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Abstract: The synthesis of carbon quantum dots (CQDs) from agricultural waste is a promising
approach for waste valorization. In the present work, CQDs were synthesized using sugarcane
bagasse as a carbon precursor. The nanocomposite of CQDs with trimetallic strontium-titanium ferrite
was synthesized with an ultrasonication approach. The structural, magnetic and optical features of
the synthesized nanocomposite and pristine NPs were studied using different analytical techniques.
The TEM micrograph of the nanocomposite reveals the distribution of CQDs (8-10 nm) along with the
agglomerated ferrite NPs. To validate the results, the photocatalytic efficiency of the nanocomposite,
NPs and CQDs was comparatively studied for the photodegradation of nitroaromatic pollutants viz.
p-nitrophenol, martius yellow and pendimethalin under visible-light irradiation. A nanocomposite
having a 2:1 w:w ratio of CQDs and Sr( 4Tig ¢FepO4 ¢ displays an excellent photocatalytic performance,
with the degradation efficiency ranging from 91.2 to 97.4%, as compared with 65.0-88.3% for pristine
NPs and CQDs. These results were supported by band gap and photoluminescence analyses. The
promising photocatalytic potential of the nanocomposite over the pristine CQDs and ferrite NPs could
be ascribed to the increased specific-surface area (101.3 m?/g), lowering in band gap coupled with
fluorescence-quenching which facilitated the transfer of photoinduced charge carriers. The impact
of parameters affecting the photocatalytic process viz. pH, catalyst dose and contact time was also
investigated. On the basis of quenching and gas chromatography-mass spectrometry (GC-MS) studies,
plausible degradation pathways were proposed. The results highlight the broad potential of designing
substituted ferrite-CQDs-based nanocomposites as reusable and visible-light-driven photocatalysts.

Keywords: CQDs: St 4Tig sFeyO4 6; visible-light-driven photocatalysis; heterojunction nanocompos-
ite; nitroaromatic pollutants; degradation

1. Introduction

The conversion of waste materials into valuable products is an important domain of
research for future sustainability. Recent years have witnessed an exponential growth in
the synthesis of nanomaterials using agricultural solid wastes as natural precursors [1-3].
They are rich sources of carbon, and various reports have been published on the synthesis
and characterization of carbon quantum dots (CQDs) via the carbonization of lemon, coir,
orange peel, foxtail millet, sugarcane bagasse, pineapple, banana leaf, etc. [4-9]. CQDs
are a new class of “zero-dimensional” nanomaterial, possessing sp3-bonded carbon atoms
with oxygeneous moieties viz. hydroxyl, epoxy, carbonyl and carboxylic groups [6,7].
Quantum dots are nanometric particles, having diameters less than 10 nm and being
capable of absorbing and emitting light at specific wavelengths because of their amorphous
carbon frameworks and graphitic cores [10,11]. They exhibit unique physicochemical
characteristics viz. photostability, biocompatibility, chemical inertness, high specific surface
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areas and excellent optical properties [12,13]. The use of sugarcane bagasse as a carbon
source is a novel strategy for the synthesis of CQDs from both sustainable and economic
aspects due to its large abundance, biodegradability and low cost [8,9]. It is an important
step towards waste valorization, since the dumping of sugarcane bagasse causes a huge
obstacle for producing millions of tons of sugarcane molasses every year. Pandiyan et al. [8]
and Thambiraj et al. [9] synthesized highly fluorescent CQDs using sugarcane bagasse
waste as the precursor material.

CQDs have drawn exquisite interest as photocatalysts because of their strong blue pho-
toluminescence and optical absorption in UV and near-visible regions [12-20]. Hu et al. [17]
reported the fabrication of CQDs by heating various carbon sources. It was observed
that carbonyl functional moieties on the surface can induce high upward band bending,
which helped in reducing the recombination of charge carriers. Li et al. [18] synthesized
CQDs (1-4 nm) using an electrochemical approach, for photocatalytic oxidation of benzyl
alcohol to benzaldehyde under near-infrared light exposure. However, the regeneration
of CQDs from an aqueous medium after the photocatalytic reaction demands a great
deal of energy (solid/liquid separations using membrane filtration or centrifugation) [21].
Nanocomposites with metal oxide NPs afford easy magnetic separation [22-24].

Ferrites are mixed metal oxides having iron oxide as their major component. Doped
ferrite NPs have the additional advantages of higher surface areas and enhanced photocat-
alytic activities [25-28]. Few reports are available on the synthesis of the nanocomposites
of CQDs with CoFe;Oy, ZnFe;O4 and CoggNig1FepO4 NPs for photocatalytic applica-
tions [29-31]. The use of CoFe;O4-CQDs nanocomposites have been reported for the
enhanced photodegradation of azo dyes as compared with pristine CQDs and CoFe;O4
NPs [29]. Elkodous et al. [30] synthesized the Cop9Nig 1FepO4/5i0; /TiO2-CQDs nanocom-
posite, which presented the 80% degradation of chloramine T in 90 min under ultraviolent
irradiation. ZnFe;O4-CQDs (15 vol%) nanocomposites have been reported with excellent
photoactivity for NO removal [31]. However, the synergistic effect of the doping of ferrite
NPs and making of their nanocomposite with CQDs has not been reported till now. It can
be an effective strategy in improving the photocatalytic potential of CQD’s-ferrite-based
nanocomposites. In the present work, the nanocomposite of titanium-substituted strontium
ferrite NPs with CQDs was synthesized and studied for the enhancing of the photocatalytic
potential. Photocatalysts with vacancies display extended optical absorption and facilitate
charge separation, which results in improved photocatalytic activity [32]. Strontium ferrite
NPs have the potential for the occurrence of oxygen vacancies due to the large size of
Sr2* ions [33-35]. The substitution of tetravalent titanium (Ti**) ions in strontium ferrite
NPs resulted in a non-stoichiometric metal/oxygen ratio and caused the generation of
greater vacancies and oxygen hyper stoichiometry, thus favoring the improvement in
photocatalytic activity.

