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Abstract
Extensive and widespread use of dyes and phenols with high persistence, bioaccumulation and
suspected carcinogens have called for their removal. Seeing environmental-concern, green-e�cient
methodology based advanced nanomaterials are commanding. Herein, to overcome limitations of single
metals, heterometallic oxides (HMOs) — CuFe2O4, CuMn2O4 and MnZn2O4 have been prepared through a
greener way involving A. indica (biogenic stabilizing and capping-agent). X-ray diffraction data revealed
the crystalline-nature of HMOs nanospheres (particle size ≤ 100 nm) as visualized with electron
microscopy. Subsequently, HMOs were evaluated for photoactivity for removal of 3-Amino Phenols (3-AP)
and Eriochrome Black T (EBT) at various reaction parameters (pollutant: 50–130 mgL− 1; catalyst: 20–
100 mg; pH:3–11; dark-sunlight). All HMOs nanocatalyst at optimum-amount (80 mg) showed
substantial degradation of 50 mgL− 1 of 3-AP (85–93%) and EBT (80–95%) with slight difference of
e�cacy (CuFe2O4 > MnZn2O4 > MnZn2O4) under sunlight at pH ~ 7. CuFe2O4 showed admirable

photocatalysis due to high-surface-area (35.68 m2g− 1), low band-gap (2.4eV), larger particle stability
(-22.0 mV), and lower intensity observed in photoluminescence. Sharp decline curves indicated for �rst-
order-kinetic �tted in Langmuir-adsorption (R2 ≥ 0.92; p ≤ 0.03). Colour change was visually proved for
both treated pollutants and HMOs reduced t1/2 of 3-AP (0.9–1.7 h) and EBT (0.6–0.8 h) to the greater
extent. Having less electronegative N-atom in the diazo functional-group, EBT degraded quickly than 3-AP
(-OH directly connected with an aromatic nucleus). Scavenger-analysis substantiate the role of hydroxyl-
radical in photodegradation studies. Reusability of HMOs for multiple uses (n = 8) without signi�cant loss
of activity advocated high-sustainability and cost-effectiveness. Finally, green synthesized HMOs
nanoparticles with prominent surface characteristics were offer a viable alternative photocatalyst for
industrial-applications.

1. Introduction
The release of poorly treated industrial e�uents enriched with several recalcitrant chemicals, into
freshwater resources is a serious threat to the entire ecosystem (Chong et al., 2010; Zeydouni et al., 2018;
Villegas et al., 2019). The major class of pollutants is phenols which are used in petrochemicals,
pharmaceuticals, resin manufacturing, and plastics while dyes are utilized in textile, paint, paper, fabric
industries (Caetano et al., 2009; Liu et al., 2019; Tian et al., 2020). However, many phenols have been
used as precursors or intermediate in the industrial manufacturing of organic dyes and pesticides.
Degradation of phenols and their derivatives are quite di�cult due to higher half-life (t1/2 :15 to 72 days)
and solubility (35 mg/mL) in water (San et al., 2001; Aimeur et al., 2020). Greater stability and toxicity of
phenols and organic colorants (major leading pollutants) have resulted in hazardous exposure for all
living beings even in very less quantity (Sas et al., 2020). They potentially act as endocrine disruptors
because of easy absorption via the skin (Arques et al., 2007). The presence of amino phenols in water
causes allergic reactions and respiratory diseases in humans (Tian et al., 2019). Distinguishing odor was
produced by even minor exposure (5 mg L− 1). of chlorinated phenols which required removal on
exceeding above the permissible limit set from 0.1-1 mg L− 1 in drinking water (Rachna et al., 2020). US-
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EPA has categorized phenols in the list of top main concern pollutants beyond concentration level of 0.01
µg L− 1 (Bagal et al., 2013; Li et al., 2018). Dyes are occupying chief portions of industrial e�uent
worldwide with the quantity of nearly 280,000 tons per annum (fabrics: 54%; paint: 8%; paper: 10% and
dyeing: 21%) (Ghaly et al., 2014; Hana� and Sapawe, 2020). Eriochrome Black T (EBT) (Sodium 1-[1-
hydroxynaothylazo]-6-nitro-2-napthol-4-sulfonate) dye, anionic with an azo functional group, extensively
used for silk textile (Barka et al., 2011). and in various Institutional laboratories to identify the hardness of
water (0.05-0.08g as an indicator) (Kansal et al., 2013). The physo-chemical properties of EBT and 3-AP
are highlighted in Table 1. Due to the high toxicity of omni-persistent organic pollutants, there is an
urgency to develop low energy, easy to handle and cost-effective based state-of-the-art techniques for
their detection and complete removal from water (Pitarch et al., 2010). Traditional methods (adsorption,
�ltration, coagulation, membrane separation) have lost their ground due to merely mass transfer of
pollutants and other practical restrictions (Mukherjee et al., 2018). To overcome the hurdle associated
with old methods, nanomaterials based photocatalysis (Semiconductor assisted degradation) is being
widely promoted cum accepted for combating pollution credited to the most promising and adorable
characteristics of the economy and mild reaction conditions with less energy consumption (Rani et al.,
2017; Rani et al, 2018a). Transition metal oxides have peculiar properties high thermal stability, inherent
oxidation state and economics (Mathew et al., 2011). ZnO and TiO2 (popular nanoparticles) have shown
encouraging performance in photocatalysis and industries but their extensive use is causing
bioenrichment in the ecosystem. Moreover, a large bandgap (> 3eV) requiring high UV energy for
excitation and recombination of charges are putting pressure on researchers to develop new/alternative
or modi�ed nanomaterials with improved properties. Doping the surface of metal oxides or coupling with
metals, non-metals or transition metals compounds shift bandgap energy level towards the visible region
and also prevent charge recombination due to introductory-additional energy level of dopant (Rachna et
al., 2018; Heinz et al., 2000; Watanabe et al., 2000). In light of those observations, nanoparticles of SnO2

