3) and the G-band representing ordered,
graphitic carbon (sp2). For OMC, OMC@NH2, and
CD@OMC@NH2 carbonmaterials, ID/IG ratios were determined
to be 1.09, 1.13, and 0.91 respectively. The higher ID/IG value
observed for OMC@NH2, compared to bare OMC, likely stems
from amination functionalization, which introduces additional
structural defects (sp3 domains) and signies an increased level
Fig. 3 (A) The SBET N2 sorption studies of the synthesized ordered meso
low-angle PXRD profiles of the ordered mesoporous carbon (OMC) an
measurements of the OMC, OMC@NH2 and the final material CD@OMC

This journal is © The Royal Society of Chemistry 2024
of disorder in OMC@NH2. Conversely, the nal material,
CD@OMC@NH2, displayed a reduced ID/IG ratio and an inten-
sied IG band intensity upon the incorporation of carbon dots
(CDs). This phenomenon can be attributed to the introduction
of more graphitized sp2 domains (CDs), enhancing the degree
of graphitization (crystallinity) and ultimately resulting in
a lower ID/IG ratio due to CD doping.

The chemical analysis and surface states of the materials
were investigated using various analytical techniques (Fig. 4).
The FT-IR spectra of the OMC exhibited resolved peaks at 3420,
3325 2950, 1619, 1628, and 1405 cm−1 corresponding to –OH, –
NH –CH, C]C, and C–N stretching and bending vibrations
(Fig. 4A).50 On comparing the FT-IR spectra of OMC and
OMC@NH2, the extra peaks at 2885, 1630, 1561, 1370, 1079 and
690 cm−1 correspond to the –CH2 alkyl stretching of the APTES
group, –NH stretching and bending vibrations and –CN link-
ages, whereas the peak at 1079 cm−1 corresponds to the Si–O–Si
linkage arising from the linkage of the (3-aminopropyl)trie-
thoxysilane group through a condensation reaction. The pres-
ence of carbon dots in the nal material CD@OMC@NH2 can
be conrmed by the presence of peaks at 3320, 2940, 1705, 1625,
1640, 1378 and 1210 cm−1, which can be assigned to –NH, –CH,
C]O, C]C, C–N and C–O functionalities arising from the core
and surface states of the carbon dots.

X-ray photoelectron spectroscopy (XPS) of the materials also
supported the above chemical analysis. The full scan XPS
spectra of the synthesized OMC showed signals of carbon (C),
oxygen (O) and nitrogen (N) evidencing the carbonaceous
nature of the material with the oxygen and nitrogen contents
supported by EDX analysis (Fig. S6 and S3†). The chemical
porous carbon spheres OMC, OMC@NH2 and CD@OMC@NH2; (B) the
d the aminated carbon spheres (OMC@NH2) (inset: high angle PXRD
@NH2).

J. Mater. Chem. A, 2024, 12, 202–213 | 205
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Fig. 4 (A) The FTIR spectrum of the synthesized carbonmaterials OMC, OMC@NH2 and CD@OMC@NH2; (B) the comparison of the XPS full scan
spectrum of the OMC@NH2 and CD@OMC@NH2material: (C) the XPS N 1s core level spectrum of the aminated carbonmaterial (OMC@NH2); (D
and E) the XPS C 1s and N 1s core level spectrum of the final material CD@OMC@NH2.
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attachment of the APTES group can be conrmed from the full
scan spectrum of the material OMC@NH2 showing signals of O
1s, N 1s, C 1s, and Si 2p elements. Also, the N 1s spectra can be
deconvoluted into two peaks at 399.2 and 401.5 eV resembling
amine functionality evidencing a successful graing process
(Fig. 4B and C). The Si–O–Si array network and intactness of Si
post-APTES functionalization can be conrmed by the O 1s and
Si 2p spectra of aminated OMC (OMC@NH2) with peaks at 532.6
and 103.8 eV (Fig. S7†). The full scan spectrum of the nal
material showed peaks of the O 1s, N 1s, C 1s and Si 2p elements
with an increased intensity showing greater carbon and
nitrogen contents conrming the presence of carbon dots
(Fig. 4B). Furthermore, the C 1s spectra can be deconvoluted
into four peaks at 285.5, 283.2, 286.6 and 288.2 eV corre-
sponding to the C]C/C–C, C–Si, C–N/C–O and C]O func-
tionalities of the carbon dots, and also the N 1s spectra can be
deconvoluted into three peaks at 398.2, 399.12 and 400.2 eV
resembling pyridinic N, amino N and pyrrolic N (Fig. 4D and E),
and also the Si linkage remains constant throughout the
chemical processing conrmed by the full scan and core level Si
2p XPS spectra of the nal material (Fig. 4B and S8†). It is
observed from the above chemical analysis that the surface
states of the carbon dot surface are rich in amino and ketonic
groups.