The photocatalytic ability of the synthesized nanocomposite was compared with the
pristine CQDs and titanium-substituted strontium ferrite NPs for the photodegradation of
three nitroaromatic model pollutants, namely p-nitrophenol, pendimethalin and martius
yellow, which are persistent bioaccumulative toxins. The different experimental conditions
(solution pH, 1.0-9.0; contact time, 2-720 min and catalyst dose, 0.1-1.0 g/L) were opti-
mized. The Langmuir-Hinshelwood kinetic model was employed for the evaluation of the
apparent rate constant. Quenching experiments, band gap studies and GC-MS analysis
were conducted to predict the plausible degradation mechanism. The results confirm that
the heterojunction photocatalyst system has the potential for the photocatalytic degrada-
tion of hazardous nitroaromatic pollutants. The present study affords a facile strategy for
enhancing the photocatalytic potential of CQD-ferrite-based nanocomposites.
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2. Results and Discussion
2.1. Characterization
2.1.1. Structural Analysis

The crystalline structure and phase purity of synthesized NPs and nanocomposites
were examined using powdered X-ray diffraction (p-XRD) measurements as presented in
Figure 1a, and the calculated XRD parameters are listed in Table 1. The p-XRD spectrum of
CQDs reveals a single broad diffraction peak centered at 21.0° indexed to (002) plane, having
highly disordered carbon with a low crystalline structure (JCPDS CARD No. 08-0415). The
p-XRD profile of Srg 7Tig3Fe;O4 ¢ reveals the diffraction peaks centered at 26 = 30.3°, 32.6°,
35.7°,37.3°,43.4°,57.4° and 63.0° ascribed to (220), (230), (311), (222), (400), (333) and (440)
Miller planes, respectively. All of the observed peaks matched with the standard and JCPDS
card of SrFe,O4 (No. 08-0234), with the slight shift of major peak (26 = 35.7°) as compared
with pristine SrFe,O, phase, indicating the successful incorporation of Ti** ions in the
spinel phase, with the additional peak at 26 = 32.6° corresponding to the TiFe;Os phase.
The p-XRD pattern of nanocomposite displayed the diffraction peaks of Srg7Tip3FeyO46
NPs with the absence of the CQDs peak. However, the presence of CQDs is confirmed
from the FT-IR studies. The disappearance of the CQD’s peak might be due to the high
dispersal and low crystalline nature of CQDs, and is consistent to the results reported by
Huang et al. [36] for the CQDs-MnFe,O4 nanocomposite.
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Figure 1. (a) XRD patterns and (b) FT-IR spectra of (I) CQDs, (II) Srg4Tig¢FexOs6 NPs and (III)
CQDs— Srq 4Tip gFepO4 ¢ nanocomposite.



Catalysts 2022, 12, 1126

4 of 24

Table 1. XRD parameters of Srg 4Tip gFeyOy4 6, CQDs and CQDs—Srg 4Tig sFe; Oy 6.

. Lattice Constant Experimental Density Average Particle XRD Density
Nanomaterial o . 3 . . 3
(A°) (Pexp in g/cm?) Size (nm) (pxrD in g/cm?)
Srg4TigeFeyOs6 9.05 £ 0.03 243 +£0.2 23.86 £ 1.8 428 +03
CQDs 8.04 £ 0.02 327 £0.3 - -
CQDs— Sr4Tig ¢FeyO46 8.26 + 0.04 3.06 £0.3 2126 £ 1.4 -

The FT-IR spectrum of the CQDs demonstrated that the prominent peaks at 3320 cm !,
2890 ecm 1, 1690 em ™1, 1450 em 1, 1190 ecm ! and 1090 cm ! correspond to the O-H, C-H,
C=0, C=C, C-O (ether) and C-OH bands present on the surface of CQDs synthesized from
sugarcane bagasse (Figure 1b (I)). The FI-IR spectrum of Sr( 4Tip ¢FepO46 NPs depicted the
broad band at 3411 cm~! (O-H stretching vibrations) and absorption bands correspond-
ing to Fe** —0?~ Ti** —0?~ and Sr?*—O?~ stretching vibrations at 874 cm~!, 586 cm !
and 427 cm™! (Figure 1b (II)). The FI-IR spectrum of the nanocomposite contained all
of the diffraction bands corresponding to CQDs, but they were located at higher wave
numbers, indicating the change in the coordination environment of functional moieties
in the nanocomposite. The shift of the band from 1690 cm~! to 1698 cm~! corresponding
to C=0 vibration shows the conversion of carboxylic groups to carboxylate group in the
nanocomposite, and thus signifies the successful combination of CQDs and Srg 4Tig ¢FexO46
NPs. This shift is well in agreement with the results reported by Nagashabandi et al. [37]
for the nanocomposites of CoFe,O4 and NiFe,O4 NPs with GQDs.

X-ray photoelectron spectroscopy (XPS) analysis was performed to analyze the surface
elements and the binding states of the synthesized photocatalysts. The full range XPS
survey spectra of CQDs, Srg 4Tip ¢Fe;O4 ¢ and the nanocomposite depicted the characteristic
peaks of the elements present, as shown in Figure 2a. High-resolution spectra of O‘1s’
peaks in CQDs were observed at 530.35 eV and 533.56 eV, assigned to hydroxyl (OH) and
carboxylic oxygen groups (COOH) (Figure 2b) [38]. However, in the nanocomposite, the
deconvolution of the O’1s” peak shows three distinct peaks at 529.65 eV, 530.45 eV and
531.85 eV which corresponded to metal-oxygen bonding (Sr-O/ Ti-O/ Fe-O), OH and
COOH groups (Figure 2b). The deconvolution of C‘1s’” peaks in CQDs demonstrates that
the four distinct peaks at 283.05 eV, 283.85 eV, 284.05 eV and 285.35 eV are attributed to the
C=C/C-C, C-O, C-OH, and O=C-O, respectively (Figure 2c). High resolution XPS spectra
of Ti"2p’ (Figure 2e) at binding energies of 464.5 eV and 458.8 eV (Srg4Tig ¢FexO4¢); 465.7 eV
and 459.9 eV (Srg 4Tig sFe204,6-CQDs) has shown the characteristic peaks of Ti”2p; /,» and
Ti‘2p3,2’, respectively, attributed to Ti** ions. The deconvoluted Sr'3d’ peaks at 133.2 eV
and 133.6 eV were observed in Sry4TipgFeyO46 and Srg 4Tig ¢FeyO44-CQDs (Figure 2f),
respectively. The satellite peaks centered at 711.7 eV and 725.9 eV (51 4Tip ¢Fe2O46) and
711.1 eV and 724.7 eV (nanocomposite) authenticate the presence of Fe>* ions assigned
to Fe"2p; - and Fe’2py ;" (Figure 2g), respectively. The red shift in the C “1s” and Fe 2p’
peaks might be due to binding between Srg 4Tip sFe2O46 NPs and CQDs as a result of
7t-1t interactions.
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Figure 2. (a) XPS survey spectra, XPS high-resolution spectra of (b) O'1s’, (c) C’1s’, (d) Ti"2p’, (e) Sr'3d”
and (f) Fe2p’ of (I) CQDs, (II) Srg 4 Tip sFe;O4 ¢ NPs and (III) CQDs—Srg 4 Tig ¢ Fe;O4 ¢ nanocomposite.

