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A B S T R A C T

Photocatalytic induction of electron/hole recombination, surface property and light response ability effectively
enhance the photocatalytic activity of nanomaterial. In this work, the effective charge carrier separating
Sn/Mn–ZnFe2O4–CdFe2O4–Ag3PO4 Quantum dots (M/SZFO–CFO–AP QDs) was fabricated for photocatalytic
degradation of doxycycline (doxy) antibiotic. The result showed enhanced photocatalytic activity of doxy and
the degradation efficiency of doxy was about 98.8% in short span of time. The calculated WH plot and urbach en-
ergy of prepared photocatalyst exhibited evidence for the prevalence of point defects and its contribution to effi-
cient charge separation and transferability. The total organic carbon (TOC) removal was found to be 98.9%,
which depicts the complete mineralization of doxy. The synergetic charge transfer of n-p-n heterojunction en-
ables the effective removal of doxy under visible light irradiation. Further, the genotoxicity study was deter-
mined by interacting the SZFO–CFO–AP QDs with Allium Cepa. The results depict that SZFO–CFO–AP QDs show
lower toxicity level and there were no trace of defective mitotic phases and micro nuclei. Further, the progression
and development of bean plant was determined after treating with prepared nanomaterials and the result showed
the enhanced growth in SZFO–CFO–AP QDs treated bean plant compared to the counterparts. Therefore, the pre-
pared SZFO–CFO–AP QDs was can be used as an environmental friendly photocatalyst for effective treatment of
antibiotic present in the water bodies.

1. Introduction

The release of pharmaceutical effluents has increased exponentially
as a result of the rapid growth of health care sector and also affect the
food chain of the aquatic environment, eventually (Singh et al., 2019).
Especially, antibiotic contamination is one of the major concerns in nat-
ural water and the contamination has increased rapidly over the past
decade (Ben et al., 2019). Hospitals, municipalities and pharmaceutical
industries are the main sources of antibiotic pollution in the environ-
ment (Nosuhi and Ejhieh, 2017a, 2017b; Ben et al., 2019; Yin et al.,
2019). Several traditional methods are available but none of them are
effective for wastewater treatment. There is an urgent need to develop

an eco-friendly method for the effective degradation of antibiotic to
non-toxic compound. Recently, semiconductor based photocatalysis
has attracted wide attention and there is an urge to develop a great po-
tential nanomaterial for the complete mineralization of antibiotic pol-
lutant (Ejhieh and Shirzadi, 2014; Zhang et al., 2020a,b).

Several nanomaterials had developed for the effective mineraliza-
tion of methylene blue and various pharmaceutical pollutants (Ejhieh
and Shirzadi, 2014; Wang et al., 2019a; Wang et al., 2020; Zhang et al.,
2020a,b; Ghattavi and Ejhieh, 2020a, 2020b). The previous work re-
ported photocatalytic degradation of methylene blue dye using
CoWO4–Ag2MoO4, where internal electric filed between p-n heterojunc-
tion and its admirable redox potentials have subsidized for generation
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of reactive oxygen species (ROS) (Balasurya et al., 2021). The construc-
tion of the heterojunction for photocatalytic degradation was designed,
so as to yield complete mineralization by its suitable band alignment,
which helped in enhanced charge separation and longevity (Zhu et al.,
2020; Wang et al., 2018; Ma et al., 2018; Sun et al., 2019; Rezaei and
Ejhieh, 2020; Zhang et al., 2020a,b).

Spinel ferrite-based nanomaterial was extensively utilized for the
photocatalytic removal of various environmental pollutant (Liu et al.,
2019; Deonikar and Reddy, 2019; Jiao et al., 2019; Guo et al., 2019;
Chao et al., 2019; Wang et al., 2019b). The band gap energy of ferrite-
based nanomaterial falls on both UV and visible range (1.8–3.6 eV), al-
though it possess few drawbacks which needs to be rectified (Chen et
al., 2019a). Therefore, MFe2O4 (M = Cd, Zn) metal ferrite nanomateri-
als was fabricated for broadening the band gap energy of the photocata-
lyst (Chen et al., 2019a; Ch et al., 2021). In the present study, both
ZnFe2O4 and CdFe2O4 particle are used for engineering the band gap of
the nanocomposite. Band structure engineering becomes the recent
trend, which enables the formation of point defect on the nanomaterial
for effective photocatalytic activity. Herein, ZnFe2O4 has been modified
by incorporating Mn and Sn, which creates oxygen defect site and
boosts the visible light photocatalytic activity of nanomaterial.

However, the recent trends on fabrication of the nano heterojunc-
tion have derived interest on decoration of the quantum dots (QDs) on
the base material which increases the efficiency of the visible light pho-
tocatalysis (Jiao et al., 2019). Silver based nanomaterial has been
widely used for various application including drug delivery, optical
sensing, electronic devices and catalytic material due to its extensive
surface plasmon resonance (SPR) property. In the present work, Ag2PO4
QDs was fabricated for the enhanced photocatalytic activity and the
band gap energy falls on the range of 2.4–2.7 eV.

Herein, the study depicts the fabrication of novel Sn/Mn-
ZFO–CFO–AP QDs, an n-p-n nano heterojunction nanomaterial for the
visible light photocatalytic degradation of the pollutants. The forma-
tion of Sn/Mn-ZFO–CFO–AP QDs enables the oxygen defect, which con-
vert O2 to H2O2. Thus, it reacts with Fe to follow Fenton reaction which
increases the capability of visible light photocatalysis. Further, the
genotoxicity of the nanomaterial was determined by interacting Sn/
Mn-ZFO–CFO–AP QDs with Allium Cepa, and the results proves that the
particle is non-genotoxic. Therefore, the prepared material was found
to be eco-friendly nanomaterial for the effective treatment of antibiotic
from water resources.

2. Experimental

2.1. Instrumentation

The detail of this section is provided in the Supplementary material
Text S1.