2.2 Sensing and selectivity studies

To scrutinize the optical parameters and response of the
material towards the analytes, selectivity experiments were
206 | J. Mater. Chem. A, 2024, 12, 202–213
performed in an aqueous buffer medium at neutral pH ∼7.4 by
using UV-Vis and uorescence spectroscopy in the dispersion
state (10 mg/50 ml). From the UV-Vis spectra, it is evident that
the material exhibited two characteristic bands at 288 and
350 nm possibly due to p to p* and n to p* transitions arising
from the encapsulation of the carbon dot embedded in the solid
matrix since the bare OMC@NH2 is UV inactive (Fig. S9†).
Similarly, the uorescence studies of the material in an aqueous
buffer medium show an emission band at 465 nm upon exci-
tation at 350 nm. The material's uorescence excitation inde-
pendency was conrmed by exciting at various excitation
wavelengths (345–370 nm), which showed a xed emission
band centered at 465 nm (Fig. S10†). Several antibiotics (nitro-
furantoin, furazolidone, dimetridazole, theophylline, thiam-
phenicol, sulfamethazine, triclosan, ornidazole, and
metronidazole) were screened for selective uorescence
response with the material (Fig. 5). Interestingly to our obser-
vation, the material showed selective uorescence quenching
response towards the nitrofurantoin (NFT) and furazolidone
(FZD) antibiotics among other antibiotics, and no such signif-
icant uorescence changes were observed with other antibi-
otics, conrming the selective nature of the material towards
the sensing of NFT and FZD (Fig. 5A). However other antibiotics
such as metronidazole (MDZ), dimetridazole (DTZ) and orni-
dazole (ODZ) showed minor uorescence quenching following
the order NFT > FZD > DTZ/MDZ > ODZ. The selective response
was offered with high uorescence quenching ∼85 and 99%
with regard to FDZ and NFT validating the selective and
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A) Fluorescence selectivity studies of the material CD@OMC@NH2 towards various antibiotics; (B and C) relative fluorescence emission
intensity and quenching of the material with the antibiotics; (D, E, G and H) fluorescence titration profile and Stern–Volmer plot (Ksv) of the
material with the specific antibiotics (NFT and FZD); (F and I) fluorescence response of thematerial with the specific antibiotics (NFT and FZD) and
inset: fluorescence quenching pictures (under UV) of the final material before and after the addition of the NFT and FZD antibiotic).
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sensitive response behaviour towards the specic antibiotics
(Fig. 5B, C, F and I). Interference studies were also performed
with an excess of other analytes except for the interfering anti-
biotics, where similar control results were obtained in the
presence of other analytes (Fig. S11†). Furthermore, lifetime
uorescence measurements were also performed with the
respective antibiotics, and time correlated single photon
counting (TCSPC) spectra were obtained for the material and
with the antibiotics. The uorescence lifetime of the probe
material was found to be 2.64 ns, which was signicantly
reduced by the addition of nitrofurantoin and furazolidone
antibiotics to 1.23 and 1.63 ns respectively conrming the
quenching behavior.