2.1.2. Morphology, Surface Area and Magnetic Studies

The particle morphology, topography and surface composition of synthesized nano-
materials was examined by employing TEM and SEM-EDX analysis. The TEM micrograph
of the CQDs depicted spherical-shaped NPs (Figure 3a) with an average diameter of ap-
proximately 8-10 nm. The chain and cluster-like morphology of CQDs might be due to the
weak Vander Waal'’s forces and hydrogen bonding between the different particles due to
the presence of abundant oxy-functional groups. Srg 4Tig ¢FexO4¢ NPs (Figure 3b) exhibited
a granular structure with most of the particles aggregated together and held in a broad
particle size distribution ranging from 30-35 nm, which was assigned to the excellent
magnetic properties and Vander Waal’s forces. The less agglomerated Srg 4Tig sFe;O4 6 NPs
were noticeable in CQDs-5Sr 4Tip sFepO4 ¢ nanocomposite, indicating the effective preven-
tion of aggregation in the presence of CQDs (Figure 3c). Furthermore, the distribution
of small-sized CQDs along with the Srg 4Tip sFezO46 NPs can be clearly depicted in the
TEM micrograph. Comparable results were observed by Li et al. [39] while fabricating the
CQD-doped magnetic nanofibers for the adsorptive removal of Hg (II) ions.
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Figure 3. TEM and SEM-EDS images along with table of elemental composition in the inset of EDS
pattern (a,d) CQDs, (b,e) Srg 4Tig ¢FerO46 and (c,f) CQDs-Sr 4Tig Fe,O4 ¢ nanocomposite.

The SEM micrograph of CQDs clearly depicted the segregated smaller NPs and the
EDS spectrum contained the peaks corresponding to C (80.96%) and O (19.04%) elements,
revealing the presence of abundant oxy-functionalities on the surface (Figure 3d). The
absence of any other peak signified the purity of the CQDs. The crystallized agglomerated
grains of Sr 4Tig ¢FepO4 ¢ NPs (Figure 3e) were clearly displayed from the SEM micrograph.
The SEM image of the nanocomposite demonstrated the agglomerates of Srg 4Tig sFerO46
NPs with isolated CQDs and EDS mapping authenticated the presence of C, O, Sr, Ti and
Fe on the surface. These results are the strong evidences for the combination of CQDs and
Srg 4Tip gFepO4 6 NPs in the nanocomposite (Figure 3f).

N, adsorption—desorption isotherm measurements were conducted to examine the
surface properties of the synthesized NPs and nanocomposites. The Brunauer—-Emmett—
Teller (BET) isotherms followed the type IV, with H3-type hysteresis loop for CQDs
(Figure 4a), Srg 4Tig ¢Fe,O4 6 NPs (Figure S2a) and the nanocomposite (Figure 4b), as per the
IUPAC classification indicative of typical mesoporous nature. The Barret-Joyner-Halenda
(BJH) pore size investigation displayed unimodal pore size distribution (Figure 4a,b (in-
set)). The higher BET surface areas of the CQDs (91.27 m?g~!) as compared with pristine
Srg.4Tig gFepOy NPs (77.62 ng’l) was ascribed to their amorphous carbon structure. The
BET surface area of the nanocomposite increased to 101.27 m?g~! with the addition of
CQDs and Sr 4Tig ¢Fe;O4 6 NPs. This enhanced specific surface area signified the presence
of Srp4TipgFerO46 NPs and CQDs producing a synergistic effect to improve the surface
texture, thus facilitating the improvement in photocatalytic efficiency. The range of pore
diameters (Table 2) further confirmed the mesoporous structure, and is consistent to the
results obtained from the Ny adsorption—-desorption isotherms.
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Figure 4. BET isotherm curves and pore size distribution (inset) of (a) CQDs, (b) CQDs—
Srg 4Tip ¢FeyO4 ¢ nanocomposite, (¢) Mossbauer spectra and (d) hysteresis curves of Srg 4Tig ¢FexO46
and (d) CQDs—Srq 4Tip sFe,O4 4 nanocomposite.

Table 2. BET and VSM parameters of Srg 4Tig ¢Fe2O4 4, CQDs and CQDs—Srg 4Tig gFerO4 6.

. Surface Area  Pore Volume .Pore Saturzftlo? Retentivity Coercivity
Nanomaterial (m2/e) (em®/) Diameter Magnetization Mr (emug-1) H. (O.)
& & (nm) M; (emug—1) 8 ¢
Sr0A4Ti0.6F6204.6 77.62 0.071 3.629 9.352 0.5963 72.59
CQDs 91.27 0.074 3.362 - - -
CQDs— Srg 4Tig gFexO4 6 101.27 0.089 3.194 4.25 0.5198 35.74

The Mossbauer spectrum of the Srg 4Tip gFe;O4 ¢ NPs displaying the two sextets with
the different isomer shift (IS; = 0.4, IS, = 0.3 mm/s) indicated the presence of iron ions in
an Fe3* state (Figure 4c and Table 3). The appearance of a quadruple doublet with an IS and
QS of 0.3 and 0.6 mm /s corresponded to superparamagnetic fraction of Srp 4Tig sFepO4 ¢
NPs with the incorporation of Ti** ions in the lattice. The Méssbauer spectrum is largely
dependent on the size distribution of NPs [40]. As a result of different particle size distribu-
tions, the Mossbauer spectrum of nanocomposites is fitted with two sub-spectra, a doublet
(IS/QS =0.3/0.7 mm/s) and a broad sextet (IS/QS = 0.8/-0.0 mm/s) corresponding to the
fast- and slow-relaxing magnetic moments (Figure 4c and Table 3). The relaxation rate of
the magnetization vector for the small NPs becomes faster than the Larmor frequency of
nuclear spin precession, and the outcome of such a phenomenon is a zero mean value of
magnetic hyperfine interactions responsible for the quadruple doublet. On the contrary,
the Larmor precession frequency for larger NPs is of same order as that of the relaxation
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time, due to which a broad sextet appeared in the spectrum. The disappearance of the
second sextet might be assigned to the weakening of super-exchange interactions due to
the existence of CQDs in the sample.

Table 3. Mossbauer parameters of Srg 4Tip Fe;Oy4.6, CQDs and CQDs—Srg 4 Tip ¢FexOy.

Isomer Shift Q. Splitting Magnetic Field

2 0,
Nanomaterial (5, mm/s) (A, mm/s) (B, T) Area (%)
0.4 + 0.01 (S) 0.1+ 0.02 51.0 4+ 0.17 16.20
Sro4Tig sFesOu 6 0.3 + 0.01 (S) 0.1 + 0.02 493 +0.17 41.60
0.3 + 0.00 (D) 0.6 + 0.00 - 4220
. 0.8 +041(S 0.0 +0.49 59.5 4 4.07 70.2
CQDs— Sro4TiosFe204 0.3 + 0.03 ((D)) 0.7 + 0.03 - 298

The magnetic properties were characterized using VSM analysis with the applied field
varying from —15 kOe to + 15 kO,, and the evaluated magnetic parameters are listed in
Table 2. The Srg 4Tig ¢Fe;O46 NPs and the nanocomposite depicted the s-shaped narrow
hysteresis loop illustrate the ferrimagnetic behavior (Figure 4d). The Mg value of the
nanocomposite (4.25 emu/g) was lower than pristine Srg 4Tig ¢Fe;O46 NPs (9.35 emu/g),
which could be assigned to the incorporation of non-magnetic CQDs which consequently re-
duced the magnetic permeability and quenched the magnetic moment. The high coercivity
value of pristine Sry 4Tig ¢FepO4 ¢ NPs might be due to the larger crystalline size resulting in
higher magnetocrystalline anisotropy energy. The difference observed in H. was attributed
to the introduction of non-magnetic CQDs thus restricting the surface moments without
affecting the magnetic properties of Sry 4Tig ¢Fe;O4 6 NPs.