(Honarmand et al., 2019), CeO2 (Mishra et al., 2018), Bi2WO6 (Lai et al., 2019), Zn0.3Al0.4O4.5 (Fegadae et
al., 2020), Co-Co3O4 (Adekunle et al., 2019), SrFe2O4 (Zafar et al., 2018) for the elimination of EBT; and
CuO (Nayak et al., 2020), CeO2 (Ahmad et al., 2020), Ni-ZnO (Sharma et al., 2016), CuFe2O4@r-GO
(Othman et al., 2019) and peroxymonosulfate activated CuO-Co3O4@MnO2 (Khan et al., 2017) for
phenols were employed. Superparamagnetic magnesium ferrite and MgFe2O4@γ–Al2O3 were used for
the removal of renowned organic dyes (Atrak et al., 2018). However, some of the above-mentioned
absorbents were reported with UV-light exposure.

Synergistic effects of various bi-or trimetallic nanoparticles of 3d-series synthesized via greener route
containing gel, gum or plants have been reported (Farood et al., 2017; Farood et al., 2017a; Sorbiun et al.,
2018). Spinel (AB2O4) nanoparticles are frequently utilized due to fascinating physicochemical and

structural characteristics as well as environmental safety (Zhao et al., 2017). Cu replace M2+ cations in
MFe2O4 which magni�ed catalytic property even at low temperature (Wang et al., 2019). Cu2+ ion shows
John-Teller distortion and charges redistribution which generates a transfer of electron (Nedkov et al.,
2006; Liu et al., 2016). As revealed from the published document, there is no data about green synthesis
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and subsequent comprehensive photo-application of CuFe2O4, CuMn2O4 and MnZn2O4 nanoparticles for
degradation of selected toxic phenols and dye under sunlight. Adoption of the green process is
appreciable because of its quickness, usage of plants, fabrications of highly pure (free from
contaminants), and quantity enriched product while avoiding intermediate base groups and costly
equipment and precursor. Plant parts have been hired for bio-reduction assisted production of several
nanomaterials because of reducing cum capping and stabilization properties. Due to environmental
concern, sunlight was preferred instead of UV-irradiation as polluted water face natural condition.

These facts embolden us for investigations on the synthesis of sunlight active nanoparticles of CuFe2O4,

CuMn2O4 and MnZn2O4 by using leaves of Azadirachta indica and subsequent applications for potential
degradation of toxic 3-AP and EBT in water. Phytochemicals (alkaloids and terpenoids) present in
A.indica lesser down interfacial tension to regulate nucleation/ agglomeration of nanomaterials during
the fabrication process (Rani et al., 2018b;Rani et al., 2020). Besides, toxicity and bioaccumulation, the
selection of pollutants was based on the quantity of these pollutants used in the industries. Diverse
parameters of contaminant concentration, nanocatalyst amount, pH, radiation environment and contact
time were investigated to bring off the highest degradation. Langmuir isotherm and degradation
pathways were studied to investigate the adsorbing behavior and types of metabolites formed.
Reusability studies were also investigated for con�rmation of the sustainability of nanomaterials.
Scavenger analysis was explored to �nd out the role of free radicals under sunlight.

2. Experimental

2.1. Materials
Metal salts namely Cu2(NO3)2, Mn(NO3)2, Zn(NO3)2, Cu2(NO3)2, Fe2(NO3)2, liquid NH3 were procured from
Hi-Media, India. Standard of 3-Aminophenol and Eriochrome Black T dye were purchased from Merck,
Germany. Fresh leaves of A. indica were collected from a tree in our institute campus, washed and
crushed in a pestle mortar. The green color liquid of A. indica extract was �ltered and kept at 4°C in
refrigerator for further experimental work of nanoparticles synthesis. All the solutions were prepared in
deionized water.

2.2 Design of green experiment for HMOs nanomaterials
As shown in Fig. 1, HMOs were synthesized via co-precipitation method involving leaf extract. Solutions
of different metal salts (0.1M, 100mL) in water were prepared by adding 5 mL of A. indica plant extract in
each solution. The solution of one metal salts was mixed into another by dropwise addition under 2h of
constant stirring at 80°C. Liq. ammonia was added slowly in the reaction mixture until the precipitation
was formed at the bottom of the beaker and kept the product undisturbed for 12h. The obtained
precipitate was washed multiple times and then kept in an oven at 70°C for drying. For complete
dehydration, crystals were mu�ed at 400° C for 4 hours, crushed, grind, and kept for further use.



Page 5/36

Synthesized HMOs were analyzed by powder X-ray diffraction (p-XRD), microscopy (FE-SEM and TEM),
Spectroscopy (FT-IR and XPS), UV- spectrometer (UV-re�ectance), photo-luminesce, Zeta-sizer, and BET.
The details belong to instrumentation have been presented in the supplementary information.