2.2. Synthesis of Mn/Sn-ZFO–CFO–APO QDs

2.2.1. Synthesis of Mn/Sn-ZFO
The mesoporous Mn/Sn–ZnFe2O4 nanomaterial was fabricated via

facile chemical co-precipitation method (Ch et al., 2021). Here, MnSO4,
SnSO4 and FeSO4 were used as a precursor for the fabrication of
ZnFe2O4, MnxZnx-0.1Fe2O4 and SnxZnx-0.1Fe2O4. Briefly, 0.1 M of ZnSO4
and 0.2 M of FeSO4 was prepared separately and mixed together under
stirring for about 30 min to obtain homogenous mixture. A few drops of
HCl (0.1 M) were added to the above mixture to prevent the hydrolyza-
tion of Fe2+. Then, 0.2 M of oxalic acid was added into it and stirred for
30 min. Thereafter, the ZnFe2O4 (ZFO) nanoparticle was collected and
dried at 80 °C for 2 h. Then the prepared ZFO nanoparticle was calci-
nated at 400 °C for 120 min. Similarly, MnxZnx-0.1Fe2O4 and
SnxZnx-1Fe2O4 was fabricated by varying the molar ratio of ZnSO4,
MnSO4 and SnSO4, where X = 0.01, 0.03 and 0.09 M. The prepared

Mn0·01Zn0·09Fe2O4, Mn0·03Zn0·07Fe2O4, Mn0·09Zn0·01Fe2O4,
Sn0·01Zn0·09Fe2O4, Sn0·03Zn0·07Fe2O4 and Sn0·09Zn0·01Fe2O4 nanoparticle
was named as MZFO-1, MZFO-2, MZFO-3, SZFO-1, SZFO-2 and SZFO-3
respectively.

2.2.2. Synthesis of Mn/Sn–ZnFe2O4–CdFe2O4 nanocomposite
In typical synthesis of Mn/Sn–ZnFe2O4–CdFe2O4, 30 mM of CdNO3

and 60 mM of FeSO4 was prepared together as a homogenous solution.
To that, 0.2 g of MZFO and SZFO nanomaterial was added and soni-
cated for 45 min. Then, 0.1 M of citric acid was added and stirred for
40 min. Then, the pH of the reaction mixture was adjusted to 11 by
adding ammonia. The prepared nanocomposite was calcinated at
500 °C for 3 h the formation of green precipitate indicates the decora-
tion of CdFe2O4 on MZFO and CdFe2O4 on SZFO, named as
MZFO–CFO–30%. Similarly, 20 mM of CaSO4 and 40 mM of CrNO3 was
used for the fabrication of MZFO–CFO–20%. Likewise, 10 mM of CaSO4
and 20 mM of CrNO3 was used for the fabrication of MZFO–CFO–10%.
The pure CFO was fabricated without dispersing MZFO and SZFO into it
(Ch et al., 2021).

2.2.3. Synthesis of Mn/Sn–ZnFe2O4–CdFe2O4–Ag3PO4 QDs
The Mn/Sn–ZnFe2O4–CdFe2O4–Ag3PO4 QDs was fabricated by

adding 0.3 g of MZFO-CFO particle into 10 mM of AgNO3 prepared so-
lution. Then, the mixture was sonicated and stirred for 20 min sequen-
tially. Then, 10 mM of Na3PO4 was added dropwise to the above reac-
tion mixture and stirred under dark for 4 h in an ambient temperature.
Then, the particle was collected and dried at 70 °C for 2 h and labelled
as MZFO–CFO–AP-10%. Similarly, 2 mM of AgNO3 and 5 mM of AgNO3
was used for the fabrication of MZFO–CFO–AP-2% and MZFO–CFO–AP-
5% respectively. The pure Ag3PO4 QDs was fabricated without dispers-
ing MZFO and SZFO into it (Li et al., 2022).

2.3. Photocatalytic experiment

The photocatalytic degradation of doxycycline (doxy) was per-
formed under 1000 W tungsten lamp using the fabricated nanomater-
ial. Briefly, 20 mg L−1 nanomaterial was sonicated in 20 mg L−1 of doxy
solution and the reaction mixture was kept in orbital shaker for about
60 min to attain the desorption adsorption equilibrium. The photocat-
alytic degradation of doxy was determined by analysing the reaction
mixture using UV–visible spectrophotometer from the range of
200–700 nm at regular interval of time. Similarly, the photocatalytic
activity of pure CFO, ZFO and AP was also tested to determine the pho-
tocatalytic efficiency. Additionally, the different parameter studies for
photocatalytic degradation of doxy were performed by varying pH,
nanomaterial concentration and doxy concentration. Here, the
reusability of the photocatalytic activity of nanomaterial was per-
formed over six consecutive cycles. The result on photocatalytic experi-
ment of reusability test was merely same and effective in all six cycles.
Further, radical scavenging was performed by addition of 1 mL each
into the reaction mixture. The scavengers include isopropyl alcohol
(IPA, 1 mL), benzoquinone (BQ, 1 mM - 1 mL), AgNO3 (1 mM - 1 mL)
and ethylenediaminetetraacetic acid (EDTA, 1 mM - 1 mL) for scaveng-
ing •OH, •O2, e− and h+ respectively. Secondly, experimental proce-
dure on the toxicity of the degraded product was evaluated using Es-
cherichia coli and Bacillus subtilis, as well as the genotoxicity of the
MZFO–CFO–AP QDs was determined using Allium cepa was provided in
Supplementary material Text S2.

2.4. Greenhouse pot experiment

Healthy seeds of faba beans (Vicia faba cv. Giza 112) were grown in
pots (25 cm × 30 cm) filled with sterilized clay soil. The chemical
dosage used was chosen after preliminary investigation of different con-
centrations (0–500 mg L−1). Plants were exposed two treatments (10
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and 100 mg L−1). Plants were grown under controlled conditions in the
growth room (21 °C/18 °C, 16/8 h day/night cycle, 220 mmol PAR m−2

s−1, and 62% humidity). The soil was watered twice a day. Biomass
beans shoots were assessed after 6 weeks of growth and stored at
−80 °C until biochemical analyses.