To determine more information regarding the sensing
response, uorescence titrations were performed with the
specic antibiotics (Fig. 5D and G). The material response in
sensing the antibiotics was evaluated by using the Stern–Volmer
plots from the titration proles.31 The Stern–Volmer plots gave
a non-linear regression curve towards the selective antibiotics
indicating that the quenching mechanism could be static,
dynamic, or a combination of both (Fig. 5E and H). The non-
This journal is © The Royal Society of Chemistry 2024
linear equation can be represented as (F0/F = A × Ek[m] + B),
where F0 and F are the initial and nal uorescence intensities
of the material, [m] is the concentration of the antibiotics, and
A, B, and K are constants. The Stern–Volmer quenching
constant (Ksv) is the product of the constants A and K in the non-
linear equation. The quenching constant (KSV), LOD, LOQ and
linear range were calculated and are tabulated below (Table 2,
Fig. S12 and S13†). For the limit of detection (LOD), a small
incremental addition of the specic analytes was performed
during titration prole measurement and was calculated using
the 3smethod, where s = S.D./slope, S.D. = standard deviation
of the blank readings of the probe material and the slope is
obtained by plotting the emission intensity vs. concentration of
the analyte added.27

2.3 Fluorescence sensing mechanism

The uorescence titration behavior of the material concerning
the specic antibiotics (NFT and FZD) displayed non-linear
Stern–Volmer (S–V) plots that exhibited non-linear characteris-
tics. These outcomes indicated that the mechanism responsible
for uorescence quenching could encompass dynamic, static,
J. Mater. Chem. A, 2024, 12, 202–213 | 207
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Table 2 The photophysical parameters derived from the fluorescence titration experiments

Analyte Ksv (quenching constant) LOD (nM) LOQ (nM) Linear range (mM) % RSD

Nitrofurantoin (NFT) 5.58 × 104 M−1 3.25 10.8 0.0108–0.36 2.78
Furazolidone (FZD) 8.63 × 103 M−1 28.4 94.7 0.0947–1.2 1.89
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or a combination of both processes. To enhance our under-
standing of this sensing mechanism, we conducted uores-
cence lifetime measurements using time-correlated single
photon counting (TCSPC) at varying antibiotic concentrations
(Table S1†). Notably, we observed a signicant reduction in the
uorescence lifetime of the probe material upon introducing
the specic antibiotics. This reduction provided clear evidence
of dynamic uorescence quenching in both cases (Fig. 6A and
B). Additionally, we graphed the change in uorescence lifetime
against different antibiotic concentrations (NFT and FZD),
resulting in a linear relationship with an intercept at unity
(Fig. 6C). The slope of this linear t furnished the dynamic
Fig. 6 (A and B) The time-correlated single photon counting (TCSPC) sp
NFT). (C) The fluorescence lifetime variation with the change in concentr
the antibiotics and the final material exhibiting FRET.

208 | J. Mater. Chem. A, 2024, 12, 202–213
quenching constant (KD), calculated to be 6.0 × 105 M−1. The
substantial KD value in conjunction with the non-linear S–V
plots strongly corroborated the dynamic nature of the uores-
cence quenching process.56 Furthermore, this dynamic
quenching process may arise from either collision interactions
or the resonance energy transfer (RET) mechanism. To clarify
this, we examined the spectral overlaps between the excitation
and emission bands of the material with the absorbance bands
of the antibiotics. Initially, we scrutinized a potential FRET
(Förster resonance energy transfer) mechanism. It was observed
that the emission band of the material partially coincided with
the absorbance band of these antibiotics (NFT and FZD)
ectra with different concentrations of the specific antibiotic (FZD and
ation of NFT; (D) the absorption and emission spectral overlap between