2.3 Photodegradation of 3-AP and EBT by using
nanocomposite of HMOs from spiked water
In glass vials, photodegradation studies of targeted organic pollutants with synthesized HMOs were
carried out. The batch experiment consisted of 25 to 125 mgL− 1 of 3-AP and EBT solution, catalyst
quantity changed from 20 to 100 mg along with diverse pH (3–11) and reaction time. In the availability of
direct sunlight, degradations of 3-AP and EBT with HMOs nanocomposite in spiked de-ionized water with
a de�nite amount of targets. For a better understanding of the effect of sunlight on degradation, the
samples were also investigated in dark conditions. To maintain pH of reaction mixture borax (borax;
0.025M + NaOH; 0.1M) and citrate buffer (citric acid; 0.1M + trisodium citrate; 0.1M) was used. The
reaction continued for 5 h for 3-AP and 3h for EBT dye in presence of sunlight and the adsorption
capacity of the nanocatalysts was also found out in the dark. Underdeveloped conditions, individual
feigned samples of water were kept under daylight irradiation for 5 h (11.00 am to 4:00 pm). During the
reaction, average temperature (°C) was 29 ± 1.7 (range: 28.0–35.0) and the intensity of sunlight was 452 
± 183 W/m2 (range: 151–812) as measured with a pyranometer. Subsequently, the supernatant of the
reaction mixture was taken out in triplicate for quantitative (Ultra-Violet-Spectrophotometer) and
qualitative (Gas Chromatography-Mass Spectrometric) analysis. Blank samples of contaminants EBT
and 3-AP (short of nancatalyst) were also tested to examine the degradation e�ciency of HMOs.
Comparision the results obtained from samples place under dark conditions further con�rms the role of
natural sunlight in degradation. The degradation e�ciency (%) was estimated: Cinitial – C�nal /Cinitial)
×100. Other factors like the amount of catalyst, initial concentration of selected pollutants and initial pH
of the solution were optimized.

2.4 Statistical analysis
The kinetics study and statistical treatment of experimental data for the present application studies on
removal of targeted contaminants by HMOs were performed empirically from asymptotical analysis by
Sigma Plot Systat. Outcomes were inconsistent with the triplicate study. Microsoft excels program was
employed for the calculation of the standard deviation of the triplicates. Experimental signi�cance was
analyzed by comparing the results through beta coe�cient (R2) and probability values (p-values). Fit
equations were used for kinetics and adsorption data.

3. Results And Discussion

3.1. Morphological and structural analysis

3.1.1 PXRD
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Ccrystallinity, composition and structure of HMOs nanocomposite were determined from PXRD, PAN
analytical X-PERT Pro (Fig. 2). The purity and crystallinity of HMOs were observed by the lack of
diffraction peaks and the presence of sharp peaks (Rani et al., 2020). Slightly shift in PXRD parameters in
HMOs as compared to parent nanomaterial con�rmed the doping of both metal oxides. The maximum
intensity and miller indices observed at 2θ values: 36° (311), 33.2° (310) and 66.2° (440) for CuFe2O4

(Sreekala et al.,2020); 35.6° (220), 30.2° (311), 18.2° (111) and 43.3° (222) for CuMn2O4; and 36.2° (111),

32.5° (110), 29.1° (011) and 17.8° (111) for MnZn2O4 with slide shifting of peak position from each other.

Parental peak re�ection observed at 2θ of 35.6° (CuO: monoclinic crystal phase having space group C2/c)
(Etefagh et al., 2013), 35°(Fe2O3: high-intensity peak, semi-crystalline) (Rachna et al., 2018), 29.1°

(crystalline MnO2) (Jana et al., 2007) were also supported HMOs formation. The major peak at 29.1° and

slight shifting from angles 31°, 33° and 36° from parent nanomaterial (ZnO) con�rmed the doping of
MnO2 and ZnO (Fig. 3S). The average crystalline size (dc) was determined correspond to the most
intense peak by using Scherer's equation dc = Kλ/βcosθ (Klug., 1974). Predicted crystalline sizes of
CuFe2O4, CuMn2O4 and MnZn2O4 were 6.63nm, 10.25nm and 12.31 nm. Smaller average crystalline size
of CuFe2O4 nanoparticle as compared to other HMOs nanomaterials supported the good adsorbing
properties.

3.1.2 FT-IR
FT-IR analysis con�rmed the structural composition and bonding between elements of different parent
nanoparticles of HMOs nanocomposites as shown in Fig. 2. Two adsorption bands in CuFe2O4 observed

at 607 cm− 1 (Fe-O bond in octahedral) and 470 cm− 1 (Cu-O bond in tetrahedral sites) con�rmed the
incorporation of two metal oxides (Sreekala et al., 2020; Tehrani, 2012). In pure CuO, spectra were narrow
bands at 457, 526, 600, and 784 cm− 1 con�rm the formation of CuO nanoparticles (Sukumar et al.,
2020). An absorption band near 622 cm− 1 was assigned to vibration of Fe–O bond in iron oxide (Rufus et
al., 2016). Similarly, two stretching frequencies were observed in CuMn2O4 nanocatalyst at 509 cm− 1 (Cu-

O), 500 cm− 1 (Mn-O) as well as in MnZn2O4 at 525 cm− 1 (Zn-O) and 620 cm− 1 (Mn-O). The peak at 520

cm− 1 arises from the stretching vibration of the Mn–O in pure MnO2 (Liang et al., 2008; Olmos et al.,

2005) and the peak at 459 cm− 1 con�rms the ZnO bond at bending vibration (Dhanemozhi et al., 2017).
The slight shift of peaks towards lower or higher frequency as compared to parent nanomaterial revealed
the formation of HMOs. The bands of C-O, C-C, C = C and C-H are attributed to alkanes, alkenes, alcohols
and carboxylic acid (Fig. 2). The observed functional groups in the FTIR study con�rmed that the
phytochemicals (proteins, phenolics alkaloids and �avonoids) were involved in the formation and
stability of green synthesized HMOs nanoparticles (Rajkumar et al., 2018; Rufus et al., 2016). The very
minor peaks nearly at 3400 cm− 1 in all three HMOs might be due to the surface acidity of hydroxyl (–OH)
functional groups (Rani et al., 2020). The FT-IR analysis con�rmed the doping of two HMOs present in
nanocatalyst might be bonded with oxygen element.