2.5. Measurement of photosynthetic related parameters

Photosynthetic rate (μmol CO2 m−2 s−2) was measure by Li-COR LI-
6400, LI COR INC., following the method outlined by Miner et al.
(2017). For extracting plant pigments, samples were homogenized in
acetone in dark, centrifuged at 13,000 g (4 °C, 25 min) and measured
spectrophotometric.

2.6. Determination of antioxidant and mineral levels

250 mg liquid nitrogen (LN) powdered tissue (shoots or roots) have
been mixed in 2 ml 80% ethanol (v/v) to extract antioxidants. Ferric re-
ducing antioxidant power (FRAP) assay reagent was used to measure
total antioxidant capacity (TAC) using Trolox (Sigma-Aldrich, St. Louis,
MO, USA) as an internal standard (Miner et al., 2017; Benzie and Strain,
1996). Poly-phenols and flavonoids were extracted using the method
outlined by Demirbas and Acar (2008). Minerals were digested in
HNO3/H2O (5:1, v/v) and measured by mass spectrometry (ICP-MS).

2.7. Determination of metabolites

Amino acids were extracted by homogenizing know fresh weight of
bean shoot in 2 ml, 80% aqueous methanol (v/v) and estimated using
our protocol in a previous study (Shabbaj et al., 2022a, 2022b). The or-
ganic acid levels were determined using high-performance liquid chro-
matography (HPLC; Shimadzu SIL10-ADvp, C18 column; Spherisorb
ODS2, 5 μm particle diameter, 4.6 × 250 mm, Waters) and the proto-
col outlined by our Shabbaj et al. (2021). Fatty acids were quantified
using GC mass (Araboll et al., 2021), where a weight of 0.5 g of LN-fine
powdered plant leaves were extracted in aqueous methanol at 27 °C.
The GC/MS analysis was performed (Hewlett Packard 6890, MSD 5975
mass spectrometer, Hewlett Packard, Palo Alto, CA, United States) with
HP-5 MS column of 30 m × 0.25 mm × 0.25 mm. The fatty acids were

calculated from the standard curve using the analyte/internal standard
ion yield ratios.

2.8. Statistical analysis

All results were expressed as the mean of five biological replicates
(n = 4). Statistical analysis was performed using one-way ANOVA in
the SPSS 22 (Tukey test, P ≤ 0.05). Data normality was checked by us-
ing Levene's test.

3. Results and discussion

3.1. Characterization

3.1.1. SEM and TEM
The morphological properties of the nanomaterial were determined

by scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM). The SEM imaging of ZFO nanomaterial shows the
nanomaterial was Allium flower shape where the Sn or Mn doping
causes the structural changes to pure phase rod of 23 nm and SEM im-
age of CFO nanomaterial shows the formation of nanosheets (Chen et
al., 2019a; Ch et al., 2021) (Fig. 1). Thereby, the results confirm the for-
mation of nano heterojunction. The TEM image of SZFO–CFO–AP QDs
was depicted in Fig. 1. The results show the formation of sheet with the
combination of SZFO nano rods as well as CFO nanosheet with AP QDs.
The interfacial defect was found between ZFO and CFO nanomaterial,
which was confirmed by the d-spacing values of 0.307 and 0.489 nm,
which corresponds to the ZFO (111) and CFO (220) (Araboll et al.,
2021). The indication of red line shows the shift in the position of the
atom due to the modification of ZFO by Sn, CFO and AP QDs. Fig. 2
shows the d-spacing values of 0.245, 0.232, 0.295 and 0.285 nm corre-
sponds to the ZFO, CFO and AP QDs respectively which shows the deco-
ration of AP QDs on the surface of SZFO-CFO nano heterojunction. The
SAED pattern confirms the as-prepared nanomaterial are crystalline
and polydisperse in nature.

3.1.2. XRD
The crystalline nature of the prepared nanomaterial was determined

by performing XRD analysis (Fig. 3a). Here, the XRD spectrum showed
sharp peaks at 18.4°, 30.3°, 35.7°, 37.4°, 43.4°, 57.5°, 63.1°, 66.4°,

Fig. 1. SEM image of (a) MZFO, (b) SZFO, (c) ZFO, (d) CFO, (e1) SZFO–CFO–AP QDs and (e2) MZFO–CFO–AP QDs.
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Fig. 2. TEM image of SZFO–CFO–AP QDs.

Fig. 3. (a) XRD, (b) UV–visible DRS, (c) PL of ZFO, CFO and SZFO–CFO–AP QDs.

74.7°, 82.7° and 87.3° with corresponding planes of (111), (220), (311),
(222), (400), (511), (440), (531), (533), (551) and (642) respectively
(Chen et al., 2019a). The XRD spectrum of CFO showed the sharp peaks
at 29.0°, 34.1°, 35.6°, 41.4°, 45.3°, 51.4°, 60.1°, 68.0° and 70.9° with the
corresponding planes of (220), (311), (222), (400), (422), (511), (440),
(620) and (533) respectively (Ch et al., 2021). The XRD pattern of
SZFO–CFO–AP QDs shows all above mentioned peaks of ZFO and CFO,
which confirms the formation of the SZFO–CFO–AP QDs. The average
particle size of the ZFO, CFO and SZFO–CFO–AP QDs was calculated to
be 53.4, 52.2 and 48.7 nm respectively. The Williamson-Hall analysis
(WH plot) of ZFO, CDO and SZFO–CFO–AP QDs is displayed in
Supplementary Material Fig. S1. WH plot is used to determine the triple
junction in the nanocrystals which is developed due to the point defect,
intrinsic strain and stacking faults (Ghattavi and Ejhieh, 2021). Here,
the WH plot of the ZFO shows the intrinsic strain of 14.2 which shows
the expansion at 16.9° and 29.8° with hkl plane of 111 and 220 respec-
tively. The WH plot of the CFO shows that there is no much intrinsic
strain. Similarly, the R2 value is higher than 0.95, which shows no point
defect (Supplementary Material Fig. S1).