This journal is © The Royal Society of Chemistry 2024
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(Fig. 6D). Additionally, the presence of antibiotics had
a discernible effect on the average lifetime, indicating that FRET
cannot be disregarded. However, due to the comparatively less
overlap between the emission band of the material and the
absorbance band of these antibiotics, there might be an addi-
tional quenching effect at play. Interestingly, a signicant
overlap was noted between the excitation band of the material
and the absorbance bands of the specic antibiotics, which
facilitated the occurrence of the inner lter effect (IFE)
Fig. 7 (A and D) The colour removal studies of the nitrofurantoin (NFT) a
and E) the equilibrium adsorption capacity (Qe) of thematerial towards the
and FZD); (C and F) the Langmuir adsorption isotherm fitting of themateri
hydrogen bonding interactions of the material with the NFT and FZD an

This journal is © The Royal Society of Chemistry 2024
(Fig. S14†). This overlap signied that the energy from the
excitation was absorbed by the antibiotics, resulting in the
quenching of uorescence. Thus, the IFE likely played a major
role in the uorescence quenching, and the observed emission
intensity was adjusted using the equation: Fcorr = Fobs × antilog
[(Aex + Aem)/2].57 Here, Aex and Aem represent the absorption at
the excitation and emission wavelengths, and Fcorr and Fobs
denote the corrected and observed uorescence intensities. The
plot depicting the suppressed efficiencies (E%) before and aer
nd furazolidone (FZD) antibiotics with the material CD@OMC@NH2; (B
specific antibiotics NFT and FZD (inset: colour removal pictures of NFT
al towards the specific antibiotics NFT and FZD. (G and H) The probable
tibiotic.

J. Mater. Chem. A, 2024, 12, 202–213 | 209
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corrections suggests that the IFE predominantly contributed to
the uorescence quenching (Fig. S15†). Hence, it is evident that
both the IFE and FRET are active mechanisms for NFT and FZD,
leading to a heightened level of uorescence quenching
compared to other antibiotics (MDZ, DTZ and ODZ). These
latter antibiotics exhibited minor uorescence quenching
attributed solely to the IFE. Notably, the remaining antibiotics
did not demonstrate any uorescence quenching due to the
absence of IFE and FRET interactions.

2.4 Adsorption studies towards the NFT and FZD antibiotics

In addition to effectively detecting antibiotics, the removal of
these substances holds signicant importance for environ-
mental remediation purposes. Consequently, we conducted
adsorption studies, closely monitored using UV-Vis spectros-
copy. Initially, colour removal experiments were carried out by
combining 5 mg of the material with 50 ml of a solution con-
taining 30 ppm of nitrofurantoin and 50 ppm of furazolidone
antibiotics. Our observations revealed that the material
exhibited a rapid reduction in the antibiotic-associated colour
within 25 minutes for nitrofurantoin and 35 minutes for fura-
zolidone, respectively (Fig. 7A and D). To assess the material's
adsorption capacity for these specic antibiotics, we subjected
5 mg of the material to varying concentrations of antibiotics
(ranging from 5 to 50 ppm) for a duration of 4 hours, following
a methodology described in our previous report.31 Following the
treatment period, the solutions were subjected to syringe
ltration and subsequently analyzed using UV-Vis spectroscopy.
The ultimate concentrations were ascertained utilizing cali-
bration plots derived from UV-Vis data for the antibiotics
Table 3 Adsorption parameters of the material

Analyte Experimental (Qe) (mg g−1)

Nitrofurantoin (NFT) 685
Furazolidone (FZD) 590

Fig. 8 (A) The UV-Vis tracking of the regeneration of the final material wit
to 5 cycles towards the NFT and FZD antibiotics.