2.2. Optical Studies

The optical properties of CQDs, Sr( 4Tip ¢FezO4 6 NPs and their nanocomposites were
studied by evaluating the band gap values from the Tauc’s plot, as illustrated in Figure 5a
using the following equation:

ohv =A (hv — Eg)2

where &, A, hv and Eg are the absorption constant, proportionality constant, photon energy
and the band gap energy, respectively. The extrapolation of the linear part of the curve
between the (achv)? vs. hv curves provides the band gap energies. As depicted in Figure 5a,
the Eg values of the CQDs-Srq 4Tig sFe204.6 nanocomposite decreased down to a 2:1 w:w
ratio due to the presence of photon-harvesting CQDs. The increase in the Eg values on
further increasing the CQDs content might be ascribed to the shielding of Srp 4Tig ¢FezO46
NPs from absorbing visible light. The optical absorption in the nanocomposites exhibited
an excellent light response in the visible light range. The blue shift of the Eg values with
respect to pristine Sr( 4Tig Fe2O4 6 NPs corresponded to the quantum confinement effect
of the CQDs in the nanocomposites. The CQDs in the nanocomposites decreased the
particle size by reducing the aggregation of Srg 4Tip sFe204 6 NPs and caused the widening
of the bandgap. The similar blue shift of band gap energies was consistent to the results
reported by Kabel et al. [41] for molybdenum disulfide quantum dots due to the quantum
confinement effect. However, the band gap of nanocomposites has remarkably reduced as
compared with pristine CQDs, which might be due to creation of hybridized energy levels
at the interface between the Sr( 4Tig ¢Fe;O4¢ NPs and CQDs leading to more promising
potential for the transport of photogenerated-charge carriers. The study of the radiative
recombination transitions occurring within the synthesized photocatalysts is important.
Hence, the fluorescence spectroscopy analysis was carried out at room temperature and is
presented in Figure 5b.
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Figure 5. (a) Tauc plot and (b) photoluminescence spectra of (I) Srg4TipgFe;Os, (II) CQDs, (III)
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posites, (c) Zeta potential curve, (d) effect of catalyst dose (experimental conditions: pH, 3.0; irradia-
tion time, 2 h and concentration 2.0 mg/L (p-nitrophenol and pendimethalin and 0.2 mg/L (martius
yellow))).

The radiative fluorescence spectral analysis was examined by recording the photo-
luminescence (PL) emission spectra in the wavelength range of 200-700 nm. The narrow
PL emission area with the emission band centered at 410 nm validates the narrow size
distribution of CQDs because of similar quantum effects [42] and emission traps on the sur-
face, which matches well with the results of TEM. This band might be due to the presence
of radiative, structural and surface defects assigned to n — 7t* transitions of CQDs [43]
and d-d transitions in Fe3* ions [44] for CQDs and Srp.4Tig ¢Fe»O4 ¢ NPs, respectively. The
decreased luminous intensity of CQDs—Srg 4Tip ¢Fe;O4 ¢ nanocomposites and increased
broadening of the band in the nanocomposite with increasing CQDs content might be at-
tributed to the quantum confinement effect with the introduction of small-sized CQDs. This
phenomenon is consistent to the fluorescence of ZnO using quantum size effects [45]. In the
present study, the PL emissions decrease in the following order: CQDs—Sr( 4Tig Fe2O4 6
> CQDs >Sr4TigcFerO46. The transference of electrons from the conduction band of
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Srp 4Tip sFey046 to the CQDs was energetically favorable, thus resulting in efficient charge
separation and prohibiting the electron-hole pair recombination. The diminished peak
intensities correlate well with the band gap studies. The quenching of the PL intensity
confirms the inhibition of the charge carriers’ recombination, and supports the higher
photocatalytic activity of the nanocomposite as compared with CQDs and Sry 4Tig ¢Fe2O46
NPs. The quantum yield of the synthesized CQDs obtained from the carbonization of
sugarcane bagasse was determined to be 78.4%, which is higher than previously reported
CQDs [8,9]. The comparison of the quantum yield values using agricultural waste products
is presented in Table S1. The enhanced quantum efficiency is based on the crystal size
distribution of the CQDs.

2.3. Photodegradation Studies

The photodegradation (%) of p-nitrophenol, pendimethalin and martius yellow at
different pH values (1.0-9.0) using CQDs, Sr( 4Tip sFe2O46, NPs and their nanocomposites
CQDs—5rg 4Tip gFepO4 ¢ with different w/w ratio (0.2 g/L dose) was conducted according
to Figures S2a and S3. The comparative evaluation of the photodegradation studies of
undoped and titanium-doped strontium ferrite NPs is illustrated in Figure S1d—f and
discussed in Supplementary Materials Text S1. The CQDs-Sr( 4Tip gFepO4 ¢ with a 2:1 w/w
ratio exhibited the highest (%) photodegradation efficiency of 94.0%, 97.3% and 91.2%
for p-nitrophenol, pendimethalin and martius yellow under visible light irradiation, and
hence was used for conducting the further studies. The pH solution plays a vital role in
photodegradation, as it can influence the adsorption-desorption equilibrium and surface
charge on the photocatalyst and ionization of organic pollutants. The pH solution also
has impact on the generation of reactive oxygen species. The excellent photodegradation
performance at an optimized pH of 3.0 was attributed to the generation of more reactive
oxygen species. H ions in an aqueous phase react with superoxide (O, ~ ) radicals and
become converted to more reactive organic peroxyl radicals. These highly reactive «OOH
radicals would undergo decomposition via hydrolysis and radical-radical reactions, causing
the high concentration of reactive oxygen species, viz. ¢OOH, O, e and ¢OH radicals in
the reaction solution, which are responsible for the efficient photodegradation potential.
Moreover, the acidic conditions favor the approach of nitroaromatic compounds on the
photocatalyst’s surface due to electrostatic attractions between the positively charged
photocatalyst surface and the free electrons of the oxygen/nitrogen functional moieties of
nitroaromatic compounds [46-48]. A control experiment was performed to rule out the
case of self-degradation of the nitroaromatic pollutants due to photolysis, where a trivial
change was accompanied under UV and visible light irradiation (Figures 6a and S2a—f).
The synthesized photocatalysts demonstrated the higher photocatalytic efficiency at an
acidic pH with the irradiation of visible light (Figures 6a and S2b,c) as compared with
ultraviolet light (Figure S2e,f).