3.1.3. UV–visible diffusion reflectance spectroscopy (UV–vis DRS)
The band gap energy of the nanomaterial was determined by

UV–visible DRS spectrum of the nanomaterial (Fig. 3b). The band gap
of the nanomaterial was determined by Taqu plot and Kubleka Munk
plot (Fig. 3b). The band gap of the nanomaterial was determined by
Kubleka Munk plot by Eq. (1)

(1)

where, k represents absorption constant, α represent absorbance co-
efficient, h represents Planck constant, hν represent absorption energy
and Eg represent optical bandgap. The band gap energy of ZFO, CFO
and SZFO–CFO–AP QDs nanomaterial was found to be 1.33, 2.53 and
2.04 eV. The modification of ZFO and CFO for the formation of
SZFO–CFO–AP QDs causes the interface defect and oxygen vacancy de-
fect which causes the red shift in the UV–visible DRS spectrum
(Aliabadi and Ejhieh, 2018). The defect in the nanomaterial causes the
adsorption of oxygen and conversion of Fe2+ to Fe3+. The direct band
gap of the ZFO, CFO and SZFO–CFO–AP QDs was determined by Taqu
plot and was provided in Supplementary Material Fig. S2a. The direct
band gap of ZFO, CFO and SZFO–CFO–AP QDs was calculated to be
1.05, 187 and 1.63 eV (Supplementary Material Fig. S2a). Here, the Ur-
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bach energy of the ZFO, CFO and SZFO–CFO–AP QDs was determined
by Eq. (2)

(2)

where α represent the absorption co-efficient, E, Eu represent energy
of photon (hc/λ) and Urbach energy respectively. Urbach energy of the
nanomaterial was estimated to determine the absorption tail and oxy-
gen defect of the nanomaterial. Urbach energy plot on the prepared
ZFO, CFO and SZFO–CFO–AP QDs is illustrated in Supplementary
Material Fig. S2b. The results show that the Urbach energy of ZFO, CFO
and SZFO–CFO–AP QDs was found to be 1.04, 3.90 and 2.09 respec-
tively (Supplementary Material Fig. S2b). The urbach energy was found
to be higher in the SZFO–CFO–AP QDs than pure ZFO, which shows the
point defect on the incorporation of Sn and n-p-n heterojunction forma-
tion. Thus, further confirms the oxygen defect of the nanomaterial
which was good agreed with XRD, which enhance the photocatalytic
activity of the nanomaterial (Akshay et al., 2019).

3.1.4. Photoluminescence
The photoluminescence spectra (PL) of ZFO, CFO and

SZFO–CFO–AP QDs are displayed in Fig. 3c. The PL study is to deter-
mine the recombination of charge carriers of the nanomaterial. The re-
sults show that the higher in the PL intensity of the CFO and ZFO when
compared with SZFO–CFO–AP QDs indicates the rate of recombination
of SZFO–CFO–AP QDs was lower than CFO and ZFO nanomaterials. The
results indicate the effective charge transferability, which results in bet-
ter photocatalytic performance.

3.1.5. Electrochemical impedance spectroscopy
The electrochemical impedance spectrum (EIS) of the prepared

ZFO, CFO and SZFO–CFO–AP QDs is illustrated in Supplementary
Material Fig. S3a. According to the literature, the higher arc radius cor-
responds to higher resistance. Here, the lower arc radius of the
SZFO–CFO–AP QDs than the pure CFO and ZFO shows the effective
photocatalytic activity of the nanomaterial (Nosuhi and Ejhieh, 2017a,
2017b; Beni and Ejhieh, 2017; Beni and Ejhieh, 2018). This shows that
the SZFO–CFO–AP QDs causes the effective separation of the charge
carrier for enhance visible photocatalytic activity. Supplementary
Material Fig. S3e

3.1.6. Raman analysis
The Raman spectra of the prepared ZFO, CFO and SZFO–CFO–AP

QDs are displayed in Supplementary Material Fig. S3b. Raman spec-
trum results shows that the pure ferrite phase and spinel structure
which shows active module at of Eg 225 cm−1, 3T2g (178, 349 and
477 cm−1) and A1g 651 cm−1 of α-Fe2O4 which was observed in pure
ZFO, CFO and SZFO–CFO–AP QDs. Raman spectrum shows modes of Eg
(4) (380–401 cm−1), Eg (2) (279–284 cm−1), Eg (5) (581–590 cm−1)
and A1g (217–221 cm−1), which corresponds to α-Fe2O3 of ZFO
(Mallesh and Srinivas, 2019). Here, the peak shift over 380-420 cm−1

was due to the composition of ZnO, CdO on Fe2O3 (Mallesh and
Srinivas, 2019). The lower in the peak intensity of SZFO–CFO–AP QDs
may be due to the annealing at 500 °C. Jahn-Teller Distortion shows
that the peak shift of SZFO–CFO–AP QDs at 410 cm−1 indicate the elon-
gation of the phase ZFO on the modification of Sn and CFO. In addition,
the peak shift can also be due to the phase transaction of cubic to tetra-
hedral of AP QDs. Here, the Raman analysis further confirms the point
defect formation of SZFO–CFO–AP QDs which is good agreed with XRD.

3.1.7. BET
The adsorption of the targeted pollutant plays a major role in the ef-

fective photocatalytic activity of the nanomaterial. BET isotherm on N2
adsorption and desorption of ZFO, CFO and SZFO–CFO–AP QDs was
displayed in Supplementary Material Fig. S3c. The BET isotherm shows

that the nanomaterial follows Type IV isotherm with H3 loop. The sur-
face area of the SZFO–CFO–AP QDs was higher than pure ZFO and CFO
nanoparticle. The larger surface area causes the effective interaction of
the nanomaterial with the drug which leads to enhanced adsorption for
improved visible light photocatalytic activity of the nanomaterial
(Chen et al., 2019b). The pore size, pore volume and surface area of the
ZFO, CFO and SZFO–CFO–AP QDs are provided in Supplementary
Material Table S1.