210 | J. Mater. Chem. A, 2024, 12, 202–213
(Fig. S16†). The resultant adsorption isotherms were con-
structed and subjected to analysis to determine the equilibrium
adsorption capacity (Qe). For nitrofurantoin and furazolidone
antibiotics, the equilibrium adsorption capacities (Qe) were
determined to be 685 mg g−1 and 590 mg g−1, respectively
(Fig. 7B, E and Table 3). This calculation involved the formula
Qe = (Ci − Ce)V/W, where Qe represents the equilibrium
adsorption capacity, Ci and Ce denote the initial and equilib-
rium concentrations of the specic antibiotics (in mg L−1), V
stands for the volume of the antibiotic solution (in liters), andW
signies the weight of the adsorbent (in grams). The notably
high adsorption capacity and swi colour removal ability of
these specic antibiotics are hypothesized to stem from
potential hydrogen bonding interactions between the surface
functional groups of the functionalized mesoporous carbon
material and the electronegative atoms (O and N) present in the
antibiotics (nitrofurantoin and furazolidone) (Fig. 7G and H).
Similar hydrogen bonding interactions have been documented
in crystal structures involving nitrofurantoin-urea dimers.58

Moreover, the adsorption isotherms underwent analysis and
were plotted, revealing a favourable t with the Langmuir
model, as indicated by a correlation factor (R2) approaching
unity (Fig. 7C and F).

2.5 Regeneration and reusability studies

Due to escalating environmental concerns, a pronounced
emphasis has been placed on the recycling of materials in
a manner that aligns with eco-friendly practices, thereby
promoting sustainability. Preliminary efforts to eliminate these
adsorbed antibiotics using solvents such as methanol and
Langmuir linear isotherm

Qmax (mg g−1) KL [L g−1] R2

719.42 0.392 0.99
632.91 0.324 0.99

h basic aqueous solution; (B) the adsorption capacity of thematerial up

This journal is © The Royal Society of Chemistry 2024
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acetone exhibited protracted time requirements and proved
inadequate in achieving complete removal, even with repeated
washes. Nevertheless, by employing a basic aqueous solution
(0.1 N NaOH), a notably efficient removal of these antibiotics
was accomplished, an outcome that was closely tracked using
UV-Vis spectroscopy (Fig. 8). This efficacy can perhaps be
attributed to the hydroxyl anions disrupting the robust
hydrogen bonding interactions between amines and the anti-
biotics, thus facilitating the expeditious removal of the adsor-
bed antibiotics. Subsequently, the sorption behaviour of the
regenerated material towards the specic analytes was meticu-
lously examined for 5 cycles, with the corresponding adsorption
capacity meticulously quantied (Fig. 8B). Comprehensive
characterization endeavors conrmed that the regenerated
material displayed functional, structural, and optical properties
that closely mirrored those of the original material (Fig S17†).
This congruence in properties implies a straightforward and
uncomplicated recovery process for the material.

3 Experimental section
3.1 Synthesis of ordered mesoporous carbon (OMC)

Initially, the resol precursor was synthesized according to
a literature report.59 Aer the synthesis of the resol precursor, it
was transferred to ethanol, and the aqueous solution of [Bmim]
Cl (0.5 g in 80 ml water) was added slowly and heated at 85 °C
for 12 h followed by hydrothermally heating at 150 °C for 10 h.
Aer the hydrothermal heating, the product was collected by
centrifugation at 8000 rpm for 3 min and carbonized in an inert
atmosphere at 750 °C for 24 h and named OMC.

3.2 Synthesis of OMC@NH2

For the amination of the above synthesized OMC, typically 1 g of
the OMC was reuxed with 4 ml of (3-aminopropyl)triethox-
ysilane (3-APTES) at 110 °C for 24 h. Aerward, the material was
collected by centrifugation and washed thoroughly with toluene
and chloroform 3 times and nally dried in an oven at 60 °C for
2 h obtaining 1.13 g of the product named OMC@NH2.