3.1.3 Microscopic techniques
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FE-SEM

Surface morphology and structure of synthesized nanoparticles were examined by electron microscopic
analysis. Nanospheres of CuFe2O4 (Fig. 2a), CuMn2O4 (Fig. 2d) and MnZn2O4 spinels with rough surface
were seen in FE-SEM image (Fig. 2g). Literature survey is revealing nano�ower of ZnO, nanorodes of
Fe2O3 and nanospheres of CuO and MnO2 formed by green methods (Ramzan et al., 2020; Rani et al.,
2017; Rachna et al., 2019; Rachna et al., 2018). Different geometry of HMOs than individuals (nano�ower
of ZnO, nanorods of Fe2O3 and nanospheres of CuO and MnO2) reported earlier by green methods, further
con�rmed their interaction (Fig. 3S). FE-SEM (Fig. 2) results were also supported with EDS which explains
the elemental composition (%) of variable atoms in HMOs spinel’s nanoparticles i.e. Cu, Fe and O
with11.44%, 58.71% and 29.85%, respectively in CuFe2O4; Cu (7.51%,), Mn (66.13%), O (25.10%) in
CuMn2O4 and Mn (28.22%), Zn (47.74%) and O (23.13%) in MnZn2O4. From FESEM-EDS it was con�rmed
that the convenient synthesis path reported here provides easy, economical and environment friendly
HMOs nanocatalyst.

TEM

For depth information of internal framework, morphology and crystallinity of HMOs nanocomposites, HR-
TEM analysis was carried out (Fig. 4a,b,c). The spherical shape of HMOs (size less than 50 nm)
supported the results of FE-SEM. It can be observed that agglomerates are formed by a superposition of
nanometric size particles in the case CuFe2O4 and CuMn2O4. Literature survey revealed the spherical
morphology of iron oxide (Karade et al., 2019), CuO (Chowdhury et al., 2020) and MnO2 (Wang et al.,
2017). The TEM images of ZnO con�rm that the particles are almost hexagonal with slight variation in
thickness (Geetha et al., 2016). After incorporation of one metal oxide into another slight change in
morphology as well as particle size was observed. MnZn2O4 has smaller size spherical particles as
compared to parent nanomaterials with minor variation in morphology as shown in TEM image (Fig. 4c).
Selected Area Electron Diffraction (SAED) pattern shows bright concentric rings which revealed high
crystallinity of HMOs and show good agreement with the XRD diffractogram of supported the PXRD
results. The size histogram shows the smaller size of CuFe2O4 within range of 6–8 nm, 8–10 nm in
CuMn2O4 and 10–13 nm in MnZn2O4. Selected Area Electron Diffraction (SAED) pattern showed bright
concentric rings of high crystalline HMOs and shows good agreement with the XRD diffractogram of
supported the PXRD results. The size histogram shows the smaller size of CuFe2O4 within the range of
6–8 nm, 8–10 nm in CuMn2O4 and 10–13 nm in MnZn2O4. These TEM observations con�rm the small
size of the HMOs and the obtained values are in good agreement with the size of crystallites calculated
from the Scherrer equation. From microscopic studies, it was con�rmed that the convenient synthesis
path reported here provides easy, economical and environment-friendly HMOs nanocatalysts.

3.1.4 XPS
The surface chemical compositions of synthesized nanoparticles (valency and interaction between
constituent elements) were determined with XPS analysis that con�rmed the presence of all elements in
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agreement with EDS (Fig. 5). As shown in the spectrum, the peak of Cu2p1/2 and Cu 2p3/2 were observed

at 953.0 and 933.0 eV considered as characteristic peaks for Cu+ 2 ions (Faungnawakij et al., 2009). The
characteristic peaks of Fe+ 3 were observed at the binding energies of 723.6 and 709 eV (NuLi et al.,
2004). However, in zinc spectrum peaks at 1020eV and 1045eV recorded corresponding to Zn2p1/2 and
Zn2p3/2, respectively. A similar trend was also observed in ZnO with minor differences due to interfacial
interaction between nanocomposites (Al-Gaashani et al., 2013; Han et al., 2014). The manganese element
presents in MnZn2O4 and CuMn2O4 HMOs nanocatalyst shows the characteristic peak at 640.0 eV and
652.5eV. The O1s peak which is common in all three HMOs shows a characteristic peak at 528eV (Xue et
al., 2004). The C1s were added as references during the measurement process. By combining both EDS
and XRD observations, it can be con�rmed that the HMOs nanocatalyst was successfully synthesized by
green method.

3.1.5 BET Surface area
Surface characterization of synthesized HMOs and individual nanomaterials was investigated by BET
gas isotherms where nanomaterials were exposed to enhanced pressure of nitrogen gas adsorption.
Surface areas of the HMOs revealed that CuFe2O4 (35.7 m2g− 1) has the largest surface area followed by

CuMn2O4 (30.6 m2g− 1) and MnZn2O4 (10.2 m2g− 1) (Fig. 1S). The obtained results were also compared

with the unaccompanied metal oxides surface area (CuO: 17.629 m2 g− 1, Fe3O4: 8.992 m2 g− 1, ZnO: 8.45

m2 g− 1, MnO2: 13 m2 g− 1) (Rani et al., 2018; Ramimoghadam et al., 2013; Kadam et al., 2018). As
expected, the surface area of HMOs larger as compared to unaccompanied metal oxides due to
synergistic phenomenon which is conducive to enhanced its textural characteristics (Rani and Shanker,
2020a).