3.1.8. ESR
The electronic spin resonance of the nanomaterial was determined

to understand the reactive species involved in the photocatalytic degra-
dation of doxy by SZFO–CFO–AP QDs (Supplementary Material Fig.
S3d). In general, the spectra represent a broad resonance peak which
can be considered due to overlapping of signals that aren't to be sepa-
rated with confidence as its too close. As seen from ESR spectra, the fab-
ricated SZFO–CFO–AP QDs depicts intense peak for trapping hydroxyl
radicals compared to pristine NPs.

3.1.9. XPS
The XPS spectra of SZFO–CFO–AP QDs and MZFO–CFO–AP QDs are

shown in Fig. 4. XPS spectrum of Zn showed sharp peaks at 1021.48
and 1044.65 eV which corresponds to the orbital spin of 2p5/2 and 2p3/2
respectively (Chen et al., 2019a). The XPS spectrum of Cd of
MZFO–CFO–AP QDs showed peaks at 404.91 and 411.5 eV which cor-
respond to the orbital spin of 3d5/2 and 3d3/2 respectively, whereas XPS
spectrum of Cd of SZFO–CFO–AP QDs showed the peaks at 404.89 and
411.7 eV which correspond to the orbital spin of 3d5/2 and 3d3/2. The
change in the peak intensity and the difference in the binding energy
shows the interfacial defect on the co-doping of Sn on MFO. XPS spec-
trum of Fe showed sharp peaks at 711.11 and 725.35 eV which corre-
sponds to the electronic spin of 2p3/2 and 2p5/2 respectively. The Ag
XPS spectrum showed sharp peaks at 367.45 and 373.37 eV which cor-
responds to the electronic spin of 3d5/2 and 3d3/2 respectively (Jiao et
al., 2019). The Sn XPS spectrum of SZFO–CFO–AP QDs showed sharp
peaks at 486.63 and 497.34 eV which corresponds to the electronic
spin of 3d5/2 and 3d3/2 respectively. The Mn XPS spectrum of
MZFO–CFO–AP QDs showed sharp peaks at 486.6 and 497 eV (Chen et
al., 2019c) which corresponds to the electronic spin of 2p3/2 and 2p1/2
respectively. The change in the peak width and peak alignment of O 1S
was observed between MZFO–CFO–AP QDs and SZFO–CFO–AP QDs in-
dicate the oxygen defect owing to the modification of Sn on ZFO.

3.2. Photocatalytic degradation of doxycycline

The photocatalytic degradation of doxycycline was studied by irra-
diating 20 mg L−1 of MZFO-1, MZFO-2, MZFO-3, SZFO-1, SZFO-2,
SZFO-3, MZFO–CFO–10%, MZFO–CFO–20%, MZFO–CFO–30%,
MZFO–CFO–AP-2% QDs, MZFO–CFO–AP-5% QDs and MZFO–CFO–AP-
10% QDs under visible light separately. The photocatalytic activity of
MZFO-1, MZFO-2, MZFO-3 was studied with 20 mg L−1 doxycycline
concentration and the degradation efficiency of the MZFO-1 was higher
than MZFO-2, MZFO-3. Similarly, the photocatalytic activity of MZFO-
1, MZFO-2, MZFO-3 was studied with 20 mg L−1 doxycycline concen-
tration and the degradation efficiency of SZFO-1 was higher than SZFO-
2, SZFO-3. Further, to increase the photocatalytic activity of the nano-
material against doxycycline, CFO was decorated on MZFO and SZFO,
where the degradation efficiency of MZFO–CFO–10% was higher than
MZFO–CFO–20%, MZFO–CFO–30% and the degradation efficiency of
SZFO–CFO–10% was higher than SZFO–CFO–20%, SZFO–CFO–30%. In
addition, to further boost the visible light photocatalytic activity of the
nanomaterial, AP QDS was decorated to form a nanomaterial. Here,
complete mineralization was achieved by SZFO–CFO–AP-10% QDs
than MZFO–CFO–AP-2%, MZFO–CFO–AP-5%, MZFO–CFO–AP-10%,
SZFO–CFO–AP-2% and SZFO–CFO–AP-5% QDs. Fig. 5a, shows the
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Fig. 4. XPS spectra of SZFO–CFO–AP QDs and MZFO–CFO–AP QDs.

Fig. 5. (a) UV–visible spectrum, (b) plot on C/C0 vs time and (c) ln (C/C0) vs time on the photocatalytic degradation of doxycycline (20 mg L−1 – nanomaterial and
20 mg L−1 – doxy).

UV–visible absorption spectra of doxy during the photocatalytic degra-
dation by SZFO–CFO–AP-10% QDs. A gradual decline in the absorption
peak intensity at 287 nm was observed for doxy and the degradation ef-
ficiency was calculated to be 98.8% in 60 min. Here, the 25% decora-
tion of AP QDs showed lower degradation of doxy than 10% decoration
of AP QDs. Similarly, the photocatalytic degradation was performed by
pure ZFO, CFO and AP QDs and the results show that the degradation
efficiency was lower than SZFO–CFO–AP-10% QDs (98.8%) (Fig. 5b).
The rate kinetic on the photocatalytic degradation of doxy was deter-
mined by Eq. (3)

(3)

where, C0 and Ct represent the initial concentration and final con-
centration at time ‘t’. The results show that the kinetic rate constant of

SZFO–CFO–AP-10% QDs (0.0666) was higher than MZFO-1 (0.0324),
MZFO-2 (0.0185), MZFO-3 (0.0085), SZFO-1 (0.0273), SZFO-2 (0.013),
SZFO-3 (0.0059), MZFO–CFO–10% (0.0169), MZFO–CFO–20%
(0.013), MZFO–CFO–30% (0.0085), MZFO–CFO–AP-2% QDs (0.0201),
MZFO–CFO–AP-5% QDs (0.0191) and MZFO–CFO–AP-10% QDs
(0.0144). Here, the regression coefficient on the photocatalytic degra-
dation of doxy by nanomaterial was higher than 0.95 and the results
confirms that the degradation of doxy follows pseudo-first order reac-
tion (Fig. 5c) (Afjani et al., 2020). The complete mineralization of the
doxy by SZFO–CFO–AP-10% QDs under visible light was further con-
firmed by TOC analysis. The TOC removal after degradation was found
to be 98.9% and the result shows the complete mineralization of doxy
under visible light irradiation.