The higher photocatalytic efficiency of the CQDs—S5r( 4Tig ¢Fe2O46 (2:1 w/w ratio)
nanocomposite with the increased CQDs content might be ascribed to the introduction of
CQDs which are effective photon-harvesting agents and show strong optical absorption
due to 7-7* and n-7* transitions of C=C and C=0 bonds, respectively [49]. A further
increment of CQDs content resulted in a decline in photocatalytic activity. Increasing the
amount of CQDs improved the charge separation, but too high a content of CQDs can
shield the Srg 4Tig ¢Fe;O4¢ NPs from absorbing visible light. As a result of the reduced
light harvesting, the generation of electron-hole pairs decreases, resulting in decreased
photocatalytic activity. The observed results are supported by the lowering of the band gap
and decrease in photoluminescent intensity. The improved photocatalytic performance of
the nanocomposite could also be attributed to the increase in the heterogeneous surface
area of 101.3 m?/ g as compared with pristine CQDs (91.2 m?2/ g) and Sr4TipgFerO46
(77.6 m?/g) NPs. The high positive &- potential value of +35.4 mV at the optimized pH
for the nanocomposite further supports the higher photocatalytic efficiency of anionic
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nitroaromatic pollutants (Figure 5d). Thus, the CQDs-5Srg 4Tip sFe2O4 ¢ with a 2:1 w/w ratio
are best photocatalyst at the optimum pH 3.0 for the studied nitroaromatic compounds.
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Figure 6. (a) Photocatalytic degradation of pendimethalin under (a) visible light irradiation in the pres-
ence of (I) without photocatalyst, (II) Srg 4Tig ¢FeyO4 6, (III) CQDs and (IV) CQDs—Srg 4Tip 6Fe2O46
nanocomposite (2.0: 1.0 w/w ratio) (Experimental conditions: catalyst dose, 0.2 g/L; irradiation time,

2 h and concentration 2.0 mg/L (p—nitrophenol and pendimethalin and 0.2 mg/L (martius yellow)));

Temporal graph for the photocatalytic degradation of (b) p—nitrophenol, (c) pendimethalin and (d)

martius yellow pendimethalin, (e) effect of contact time and (f) corresponding kinetic plots on pho-

todegradation of nitroaromatics using CQDs—Sr 4Tip gFepO4 ¢ nanocomposite (2.0: 1.0 w/w ratio).
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Supplementary Text S2 explains the effect of the photocatalyst dosage in detail. The
photodegradation efficiency of nitroaromatic pollutants increased as the photocatalyst
dose was increased from 0.02 to 0.2 g/L, owing to the availability of a large surface
area and a greater number of active photocatalytic sites (Figure 5d). However, as the
catalyst dose increased beyond 0.2 g/L, the photocatalytic rate reduced due to increasing
aggregation, i.e., particle-particle interaction increased while the surface area available for
light absorption decreased.

2.3.1. Influence of Contact Time

The photocatalytic activity of the nanocomposite was examined against three nitroaro-
matic compounds under visible light irradiation. The characteristic peaks of p-nitrophenol
(398 nm), pendimethalin (465 nm) and martius yellow (445 nm) were followed up on
to assess the degradation-performance of the composite. The decreased heights of the
absorption peaks in temporal UV-visible spectra suggested the successful degradation with
increasing irradiation time (Figure 6b—d). As the reaction progressed, the yellow-colored
solutions of nitroaromatic compounds turned colorless. This evidenced the change in their
molecular configurations due to the removal of the nitro group from the chromophoric
ring. In p-nitrophenol, the appearance of a new absorption peak at 290 nm supported its
photodegradation due to the formation of hydroquinone, as indicated in the proposed
degradation pathways illustrated in Scheme 1. The kinetic studies followed the Langmuir—
Hinshelwood model, as indicated from their linear relationship (>98%). The determina-
tion of the apparent rate constant (k) was carried out for the quantitative measurement
(Figure 6f). The results demonstrate the highest value of ‘K’ for pendimethalin
(2.72 x 1072 1min 1), followed by p-nitrophenol (2.07 x 10~2 1/min) and martius yellow
(1.37 x 102 1/min), respectively. The minimum value of ‘k’ for martius yellow might
be ascribed to its more stabilized structure as a result of resonance stabilization in two
aromatic rings. Among p-nitrophenol and pendimethalin, the slower degradation of the
former could be attributed to the resonance stabilization of the p-nitrophenolate ion.

2.3.2. Identification of Reactive Oxygen Species and Photocatalysis Mechanism

In order to examine the reactive oxygen species that cause the degradation of nitroaro-
matic contaminants, a free radical trapping experiment was performed under the optimized
experimental conditions. In this respect, kinetic studies in the presence of different scav-
engers, such as ascorbic acid, sodium azide, EDTA and methanol, were conducted to
scavenge the superoxide radicals, singlet oxygen, holes and hydroxyl radicals, respectively.
The experimental results of the trapping species, as shown in Figure 7a—c, indicate that
superoxide radical anions and singlet oxygen species were the primary species involved in
the photodegradation process of nitroaromatic pollutants. The photodegradation process
was kinetically inhibited in the following order:

superoxide radical anions > singlet oxygen species > holes > hydroxyl radicals.
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Figure 7. Kinetic studies of the inhibition of degradation of (a) p—nitrophenol, (b) pendimethalin

and (c) martius yellow (experimental conditions: pH, 3.0; catalyst dose, 0.2 g/L and concentration
2.0 mg/L (p—nitrophenol and pendimethalin) and 0.2 mg/L (martius yellow)), (d) Desorption studies
of p-nitrophenol, pendimethalin and martius yellow (experimental conditions: pH, 3.0; temperature,
25.0 & 1 °C; irradiation time, 2.0 h; catalyst dose, 0.2 g/L) and (e) plausible photodegradation
mechanism for the photodegradation of nitroaromatic pollutants.

The heterojunction formed between CQDs and Srg 4Tip ¢Fe;O4 ¢ NPs is likely a type of
Schottky junction system. Figure 7e reveals this when the CQDs-5r( 4Tig ¢Fe»O4 ¢ nanocom-
posite is in the presence of visible-light-generating e ~h* pairs in a conduction band (CB)
and valance band (VB) of Srg 4Tip ¢Fe;O4 ¢ NPs. To understand the mechanism involved for
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the separation of electrons and holes, the potential of Srg 4Tig sFeyO4 ¢ associated with VB
and CB was determined using the equations [50]:

Ecp = X — B¢ — 0.5 Eg

EVB = ECB + Eg

where X = the electronegativity of semiconductor, Ecg and Eyp represent the edge potential
of CB and VB, respectively, E¢s = the energy of the free electrons (4.5 eV) and Eg = the
band gap energy of the semiconductor. The electronegativity value for Sr 4Tip ¢FepO4 ¢ was
observed to be 5.23 eV. The determined edge potentials of the VB and CB for Sr( 4Tig 6FepO4 6
are given in Figure 7e. The photoinduced electron movement from the VB of Srg 4 Tip sFe2O4 6
to its CB is captured by the CQDs which facilitated the e-hole pair separation. Additionally,
semiconductors (CQDs and Sry 4Tig ¢FezO4 ¢ NPs) have different Fermi levels, which might
result into a Schottky barrier at the interface. This barrier may effectively prevent electrons
or holes from transferring back to the Srg4Tip¢Fe;O46 from CQDs, therefore creating a
unidirectional flow channel from the Sr 4Tip sFeO4 ¢ to the CQDs. O, reduces to generate a
superoxide radical anion (O, ~ e) as photoinduced electrons migrate from the valance band
to the conduction band. These O, e, upon reacting with H* ions, formed peroxyl radicals
(#OOH). The hole in the valence band produced hydroxyl radicals (*OH) by oxidizing
hydroxyl ions or water molecules. When holes and O, e anions react, O,! species may
result. The highly reactive ¢OOH radicals decomposed to generate the «OH and O, e
radicals. As a result, these photo-active species could attack the molecules of nitroaromatic
pollutants and degrade them into degradation products, i.e., CO, and H,O.

Srp4TigcFexOss + hv — Sro4TigsFe2Ou6 (€ cp+h'yp) 1)

Srg4TigsFe2Ous (e cp +h'yp) + CQDs — Sro4TigsFerO0y6 (W vp) +CQDs (e7) (2)

CQDs (e7 )+ Oy — O, * +CQDs 3)
Srp.4TipFer046 (h*yp) + HO — HO® 4)
Sr0.4TipcFe2Os6 (e "vp) +O2 — O ° ®)
0,” +H* — HOO® (6)

0, +hfyg — 0yl @)

HO® + HOO®* — H,O, + O, 8)
H,O; + O, * — HO®* + HO™ 9)
H,O, + e cg — HO®* +HO™ +0O,"* (10)

OH ™ /h™ /0, 4 Organic pollutants — Degraded products + CO, + H,O (11)

The enhancement in the degradation rate for the nanocomposite was mainly due to
the following combined effects:

(1) Enhanced defect levels due to the insertion of Ti** ions in the SrFe,Oy lattice aided
the trapping the e™-h+ pair; (2) CQDs in the nanocomposite acted as the electron reservoir
for trapping the electrons efficiently, thereby suppressing the recombination of charge
carriers; (3) CQDs also exhibited the unique up-conversion in photoluminescence behavior
for the absorption of visible light with a longer wavelength and the emission of shorter-
wavelength light, which consequently excited the electrons and generated the holes in
St 4Tip sFepO46 NPs; (4) the m—m interactions between the aromatic rings of nitroaromatic
compounds and the CQDs also contributed to the enhancement of the removal rate; (5) The
effective separation of photoinduced e~ -h+ pairs and their reduced recombination rate
due to electronic interactions pairs and their declined recombination rate were because of
the electronic interactions between Sr( 4Tig ¢Fe;O4 ¢ and CQDs being a crucial component
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that contributed to the enhanced photocatalytic effectiveness of the Srg 4Tig ¢FepO46-CQDs
nanocomposites; (6) a larger surface area provides more binding sites for nitroaromatic pol-
lutants adsorption, facilitating the photocatalytic process. The CQDs and Srg 4Tig ¢FezO46
NPs produced a synergistic effect to increase the surface area to 101.3 m? /g, contributing to
the increased photocatalytic efficiency. The reduction of the band gap of the nanocomposite
as compared with pristine CQDs might be due to the creation of hybridized energy levels at
the interface between the Srg 4Tip sFepO46 NPs and CQDs, which led to it being promising
for the transport of photogenerated charge carriers.

2.3.3. Photodegradation Pathways of Nitroaromatic Pollutants
Photodegradation Pathway of p—Nitrophenol

The first step in the photodegradation of p-nitrophenol, as illustrated in Scheme 1,
involved the 0- and p-attack of the hydroxyl radical and led to the formation of hydroxylated
adducts, viz. dihydroxycyclohexadienyl radical (DHCHD) (m/z = 155) and p-nitrocatechol
(m/z = 155). The —NO, group might be released from DHCHD and p-nitrocatechol
and yielded by the hydroquinone (m/z 110) and catechol (m/z 110), respectively. The
hydroxylation of catechol (m/z 110) generates the hydroxyquinol (m/z = 126). The C-C
bond with the adjacent hydroxyl groups in hydroxyquinol (m/z = 126) is destabilized due
to the electrophilic nature of hydroxyl groups, causing ring rupturing with the formation
of maleyl acetate (m/z = 158). Furthermore, the complex intermediate formed by the ring
cleavage of hydroquinone (m/z = 110) is hydroxymuoconic semialdehyde (m/z = 142),
which can then be oxidized to maleylacetate (m/z = 158). The products of the oxidative
ring opening of p-benzoquinone (m/z = 106) and the mineralization of maleylacetate
(m/z = 158) are low-molecular carboxylic acids such as 2,5-dioxo-3-hexene dioic acid
(m/z =172), maleic acid (m/z = 114), oxalic acid (m/z = 90), acrylic acid (m/z = 72), acetic
acid (m/z = 60) and formic acid (m/z = 46), and these acids can be mineralized to CO,
(m/z =44) and H,O (m/z = 18).

Photodegradation Pathway of Pendimethalin

The photodegradation of pendimethalin, as shown in Scheme 2 could be fragmented
through two pathways: (a) the hydroxylation of aromatic ring due to formation of 3,4-
dimethyl-2,6-dinitro-N-propylbenzenamine (m/z = 253) after the elimination of the ethanol
molecule. The further attack of OH radical resulted in a dehydrated adduct, with the
ion peak attributed to N'-hydroxy-4,5-dimethyl-3-nitro-N?-propylbenzene-1,2-diammine
(m/z = 237). The GC-MS spectrum displayed the molecular ion peaks indicating the
formation of 4,5-dimethyl-6-nitro-N2-propylbenzene-1,2-diammine (m/z = 221) and 5,6-
dimethyl-7-nitro-1H-benzoimidazole (m/z = 221) via the elimination of water and ethanol,
respectively. Subsequently, the fragment peak at the m/z value of 195 appeared from the
ring opening of 5,6-dimethyl-7-nitro-1H-benzoimidazole corresponding to 1-(3,4-dimethyl-
2-nitrophenyl) isourea, followed by the C-N bond cleavage of the side chain to produce
1,2-dimethyl-3-nitrobenzene (m/z = 152). (b) The C-N bond cleavage on the dealkylation of
side chain yielded the 3,4-dimethyl-2,6-dinitrobenzenamine product (m/z = 199), followed
by the reduction of one of nitro group present on the aromatic ring to generate 4,5-dimethyl-
1,3-dinitrobenzene-1,2-diamine (m/z = 181). The appearance of o-xylene (m/z = 106)
might occur either with the elimination of the nitrogen dioxide and ammonia molecules
from 4,5-dimethyl-1,3-dinitrobenzene-1,2-diamine (m/z = 181) or with the denitration
of 1,2-dimethyl-3-nitrobenzene which finally mineralizes to CO, (m/z = 44) and H,O
(m/z =18).
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Scheme 2. Plausible degradation pathway for the photodegradation of pendimethalin.