3.1.6 Re�ectance spectra and band gap analysis
UV–Vis re�ectance spectra data (by UV-Vis spectroscopy) was used to get the band gap (Eg) of
synthesized HMOs nanoparticles by direct transition Tauc equation.

Here, α is optical absorption coe�cient

h is Planck’s constant

 is the frequency of incident radiation,

A is a constant and Eg is the energy gap.

The direct transition in method was justi�ed with exponent 2 value. The extrapolating of the linear portion
of the curve to zero adsorption values in (ah )2 v/s photon energy graph resulted in band gap energy
(Inamuddin, 2019). The bandgap energy values were- CuFe2O4 (2.1 eV), CuMn2O4 (2.4eV) and MnZn2O4
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(2.6eV) as shown in Fig. 6(a). From literature survey band gap of Fe2O3 (2.23 eV) (Rachna et al., 2018),
CuO (4.2 eV) (Arun et al., 2015), MnO2 (2.6 eV) (Vijayalakshmi et al., 2019) and ZnO (3.3 eV) (Rachna et
al., 2020). Synergic effect via the introduction of different metal oxides and displacement of the
transmittance edges to the lower region might be responsible for this occurrence (Rani et al., 2018; Rani
and Shanker, 2018c). The lower band gap has enhanced photocatalytic activity and is used for
commercial applications. Lower band gap values are advantageous for harvesting light energy (natural
sunlight) in viable use. The complete characteristics of green synthesized HMOs were explained in
Table 2.

3.2 Estimation of photocatalytic activity for HMOs in
degradation of 3-AP and EBT dye
To investigate photocatalytic e�ciencies of HMOs against 3-AP and EBT dye different batch study were
evaluated having the amount of pollutant (50 to 150 mg L− 1) with variation in HMOs dose (20–100 mg),
pH (3–11) and exposure (sunlight and dark) (Fig. 7a,b). It is important to mention that all the other
parameters were kept constant while changing another one. The maximum degradation was obtained at
a minimum concentration of 3-AP and EBT (50 mg L− 1), de�nite nanocatalyst amount (80 mg) and pH
(~ 7) under sunlight exposure. The presence of higher amount of pollutant molecules reduces the
occurrence of photogenerated charged species (Rani et al., 2017a; Rani et al., 2017b; Satheesh et al.,
2014). The degradation was lowered at a higher quantity due to insu�cient hydroxyl radicals to degrade
a large number of molecules of the organic pollutant. However, for cost-effectiveness dose depended
study was investigated by varying the amount 20–100 mgL− 1. Maximum degradation was observed at
80 mg and decreases afterward due to collisions in-between reaction mixture charged and uncharged
particles deactivated the catalyst (Fig. 7c,d) (Rachna et al., 2019a).

At neutral pH, maximum photodegradation was achieved for 50 mgL− 1 of 3-AP and EBT with a de�nite
catalytic dose (80 mg) (Fig. 7e,f). Decrease in degradation because of the ion screening effect caused by
H+ and OH− ions in acidic and basic solution (Shanker et al., 2017). In acidic pH, the pollutant and
nanocatalysts are neutral due to which H+ use most of the electrons. HMOs depicted good photoactivity
at neutral pH because HMOs generally have a point of zero charge (Pzc) nearly 6. Hence, zeta potential of
HMOs was investigated at neutral pH. Moreover, 3-AP and EBT pollutants contain π-electron density due
to which formation of ‘‘cation-π” complexes after networking with a positively charged surface of
nanocomposite at neutral pH. The surface charge of the HMOs plays a signi�cant role in degradation
e�ciency at various pH. The calculated zeta potential at neutral pH are : -23.1 mV, -22.7 mV and − 20.5
mV for CuFe2O4, CuMn2O4 and MnZn2O4,respectively (Fig. 6g,h,i). Among the HMOs nanocomposites
used, CuFe2O4 and CuMn2O4 having a large value of zeta potential (higher surface stability) which
minimized the aggregation of the nanoparticles (Shanker et al., 2016). The maximum capacity for
CuFe2O4 is supported by its negative potential value showed stability and larger repulsion amongst the
particles (Mu et al., 2001; Lin et al., 2008; Rani et al.,2018).
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For comparison study, removal of 3-AP and EBT pollutants were studied under sunlight and dark
condition. The reaction mixture contains 50 mg L− 1 of organic pollutants and 80 mg catalytic dose, with
CuFe2O4, CuMn2O4 and MnZn2O4 separately, at neutral pH exposed to natural sunlight. Photodegradation
of 3-AP was found: 93 % (CuFe2O4), 90 % (CuMn2O4) and 85% (MnZn2O4) under sunlight and 47%
(CuFe2O4), 39% (CuMn2O4) and 30% (MnZn2O4) in dark (Fig. 8i). However, EBT dye degraded to larger
extent: 97 % (CuFe2O4), 95 % (CuMn2O4) and 80% (MnZn2O4) under sunlight and 55% (CuFe2O4), 45%
(CuMn2O4) and 35% (MnZn2O4) in dark condition. In presence of sunlight large number of reactive
species was formed lead to the degradation of organic pollutants. Active species i.e OH and O2 radicals
are produced due to interaction between charge carriers (electron and hole pairs) and H2O/O2 in the
reaction mixture. The lower band gap of HMOs results in a rapid excitation phenomenon. The life span of
charge carriers is the key factor in the photocatalytic degradation phenomenon (Fig. 6d,e,f). The
Photoluminescence (PL) spectroscopy technique is used for the determination of pro�ciency of trapping,
recombination probability of charge carrier and transmission in a semiconductor. Due to the photoexcited
of electron and hole, the PL spectra were obtained. Lesser PL emission intensity results in swift transport
and separation of charge carriers upsurges. To get the emission spectra of the nanocatalyst, the
excitation wavelength has been set at 300nm at room temperature. This selected wavelength must be
larger compared actual bandgap. Supreme intensity peak observed in HMOs in between 300–400 nm.
CuFe2O4 has lesser emission intensity as compared to others which shows a lesser recombination rate of
electron-hole pairs and shows better photocatalytic capacity. The reason behind the acceleration in
recombination of charge carriers was doping of different metal oxides causes electron donor and electron
acceptor participation among these (Meng et al., 2011; Zhong et al., 2014; Ma et al., 2018; Rani et al.,
2020). These reactive species convert the complex structure of organic pollutants (3-AP and EBT) into
smaller and safe metabolites analyzed by using GC-MS. To support this fact lower activity of HMOs
nanocatalysts under dark conditions and very minor degradation with blank samples (7% of 3-AP; 10% of
EBT). The incorporation of two different metal oxides having different bandgap leads to the generation of
charge carriers present in the transition band for more time and leads to the huge production of OH
radicals for degradation (Rani et al., 2018). The main advantage of using sunlight as an irradiation
source for the degradation of many pollutants are environment friendly, easy availability, cost-
effectiveness and catalyst does not decompose during the procedure. Mechanism followed by HMOs for
the degradation of organic pollutant could be explained by the equations:

hv  + HMOs → HMOs (h+  +  e-)

HMO (h+ + e-) → MO (h+) + MO (e-)

HMOs (e-) + O2 → 
.O-

2

HMOs (h+) + H2O → OH. + H+

.O-
2  + H2O → OH. + OH- + O2
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OH. + Pollutant → Degraded smaller by-products

In presence of optimized conditions, CuFe2O4 shows maximum degradation (3-AP 93%; EBT 97%)
followed by CuMn2O4 (3-AP 90%; EBT 95%) and MnZn2O4 (3-AP 85 %; EBT 90%) under sunlight. The
maximum degradation showed by CuMn2O4 supported by the lower bandgap (2.1eV), largest surface

area (35.7 m2g− 1), negative zeta potential (-23.1 mV) and lower intensity in photoluminescence (PL). The
faster degradation of EBT dye as compared to 3-AP due to the presence of lesser electronegative nitrogen
as compared to oxygen in 3- AP. However, 3-AP has a more stable structure as compared to EBT due to
the smaller aromatic structure.

4. Proposed Chemical Kinetics
In presence of optimized conditions (50 mgL− 1 of organic pollutant, 80 mg of HMOs, neutral pH and
sunlight), rapid degradation of 3-AP (93 % by CuFe2O4, 90 % by CuMn2O4, 85% by MnZn2O4) in 5h and
EBT (97 % by CuFe2O4, 95 % by CuMn2O4, 80% MnZn2O4) in 3h followed �rst-order kinetics. Maximum
degradation of was observed by CuFe2O4 is justi�ed by the highest k value (Table 3) (Figure b(i), b(ii)).

The amount of organic pollutants (3-AP; EBT) left after 2h were: (3-AP 0.57 ± 0.003 mgL− 1; EBT 0.330 ± 
0.002 mgL− 1), (3-AP 0.721 ± 0.002 mgL− 1; EBT 0.600 ± 0.001 mgL− 1), (3-AP 0.820 ± 0.002 mgL− 1; EBT
0.810 ± 0.002 mgL1) in the presence of CuFe2O4, CuMn2O4, and MnZn2O4, respectively. As compared to
blank, half-life (t1/2) of AP and EBT decreases up to 6–10 times with HMOs were concluded about good
photodegradation potential of nanocatalyst. Photodegradation started with adsorption of dye on
nanocatalyst and �tted to Langmuir isotherm as shown in Fig. 7(i-l). For the comparison study, other
adsorption models were also investigated i.e Freundlich, Sips, Dubinin–Radushkevich (DRK) (Fig. 2S) and
Temkin model. The Langmuir constants Xm (maximum amount of pollutant adsorbed in mg g− 1), kL(dm3

mol− 1) and R2 for 3-AP were attained in the order: CuFe2O4 (2.0; 0.22; 0.95) > CuMn2O4 (1.92; 0.36; 0.98) 
> MnZn2O4 (1.61; 0.39; 0.99). In case of EBT, these values were found to be: CuFe2O4 (2.48; 0.36; 0.912) > 
CuMn2O4 (2.04; 0.52; 0.95) > MnZn2O4 (1.86; 0.61; 0.97). The statistical data of different isotherms
shown in Table 1S. Hence, maximum dyes adsorption was found with CuFe2O4 HMO due to larger
surface area and negative zeta potential as compared to the other HMOs.