To further optimize the photocatalytic efficiency, the degradation
efficiency of SZFO–CFO–AP-10% QDs was performed by varying the pH
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of the reaction mixture. The results show that the degradation was ef-
fective at pH 2 (Supplementary Material Fig. S4a). At pH 2, the
SZFO–CFO–AP-10% QDs get protonated for the effective charge separa-
tion on the nanomaterial. Here, the effective charge separation along
with the oxidative defect of SZFO cause the effective conversion of sep-
arated electron to interact with the adsorbed oxygen on the formation
of H2O2. Further due to Fenton reaction, H2O2 react with Fe2+, which
convert H2O2 to •OH resulting in the formation of Fe3+ and it enhanced
the photocatalytic efficiency of the nanomaterial. Similarly, the photo-
catalytic activity of SZFO–CFO–AP-10% QDs was performed by varying
the concentrations of doxy (5–25 mg L−1) by keeping the concentration
of SZFO–CFO–AP QDs as constant (20 mg L−1). The results show the
degradation was effective in higher in the concentration of nanomater-
ial (25 mg L−1) (Supplementary Material Fig. S4b). Further, the photo-
catalytic activity of SZFO–CFO–AP-10% QDs was performed by varying
the concentrations of nanomaterial (5–25 mg L−1) by keeping the con-
centration of doxy as constant (20 mg L−1). The results show the degra-
dation was effective in higher in the concentration of nanomaterial
(25 mg L−1) (Supplementary Material Fig. S4c).

3.3. Reusability and scavenging

To study the stability and reusability of the SZFO–CFO–AP-10%
QDs, the photocatalytic degradation of doxy was performed for six con-
secutive cycle tests (Supplementary Material Fig. S5a). Here, the photo-
catalytic degradation of doxy was performed for six consecutive cycles
by collecting the nanomaterial by centrifuging and redispersing in the
reaction mixture. The degradation efficiency of the nanomaterial after
six consecutive cycles was calculated to be 97.9% which was 1.6% less
than the first cycle and the reusability efficiency was calculated to be
98.3%. The radical scavenging was performed to determine the photo-
catalytic degradation of doxycycline in presence of scavenger (IPA, BQ,
AgNO3 and EDTA) (Mirsalari and Ejhieh, 2020). Here, the photocat-
alytic degradation of doxy in presence of quencher for the quenching
h+, e−, •OH and •O2 was found to be 75.4, 86.6, 21.6 and 21.7% re-

spectively. The presence of IPA and BQ quenches the •OH and •O2

causes the lower in the rate of photocatalytic degradation of doxy
(Mirsalari and Ejhieh, 2020). Thus, the results indicates that formation
of •OH and •O2 plays a major role in the photocatalytic degradation of
the nanomaterial (Supplementary Material Fig. S5b). The photostabil-
ity of SZFO–CFO–AP-10% QDs was determined by performing XRD and
XPS analysis after the irradiation under visible light. The results shows
that the there is no loss in the peak intensity and peak shift in XRD and
XPS (Supplementary Material Figs. S5c and S6). The results show that
the prepared SZFO–CFO–AP-10% QDs didn't undergo photo corrosion
and it can be reused for the treatment of water bodies polluted by phar-
maceutical compounds.

3.4. Photocatalytic mechanism

The schematic representation of the photocatalytic mechanism of
SZFO–CFO–AP-10% QDs is shown in Fig. 6. The valance band (VB) and
conduction band (CB) of SZFO–CFO–AP-10% QDs was determining by
Eqs. (4) and (5) (Ghattavi and Ejhieh, 2019)

(4)
(5)

where Ec, Eg, and X in the above equation describes energy of free
electrons, electronegativity, and bandgap energy of the nanomaterial.
The electron band structure, DOS and work function of the ZFO, CFO
and AP QDs are provided in Supplementary Material Fig. S7. The elec-
tron (e−) and proton (h+) from SZFO, CFO and AP was excited under
visible light irradiation. The VB and CB of SZFO were calculated to be
−1.54 and 0.41 eV respectively, VB and CB of CFO were 0.42 and
2.31eV respectively and VB and CB of AP were 0.27 and 2.67eV respec-
tively. The electronic band structure and DOS of SZFO, CFO and AP are
displayed in Supplementary Material Fig. S7. The adsorption of oxygen
was observed by SZFO due to its oxygen defect engineering which inter-
acts to form H2O2. Fenton reaction of SZFO causes the conversion of

Fig. 6. Photocatalytic mechanism of SZFO–CFO–AP QDs under visible irradiation.
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H2O2 to •OH with the conversion of Fe2+ to Fe3+. The work function of
SZFO was higher than CFO and AP, which causes the electron transfer
from SZFO to CFO to AP. The n-p-n SZFO–CFO–AP-10% QDs causes the
interfacial charge transfer between SZFO, CFO and CFO, AP, which was
due to the alignment of all the nanomaterial to equal fermi level. The
point defect and oxygen defect site were further confirmed by the TEM,
XRD (WH plot) and UV–visible DRS (Ubarch energy), which shows that
the effective formation of defect and thus enhance the photocatalytic
activity by n-p-n heterojunction. Here, the CB potential of the interfa-
cial charge carrier was highly negative than −0.33 eV (NHE for O2 to
•O2) and highly positive than 2.34 eV (NHE for H2O to •OH), which
confirms the formation of •OH and •O2 (Ghattavi and Ejhieh, 2020a,
2020b; Omrani and Ejhieh, 2020). The formed •OH and •O2 plays a
major role in the effective conversion of doxy to CO2 and H2O (Fig. 6).