Photodegradation Pathway of Martius Yellow

The photocatalytic degradation of martius yellow (Scheme 3) initiated through the
oxidative ortho- and para-attack of the OH radical across the double bond present on
the chromophoric ring formed the hydroxylated adduct of martius yellow (m/z = 251).
The unstable nature of the hydroxylated adduct caused the elimination of the NO, group
with the generation of 4-nitronapthalen-1, 2-diol (m/z = 205) and 2-nitronapthalen-1,4-diol
(m/z = 205). The appearance of an ion peak at m/z value of 176 might be ascribed to the
formation of 2,4-dihydroxynapthalen-1-ol due to the *OH attack on 4-nitronapthalen-1,
2-diol (m/z = 205). The destabilization of the C=C bond with adjacent OH groups caused
the ring to rupture and yielded acrylic acid (m/z = 72) and benzoic acid (m/z = 122). The
catechol peak (m/z = 110) appeared, possibly due to the attack of the OH radicals on the aryl
ring of benzoic acid. The C-C bond cleavage could also occur in the 2-nitronapthalen-1,4-
diol (m/z = 205) with the denitration and decarboxylation, resulting in the appearance of
cinnamic (m/z = 148) and formic acid (m/z = 46). The further C-C cleavage of cinnamic acid
yielded the salicylic acid (m/z = 138), followed by the formation of catechol at the m/z value
of 110. The intermediate catechol (m/z = 110) was unstable under atmospheric conditions,
and subsequently decomposed to produce malic acid (m/z = 134) after decarboxylation.
The stepwise decarboxylation of malic acid (m/z = 134) and acrylic acid (m/z = 72) could
subsequently be mineralized to CO; and H,O.
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Scheme 3. Plausible degradation pathway for the photodegradation of martius yellow.

2.4. Regeneration Studies

The recycling test was conducted for the five consecutive photocatalytic runs to exam-
ine the reusability of the photocatalyst. The photocatalyst used after each photocatalytic
run was collected and washed by deionized water, and the fresh solutions of the studied
nitroaromatic pollutants were taken before the successive photocatalytic run. Figure 7c
revealed that the photocatalytic efficiency of all the three nitroaromatic compounds was
slightly reduced (6-10%), even after the fifth photocatalytic run. This ensured the good re-
producibility, reusability and regeneration of the nanocomposite, supporting their potential
for the photocatalytic degradation of nitroaromatic pollutants.
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3. Materials and Methods
3.1. Materials

All of the chemicals of AR grade were used directly. Strontium nitrate (Sr(NOs)3-6H0),
butyl titanate (CH3(CH»)30)4Ti), citric acid (C¢HgO7-HpO), ammonium hydroxide (NH4OH),
ferric nitrate (Fe(NO3)3-6H,0), absolute ethanol (C,H50H), graphite flakes, hydrochloric
acid (HCl), toluene (C;Hg) and sodium hydroxide (NaOH) were acquired from Molychem,
India. The solutions having different concentrations were prepared in deionized water. The
details of the characterization instruments are given in the Supplementary Text S3.

3.2. Fabrication of CQDs and CQDs—Sr¢ 4Tip ¢Fe;O4.6 Composite Photocatalyst

The pulp of sugarcane bagasse was diced into small pieces and placed in sunlight for
drying, followed by calcination at 300 °C to yield carbon residues. 1.0 g of the residue was
transferred to 200 mL of toluene and sonicated (frequency of 90 kHz, power of 40 W) for
60 min, followed by continuous stirring (16 h) at 25 °C for complete dispersion. The super-
natant liquid was collected after centrifugation at 12,000 rpm for 30 min at room tempera-
ture. The CQDs as a solid product were obtained by freeze-drying the supernatant liquid.
(Scheme 4). The Srp 4Tig ¢FepO4 ¢ NPs were synthesized using the sol-gel method as reported
in previous, and details are given in the Supplementary Text S4. CQDs-Sry 4Tip FerO4¢
nanocomposites were synthesized with varied ratios of CQDs and Sr 4Tip ¢Fe;O4p, i.e.,
0.5:1, 1:1, 2:1, 4:1 and 8:1. The aqueous dispersions of CQDs and Sr( 4Tip sFe2O4 6 NPs were
mixed together and sonicated at a frequency of 90 kHz and power of 40 W for 60 min to
obtain complete dispersion. The reaction mixture was magnetically stirred at room temper-
ature for 8 h. The resultant nanocomposites (CQDs-Sry 4Tig ¢Fe2O4 ) were centrifuged and
washed with deionized water, followed by ethanol and oven drying at 50 °C.

Drving in

I]ried gugari,:anc Grinded Sugarcane
bagasse bagassc

Carbonized at
300 °C

Stirring for 12 hrs Sonication Sugarcane carbon

l{_‘cntrit’ugiﬁon

Supernatant Carbon quantum
liguid dots

Scheme 4. Schematic representation for the synthesis of CQDs from sugarcane bagasse.
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3.3. Adsorption and Photocatalytic Potential Measurements

Standard stock solutions of p-nitrophenol and martius yellow were prepared in the
deionized water, whereas for pendimethalin a mixture of methanol:water was used (2:3,
v/v). All of the experiments were conducted thrice, and the mean values are reported.
The photocatalytic activity of the synthesized photocatalysts CQDs, Srg 4Tip ¢Fe;O46, NPs
and their nanocomposites CQDs-Srg 4Tig ¢FepOq6 (with 0.5:1, 1:1, 2:1, 4:1 and 8:1 w/w
ratio) were studied for the photodegradation of three nitroaromatic compounds under
visible light (light-emitting diode, 60 W power) and ultraviolet light (mercury lamp, 125 W
power) illumination. The first experiment was conducted to ascertain the best photo-
catalyst, with 0.1 g/L of the nanocatalyst dose dispersed in 100mL of the solution of
p-nitrophenol (2.0 mg/L), pendimethalin (2.0 mg/L) and martius yellow (0.2 mg/L). CQDs-
Srg 4Tip gFeO4 6 with a 2:1 w/w ratio screened out to be best photocatalyst from the prelimi-
nary studies, and was then used for the detailed analysis. The adsorption experiments were
conducted to compare the adsorption efficiency of CQDs, Srg 4Tip sFe2O46, NPs and their
nanocomposite CQDs-Sr( 4Tig ¢Fe2Oy4 6 (With 2:1 w/w ratio). The details of the adsorption
experiments are given in Supplementary Text S5. The impact of pH was evaluated by
adjusting the pH of the solution using HC1 (0.1 M) and NaOH (0.1 M). The catalyst dose
was varied from 0.01 g/L to 1.0 g/L at the optimum Ph. The suspensions were kept in
an incubator shaker at 120rpm for 30 min with the addition of H,O, (0.5 mL), before
the irradiation of light in order to maintain the adsorption-desorption equilibrium. The
necessary aliquots of the dispersion were taken out at regular intervals, centrifuged, and
the supernatant solutions were examined for changes in p-nitrophenol, pendimethalin and
martius yellow concentrations at an Amax of 398 nm, 465 nm and 445 nm, respectively. The
percentage degradation of nitroaromatic pollutants was estimated using Equation (12),
and the kinetic studies were conducted according to the Langmuir-Hinshelwood kinetics
(Equation (13)).