5. Photodegradation Pathways Of 3-ap And Ebt By Using Hmos
Gas Chromatograph-Mass Spectrometer (GC-MS) technique was employed for the sample of 3-AP and
EBT (Concentration: 50 mgL− 1, Catalytic amount: 20mg, pH∼7) of 5h degradation time. Results showed
that the initial degradation of pollutants on the surface of catalyst converted into less stable products
that further mineralized into a safer product according to the mass spectrum (Fig. 10). The mass spectra
of EBT and 3-AP were interpreted by use of NIST-library installed in the software of the GC-MS and
reported literature information. The OH. is the major cause of the degradation of the complicated
compounds into smaller and safer metabolites.
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Based on GC-MS results, pathway degradation was drawn as shown in Fig. 11 and concluded that
hydroxyl radical attack on the azo group present in EBT dye and results in the formation of unstable
intermediates 2-Nitronapthalene (m/z = 73) and Naphthalene-1-ol (m/z = 141). Advanced oxidations
phenomenon led the benzene-1,2,3-triol (m/z = 128) as by-product. However, the total Ion Chromatograph
(TIC) (Fig. 9) revealed that benzene-1,2,3-triol (m/z = 128) is short living species. Due to ring-opening and
oxidation process, product (1E,3Z)-hexa-1,3,5-trien-1-ol (m/z = 98) was formed and further breakdown into
(E)-prop-1-en-ol (m/z = 59). Further presence of excess hydroxyl radicals converted toxic molecules into
mineralization of end products (Rachana et al., 2020). The toxic molecule 3-AP degraded due to
advanced oxidation process into ((2E,4Z)-3-hydroxyhexa-2,4-dien-1-ylidene) amino) oxonium (m/z = 127)
and phenol (m/z = 95) (Fig. 11b). Further hydroxyl attack and ring opening led to formation of pent-1-en-
3-one (m/z = 86) and (E)-3-aminoprop-1-en-1-ol (m/z = 73) was reported in literature. The TIC of 3-AP
con�rmed that these products were short living and due to the presence of excess hydroxyl radical
formation of safer mineralized products as shown in Fig. 11b (Rani et al., 2020).

The scavenger analysis was investigated to endorse the function of hydroxyl radical in photodegradation
of EBT and 3-AP. The discrete quenchers: ethanol, triethanolamine and benzoquinone were utilized for
hydroxyl radical, h+, O2−, respectively for quenching of radicals. As a result, the decline in degradation was
observed when the sample containing radical quenchers (Fig. 8 (ii)). Hence, results concluded that the
active hydroxyl radicals are a major reason for the degradation of EBT and 3-AP. Moreover, for a better
understanding of photodegradation, PL was carried out which related to their charge recombination.

6. Comparison With Other Catalysts
The toxic and carcinogenic nature of EBT and 3-AP towards living beings has motivated to investigated
the eradication of both pollutants using nanomaterials (Table 4). It was revealed that only a few e�cient
studies are available while the procedure involved was uneconomical and unfriendly for the environment.
Majorly, UV light is used for the removal of both pollutants which is not workable for the cure of industrial
wastewaters Sunlight active HMOs nanomaterials have not been explored so much in this area. However,
in sunlight, both UV and visible light are present which is a cost-effective and technically feasible method
for removal of EBT and 3-AP. The e�ciency of synthesized HMOs showed 97% degradation of EBT and
93% of 3-APin water under the exposure of sunlight into the safer and minor mineralized product.
Moreover, the deployment of un-conventional nanomaterials should be helped to avoid the bio-
enrichment of the exact recycled nanocatalyst. Overall, green synthesized HMOs supported the utilization
of natural material in favor of green chemistry.

7. Reusability Of The Hmos
To �nd out the sustainability, cost-effectiveness, stability and recycle of fabricated HMOs, investigation
reusability was performed. The HMOs were used during the experiment were recovered via �ltration,
washed by using acetone as well as with deionized water and dried in the hot air oven for reused in
consequent cycles. Eight-time reusable in photocatalytic degradation of 3-AP and EBT with an initial
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amount 50 mgL− 1 were used to study the durability of the nanocatalyst. The result certi�ed that HMOs
depicted good e�ciency upto eight cycles without any loss in photoactivity (Fig. 12a). However,
percentage degradation was reduced might be because of the agglomeration of EBT or 3-AP on the
surface of the catalyst. The higher stability and reusability of HMOs were supported by the PXRD patterns
which do not show any signi�cant change in the pattern as shown in Fig. 12b.

8. Conclusion
Establishment of a facile, inexpensive, recyclable, eco-friendly and highly e�cient method for synthesis
of HMOs nanosphere CuFe2O4, CuMn2O4 and MnZn2O4 using Azadirachita indica as leaf extract in high
yield. At optimized conditions, CuFe2O4 nanocatalyst showed maximum degradation (3-AP 93%; EBT
97%) as compared to CuMn2O4 (3-AP 90%; EBT 95%) and MnZn2O4 (3-AP 85%; EBT 80%) under direct
exposure of sunlight through the semiconducting mechanism. Percentage degradation of pollutants
depends on the negative zeta potential, superior surface area and low band gap. Langmuir adsorption
isotherms and �rst-order kinetics has been followed majorly in the degradation process. The
photocatalytic degradation of EBT and AP followed �rst-order kinetics. GC-MS analysis revealed that the
complex structure of EBT dye breakdown into minor and non-toxic metabolites. The by-product (E)-Prop-
1-ene-1-ol obtained in the case of EBT while in 3-AP prop-1-en-3-one and (E)-3-aminoprop-1-en-1-ol were
formed after hydroxyl attack at the less hindered site. These products were �nally mineralized. The
possible pathway of both pollutants has also been proposed. The HMOs nanocatalyst was found to be
reusable upto 8th cycle. This high reusability supports the sustainability of such nanostructures.
According to the promising photocatalytic e�ciency exhibited work, the CuFe2O4, CuMn2O4 and MnZn2O4

nanospheres photocatalysts are expected to play a signi�cant role in environmental puri�cation by
employing natural sunlight.
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Tables
Table 1. Physiochemical properties of selected pollutant

Element CAS No. Mol.
Mass

(g/mol)

Water Solubility
(mg/mL)

Appearance pKa Half-
life

(days)

EBT 1787-61-
7

461.381  50 Dark black 6.2,
11.55

-

3-AP 591-27-5 109.13 35 White 4.3, 9.81 15

 

Table 2. Characteristic properties of green synthesized hetrometallic oxides (HMOs) nanocomposite