3.5. Photocatalytic degradation pathway

The photocatalytic degradation pathway of doxy by SZFO–CFO–AP-
10% QDs was determined LC-MS/MS analysis (Supplementary Material
Fig. S8). The reactive site interaction of the free radical, and nucle-
ophilic attack and electrophilic attack on doxycycline was determined
by Fukui function, performed by DMol3. The electron charge density
and Eabs of SZFO–CFO–AP-10% QDs was higher than water (Eabs of NCS
with doxycycline > Eabs of NCs), which shows the effective formation
of charge density. Here, the radical attack occurs on the S2 and N4 of
doxy and nucleophilic attack occurs on the S1, O3 and O5 of doxy. The
radical attack on the degradation of doxy causes the cleavage in the N4,
S2 of doxy with the formation of intermediate and further oxidizes to
form CO2, H2O, SO42− and NO3−. Further, the extensive interaction of
the radical on doxy enable the complete mineralization of the doxy on
the formation of CO2 and H2O.

3.6. Toxicity studies

The toxicity of the degraded product was studied against E. coli and
B. subtilis by determining the relative inhibition. The results show that
the relative inhibition before degradation was higher than post-
degradation. The degraded product didn't show any toxicity after
degradation.

The eco-friendly nature of SZFO–CFO–AP-10% QDs was determined
by genotoxicity study against root tip of A. cepa. Mitotic cell division
and micronuclei index determine the genotoxic nature of the nanomate-
rial and the phase disturbance is illustrated in Fig. 7. The results show
that the nanomaterial didn't show micronuclei index and the higher in
the mitotic index (Supplementary Material Tables S2 and S3). Thus, the
genotoxicity of SZFO–CFO–AP-10% QDs was lower than the photocat-
alytic active ZnO, TiO2, etc and it shows the nanomaterial is eco-
friendly towards the treatment of environmental water bodies (Debnath
et al., 2020).

3.7. Nanocomposite significantly augmented the growth and photosynthesis
of bean seedlings

A comparative analysis on the effect of nanocomposite and pure
nanoparticle upon the biomass as well as photosynthesis of bean plants
(Fig. 7). Except for the lower level of ZnFe2O4, all treatments signifi-
cantly enhance the biomass (both fresh and dry weight) of bean
seedlings with much higher increment in the higher level (100 mg L−1)
of CaFe2O4 (Fig. 7 a-b). In this context, the noticeable improvement in
both FWT and DWT in response to treatment with nanocomposite
(QDs) could be attributed to the presence of micro inorganic nutrients
(Fe, Co, Ca, etc …) that positively encourage the growth of bean
seedlings as compared with untreated control plants. Therefore, our re-
sults revealed that higher in the pf non-redox and redox reactive metal
exhibits significant growth with no toxic effect on bean. In addition to
the biomass, the influence of nanomaterials upon the photosynthetic

Fig. 7. Effect of ZnFe2O4 (ZFO), CaFe2O4 (CFO), and Sn–ZnFe2O2–CaFe2O4–Ag3PO4 (QDs) with two levels (10 and 100 mg L−1) upon the biomass (fresh and dry
weight) as well as photosynthesis of bean plants. Each value is the mean of four independent replicates and error bars represent the standard error. Different letters
on each bar indicate significant difference between treatments.
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machinery was estimated by measuring chlorophyll accumulation as
well as the photosynthetic activity of bean (Fig. 7c and d). Concomitant
with the enhancement in the biomass, all treatments caused a remark-
able increment in the photosynthetic efficiency particularly the
nanocomposite materials as compared with untreated control bean
plants (Fig. 7 c-d). our results revealed that the exposure to lower levels
of nanomaterials (ZFO, CFO and QDs) implement a triggering action for
the photosynthesis especially the nanocomposite materials as compared
with untreated control plants. This indicated that nanocomposite had a
positive activity upon photosynthesis and chlorophyll content com-
pared with both ZFO and CFO. It is worth mentioned that 10 mg L−1 of
nanocomposite augmented the rate of photosynthesis by about 50% as
compared with untreated control bean seedlings which highlighted the
preference of composite over the pristine nanomaterial (Madany et al.,
2020; Melandri et al., 2021). For further determination, the plant
growth and photosynthesis were investigated in the presence of non-
redox and redox metal compounds. On the other hand, the results
showed a noticeable enhancement of chlorophyll content that increased
by about 59% in response to treatment with 10 mg L−1 of nanocompos-
ite when compared with untreated control plants. All these findings
showed that nanomaterial didn't inhibit the growth and photosynthesis
of bean plants.

3.8. Nanocomposite strikingly improve the accumulation of minerals in
bean seedlings

Our results revealed a significant accumulation of minerals in bean
plants in response to treatment with nanomaterials used in this investi-
gation. In this context, both K and P exhibited a noticeable elevation
(increased by 100% and 150%, respectively) in response to treatment
with 10 mg L−1 Sn–ZnFe2O2–CaFe2O4–Ag3PO4 (QDs) (Supplementary
Material Table S5). Moreover, both Ca and Zn experienced a significant
accumulation in bean plants in response to treatment with the higher
level of QDs (100 mg L−1) as compared with untreated control plants.
On the other hand, the lower level of CFO (10 mg L−1) significantly ac-
cumulated Fe by about 79% whereas, that of ZFO caused a remarkable
elevation in the levels of N by 25% when compared with the control
seedlings. All these findings indicated that the used nanomaterial pos-
sessed a positive impact upon the accumulation of minerals in bean
seedlings.