Gi—Ct
Ci

In(C¢/C) = kt (13)

Degradation (%) =

x 100 (12)

where C and C; refer to the concentrations of nitroaromatic contaminant after the establish-
ment of the adsorption—desorption equilibrium and the concentration left after a fixed time
period of illumination.

The effects of quenching agents on the photodegradation of p-nitrophenol, pendimethalin
and martius yellow were also studied. A total of 1.0 mL of 10.0 mM disodium ethylene
diamine tetraacetate (h* scavenger), methanol (¢OH scavenger), ascorbic acid (O, e scav-
enger) and sodium azide (O,! scavenger) were added separately to flasks containing
p-nitrophenol, pendimethalin and martius yellow. Solutions without additional quenching
agents were used as controls. After being exposed to visible light for 120 min to facilitate
photocatalysis, these solutions were examined using a UV-visible spectrophotometer.

The reusability of the synthesized photocatalysts was evaluated by conducting the five
successive cycles of the photodegradation. A total of 0.1 g of the photocatalyst was added
to 10 Ml solution of p-nitrophenol (2.0 mg/L), pendimethalin (2.0 mg/L) and martius
yellow (0.2 mg/L), respectively. After 2 h of shaking at 130 rpm to achieve adsorption—
desorption equilibrium, the solutions were exposed to visible light irradiation. The samples
were centrifuged after two hours, and the centrifugates were examined for any remaining
nitroaromatic contamination concentrations. The photocatalyst was repeatedly washed
with deionized water after each cycle. The photocatalysts were then centrifuged and oven
dried at 65 °C for the next cycle of photocatalysis.
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3.4. Quantum Yield Measurement

The quantum yield (QY) of the synthesized CQDs was measured [8] using the follow-
ing Equation (14): ,
4 LAstdNx
" LaAxngig?

where ‘@’ refers to fluorescence QY, m’ stands for the refractive index of the solvent,
‘A’ defines the absorption at the excited wavelength and ‘I’ represents the integrated
fluorescence emission intensity under the fluorescence spectrum at 330 nm excitation and
410 nm emission wavelength. Quinine sulfate dissolved in 0.1 M H,SOy4 (0.1 M) was
employed as a standard reference, having a QY of 0.54. The solution was taken into a
quartz cuvette (1 mm) to measure the UV-Vis and fluorescence spectra.

o, = P (14)

4. Conclusions

The present work reports the facile synthesis of magnetic nanocomposites of CQDs
derived from sugarcane bagasse with Srp4TipsFe;O46 NPs by a facile ultrasonication
method. This approach successfully yielded CQDs with a high quantum yield and good
fluorescence features. The enhanced photocatalytic behavior was ascribed to the synergistic
effect between the photon-harvesting CQDs and magnetic Srg4Tig¢FexO46 NPs. The
charge transfer was favored at the interface of the CQDs and Sry 4Tip ¢Fe2O4 6 NPs, which
inhibited the recombination of the photoexcited electron-hole pairs. Quenching studies
confirmed that the superoxide radicals and singlet oxygen triggered the degradation
of nitroaromatic pollutants efficiently. The nanocomposite demonstrated the promising
photocatalytic efficiency with 95.1, 97.5 and 92.0% for p-nitrophenol, pendimethalin and
martius yellow, respectively, in visible light illumination, compared with pristine NPs. The
synthesized nanocomposite can act as a promising candidate for the photodegradation of
organic pollutants.

Supplementary Materials: The supporting information can be downloaded at: https:/ /www.mdpi.
com/article/10.3390/catal12101126/s1, Figure S1: Photocatalytic degradation of (a) p-nitrophenol,
(b) pendimethalin and (c) martius yellow under visible light irradiation using SrFe,Oy, TiFe,Os,
Srg.7Tig3FepOy 3 and Srg 4Tig ¢Fep Oy ¢ NPs Experimental conditions: catalyst dose, 0.2 g/L; irradiation
time, 2 h and concentration 2.0 mg/L (p-nitrophenol and pendimethalin) and 0.2 mg/L (martius
yellow); Figure S2: (a) Photocatalytic degradation of p-nitrophenol, pendimethalin and martius
yellow using (I) CQDs, (I) Srg 4Tig ¢FexO4 6, (III) CQDs-Srg 4 Tig FexO4 ¢ nanocomposite (0.5: 1.0 w/w
ratio), (IV) CQDs-Sr 4 Tip ¢Fe,O4 ¢ nanocomposite (1.0: 1.0 w/w ratio), (V) CQDs-Sr( 4Tig ¢FerO4 6
nanocomposite (1.0: 2.0 w/w ratio), (VI) CQDs-Sr 4Tip ¢ Fe,O4 ¢ nanocomposite (4.0: 1.0 w/w ratio),
(VII) CQDs-Srg 4 Tig ¢ FexO4 ¢ nanocomposite (8.0: 1.0 w/w ratio); Photocatalytic degradation of (b)
p-nitrophenol, (c) martius yellow under visible light irradiation, (d) pendimethalin, (e) p-nitrophenol
and (f) martius yellow under ultraviolet irradiation (I) without photocatalyst, (II) Srg 4 Tig Fe; Oy 6, (III)
CQDs, (IV) CQDs-5rg 4Tig Fe; O ¢ nanocomposite (2.0: 1.0 w/w ratio) Experimental conditions: cata-
lyst dose, 0.2 g/L; irradiation time, 2 h and concentration 2.0 mg/L (p-nitrophenol and pendimethalin)
and 0.2 mg/L (martius yellow); Figure S3: Removal efficiency of (a) p-nitrophenol, (b) pendimethalin
and (c) martius yellow using CQDs, Srg 4Tig ¢FerO4 ¢ and CQDs-Srg 4Tip gFe;O4 ¢ nanocomposite (2.0:
1.0 w/w ratio), Experimental conditions: adsorbent dose, 0.1 g/L; contact time, 2 h and concentration
2.0 mg/L (p-nitrophenol and pendimethalin) and 0.2 mg/L (martius yellow). Table S1: Comparison
of the quantum yield values using different agricultural waste. References [8,46,51-56] are cited in
the supplementary materials.
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