3.3 Synthesis of the nal material CD@OMC@NH2

For the synthesis of the nal material CD@OMC@NH2, the
carbon dot precursors (iminodiacetic acid (IDA), 0.5 g and o-
phenylenediamine (o-PD), 0.5 g) were hydrothermally heated
with 1 g of the above-aminated material for 10 h at 160 °C in
40 ml water. The product was collected by centrifugation and
washed thoroughly with water and methanol and dried in an
oven at 60 °C for 2 h obtaining 1.24 g of the nal product named
CD@OMC@NH2.

3.4 Sensing studies

Photophysical investigations were conducted by preparing an
aqueous dispersion of the material at a concentration of 10 mg
per 50 ml. The suspension was vigorously mixed before each
spectral measurement. Antibiotics screened for selectivity
studies are nitrofurantoin, furazolidone, dimetridazole,
theophylline, thiamphenicol, sulfamethazine, triclosan,
This journal is © The Royal Society of Chemistry 2024
ornidazole and metronidazole. The UV-Vis spectra were recor-
ded in the range of 200 to 800 nm, while uorescence analyses
were carried out between 300 and 700 nm, with an excitation
wavelength of 350 nm. For determining the limit of detection
(LOD) and limit of quantication (LOQ), the 3s and 10s
methods were utilized. This involved progressively adding small
quantities of different specic antibiotics (NFT and FZD) in
titration experiments.
3.5 Adsorption studies

To explore the adsorption capabilities of the material towards
the specic antibiotics, a series of batch adsorption experi-
ments were conducted. Initially, varying concentrations (5–50
ppm) of specic antibiotic solutions were prepared and their
UV-Vis spectra were recorded to plot the calibration plots. Then
5 mg of materials were added separately to the above antibiotic
solutions and the sample tubes were agitated for a duration of 3
to 4 hours. Once the treatment phase was complete, the tubes
were subjected to centrifugation, and again UV-Vis spectra of
the solutions were recorded. The nal concentrations were
determined from the calibration curves of absorbance vs.
concentrations of the specic antibiotics. The equilibrium
adsorption capacity (Qe) was ascertained from the adsorption
isotherm, employing the formula Qe = (Ci − Ce)V/W, where Ci

represents the initial concentration, Ce is the nal concentra-
tion, V signies the volume, and W stands for the weight of the
material. The acquired experimental data were subjected to
analysis using the Langmuir and Freundlich adsorption
isotherms.
4 Conclusions

In essence, this study is dedicated to developing an innovative
functional material that serves a dual role: detecting and
adsorbing particular antibiotics. This material comprises two
carbon-based constituents: mesoporous carbon as the substrate
and carbon dots functioning as uorescent markers. Notably,
this combination has not been explored before for detection
investigations. The initial step involved creating precisely sha-
ped spherical mesoporous carbon structures with pores
measuring around 5 nm. These structures were subsequently
endowed with amine groups on their surfaces. Using a hydro-
thermal process, carbon dots were incorporated into the amine-
functionalized mesoporous carbon matrix using carbon dot
precursors. The resulting composite emitted blue-green lumi-
nescence consistently, regardless of alterations in excitation
conditions, providing a distinct advantage for sensing applica-
tions. Effectively, this material identied the presence of anti-
biotics like nitrofurantoin (NFT) and furazolidone (FZD) by
relying on a combined effect of the IFE and FRET-based
quenching mechanism. Its performance was assessed by
establishing the limits of detection (LOD) and quantication
(LOQ), underscoring its impressive sensitivity and precise
detection capability. Moreover, the material exhibited a robust
adsorption process for these antibiotics and could be conve-
niently regenerated, representing a sustainable substitute for
J. Mater. Chem. A, 2024, 12, 202–213 | 211
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functional materials that employ expensive organic uo-
rophores for detection purposes. The added advantage of
emission that remains consistent regardless of excitations
(excitation-independent) distinguishes it from typical carbon
dots, which oen encounter issues like aggregation and
excitation-dependent luminescence. Considering these myriad
benets, this material stands as an environmentally viable
choice for continuous monitoring and elimination of specic
antibiotics such as nitrofurans.
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