3.9. Nanocomposites differently quenched the non-enzymatic antioxidants
as well as the total antioxidant capacity of bean seedlings

Total antioxidant capacity (TAC) was determined to stand on the
impact of both pure nanomaterial as well as quantum dots upon the an-
tioxidant status of bean plants (Supplementary Material Table S6). Our
findings declared that pure nanomaterials (ZFO and CFO) and to a
higher extent the nanocomposites (QDs) strikingly improve the TAC at
both lower and higher levels relative to the untreated control plants.
More interestingly, the levels of non-enzymatic antioxidants were ana-
lyzed to show the impact of both pure nanomaterial and nanocomposite
upon their levels in bean seedlings (Sinha et al., 2015; SalehAhmed et
al., 2018). Overall, 100 mg L−1 and to a much higher extent 10 mg L−1

of ZFO, CFO, and QDs augmented the accumulation of para phenols,
flavonoids, ascorbate, and glutathione. For instance, 10 mg L−1 of QDs
increased both para-phenols and flavonoids by 82% and 100%, respec-
tively as compared with untreated control plants (Supplementary
Material Table S6). Similarly, the lower level of CFO accumulated ASC
and GSH by 130% and 100%, respectively higher than untreated con-
trol plants. In addition, the impact of the nanomaterial upon bean
seedlings in the presence of heavy metal and higher growth rate was ob-
served in presence of nitrogen. Our results revealed that the enhancive
effect of ZFO, CFO and Sn-ZFO-CZO-AP QDs, proved that they have no
toxic impact upon bean plants as compared with the expose to pure

heavy metals. In conclusion, the accumulation of non-enzymatic an-
tioxidants in beans was higher in QDs than pure ZFO and CFO
(Supplementary Material Table S6).

3.10. Pure nanomaterials (ZFO and CFO) as well as nanocomposites (QDs)
differently affect the accumulation of amino, organic, and fatty acids in
bean seedlings

For further investigation, we analyzed the amino acid profile in
bean plants in response to treatment with both pure nanomaterials as
well as nanocomposite (Supplementary Material Table S7). Again, the
lower level (10 mg L−1) of pure nanomaterial (ZFO, CFO) and
nanocomposites (QDs) showed a noticeable elevation in the levels of
amino acids. The exposure of bean seedlings to nanomaterials caused a
differential effect upon the levels of amino acids. The lower level of ZFO
significantly accumulated glycine, histidine, glutamine, asparagine,
leucine, methionine, threonine, while that of CFO strikingly elevated
the levels of ornithine, and leucine (Zinta et al., 2016; Shabbaj et al.,
2022a, 2022b). Moreover, the lower level of nanocomposite strikingly
enhanced the levels of the other measure amino acids such as lysine,
alanine, arginine, isoleucine, etc. (Supplementary Material Table S7).

Organic acids consider the main carbon pool in the plant cell, there-
fore their estimation received great interest from the authors. Treat-
ment particularly with the lower levels of the pure nanomaterials and
nanocomposites remarkably increased the levels of organic acids in
bean seedlings (Supplementary Material Table S8). Here, organic acids
respond differently to the treatment with lower and higher levels of
nanomaterial where the most significant elevation was observed in the
lower levels (10 mg L−1) of both pure nanomaterial and nanocompos-
ite. Oxalic acid, for instance, increased by 2-fold in bean plants when
treated with 10 mg L−1 ZFO, while succinic, and isobutyric acids were
increased by 32% and 43%, respectively when treated with 10 mg L−1

CFO. On the other hand, citric, malic and fumaric acids increased by
83%, 33% and 50%, respectively in bean plants treated with 10 mg L−1

of nanocomposite (Supplementary Material Table S7).
The effect of ZFO, CFO and QDs upon the accumulation of fatty

acids in bean plants was estimated (Supplementary Material Table S8).
Here, the treatment with 10 mg L−1 ZFO caused a remarkable accumu-
lation of stearic and arachidic acids, while the same level of CFO simi-
larly increased the levels of Docosanoic (C22:0), tricosnaoic (23:0) and
pentacosanoic (25:0) acids in bean plants relative to the untreated con-
trol plants (Supplementary Material Table S8). On the other hand,
treatment with 100 mg L−1 and particularly 10 mg L−1 of nanocompos-
ite caused a striking accumulation in all other measured fatty acids in
bean plants. These findings confirmed that the nanocomposite didn't
have any toxic effect upon plants under investigation.

4. Conclusions

In summary, Mn/Sn-ZFO–CFO–AP QDs was fabricated for an effec-
tive photocatalytic degradation of doxy under visible light irradiation.
The formation of interfacial defect between ZFO and CFO nanomaterial
was confirmed by the TEM, UV–vis DRS and XPS. The WH plot of
SZFO–CFO–AP QDs shows that the intrinsic strain of 14.2 and expan-
sion at 35.7° corresponds to hkl plane of 311 of ZFO plane. Further indi-
cate the point defect by Sn resulting in oxygen defect of SZFO–CFO–AP
QDs. The Urbach energy for the prepared ZFO, CFO and SZFO–CFO–AP
QDs was found to be 1.04, 3.90 and 2.09 respectively. The higher ur-
bach energy of SZFO–CFO–AP QDs was higher than the pure ZFO shows
the point defect owing to the incorporation of Sn and n-p-n heterojunc-
tion formation upon modification with CFO and AP QDs. The point de-
fect, oxygen defect and Fenton reaction were also played effective pho-
tocatalytic degradation under visible light degradation of doxy (98.8)
and the complete mineralization of doxy was determined by TOC analy-
sis (98.9% removal). The genotoxic of the nanomaterial was studied
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and the results shows the nanomaterial didn't show any toxicity. Here,
the prepared material was found to be eco-friendly and it can be used
for the treatment of antibiotic in the natural water.
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