S.No Nanomaterial Morphology Surface area (m2g-

1)
Band gap
 (eV)

Zeta-potential
(mV)

1 CuFe2O4 Spherical 35.68 2.1 -23.1

2 CuMn2O4 Spherical 30.63 2.4 -22.7

3 MnZn2O4 Spherical 10.25 2.6 -22.5

 

Table 3. Rate constant and half-life values of Eriochrome Black T (EBT) or 3-Aminophenol (3-AP) with the
photocatalysts at optimised conditions (p-values for �t < 0.05)

Catalyst    CuFe2O4  CuMn2O4

       

      MnZn2O4

   

          Blank*

  k(h1) t1/2

(h)

R2 k (h-

1)
t1/2
(h)

R2 k (h-

1)
t1/2
(h)

R2 k (h-

1)
t1/2
(h)

R2

EBT 1.1 0.6 0.99 0.8 0.8 0.99 0.6 0.9 0.99 0.03 23 0.89

3-AP 0.7 0.99 0.97 0.5 1.3 0.99 0.4 1.7 0.97 0.02 34 0.94

Note:  Triplicate experiments (n=3) were evaluated for estimation of error bar.

*Blank (10 mL of each pollutant with de�nite concentration without catalyst
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Table 4. Comparison data of Eriochrome Black T (EBT) or 3-Aminophenol (3-AP) degraded reported by
other studies
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S.
No.

Name Material
used                             

Characterization Result Reference

1 EBT

(25mgL-)

ZnO-CuHCF

(15 mg)

PXRD, FT-IR,
FESEM-EDS,
TEM, BET

Degradation (97–
99 %) in sunlight,
follow �rst order
kinetics

Rachna et
al., 2020

2 EBT β-cyclodextrin coated
Fe3O4

(10 ± 2 nm), (60 mg)

PXRD, FTIR,
XPS, HR-TEM,
SAED, VSM

Degradation (90%)
with hydrogen
peroxide.

Gogoi et al.,
2019

3

 

EBT

(20 mg L-1)

Tridoped TiO2/CNT

(0.1 g)

FE-SEM, EDS,
FT-IR, Raman,
XRD, UV-Visible

66% removal
observed by TOC
due to degradation
and followed �rst
order kinetics

Mamba et
al., 2015

4 EBT

(0.08 mM)

ZnO

(100 mg)

 

XRD, HR-TEM,
SAED, STEM,
EDS, UV–vis,
BET

Degradation (92%)
in UV light.

Kaur et al.,
2015

5 EBT

(20 mg
L−1)

NiO-ZnO on
nanozeolite X (1g
L−1)

XRD, UV/vis-
DRS, FT-IR, TEM
and BET

Degradation (85%)
in UV sunlight.

Shamsabadi
et al., 2017

6 EBT

(100 mg L-

1)

Eu-doped TiO2

(3 g L-1)

XRD, SEM, FT-
IR,UV-vis,

Degradation (98%)
in sunlight

Franco et al.,
2020

7 3-AP

(10−4 M)

ZnO@FeHCF

(20 mg)

 

PXRD, FT-IR,
FESEM-EDS,
TEM

Degradation (98%)
in sunlight

Rachna et
al., 2020

8 EBT

(95ppm)

rice hull-based
activated carbon
(2g)

SEM and IR 93.14% removal
by Adsorption

Luna et al.,
2013

9 EBT

(100mgL-1)

CuO

(0.02g)

XRD, SANS,
FTIR, UV-vis,
SEM

98% degradation
in 60 min followed
�rst order kinetics

Nayak et al.,
2020

 

10 AP

(100 g/L)

iron nano-adsorbent

(5mg/10mL)

FT-IR, XRD, SEM
and TEM

80% removal by
Adsorption

Alharbi et al.,
2018

11 3-AP

(10-4 M)

NiCuO, CuCr2O4 and
NiCrO3

PXRD, FT-IR, FE-
SEM, EDS ,TEM,
BET, PL

Degradation (97%)
in sunlight

Rani and
Shanker,
2018
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(15 mg)

12 3-AP (20
mgL-1)

CuO supported
Clinoptilolite

(2.0 gL-1)

XRD, FT-IR, BET,
SEM

Degradation (60%)
in sunlight 

 
Nezamzadeh
Ejhieh et al.,
2013

13 AP

(200
mg/L)

 

N-doped r- G.O

(80.60 mg/g)

FE-SEM, HR-
TEM, TGA, FT-IR,
XPS, 

Removal greater
than 80% via
adsorption and
follow Pseudo �rst
order kinetics

Zhao et al.,
2020

14 AP

(1.5 Mm)

magnetic alginate-
coated nanoparticles

SEM, TEM, FT-
IR, XRD

98.1% via
separation
technique

Marjani et
al., 2020

15 AP Fe/CLCh-EDA/β-CD IR, XRD, Raman,
AAS,

90.1 % removal via
adsorption and
follow pseudo
�rst, pseudo
second order
kinetics

Balbino et
al., 2020

16 AP Ag/Ti co-doped
activated carbon
(0.1 g/50 mL)

HRSEM, EDS,
XRD, and FTI

99.86% removal
via adsorption and
followed pseudo-
second order
model

Mustapha et
al., 2020

18 EBT,3A-P
(20mgL-1)

CuFe2O4, CuMn2O4,
MnZn2O4

(80 mg)

PXRD, FT-IR, FE-
SEM, HR-TEM,
XPS, BET

97% dye
degradation,

93% phenol
degradation

Present
Study

 

 

 

 

Figures
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Figure 1

Possible representation of synthesis of the photoactive nanocomposite by using Azadirachta indica plant
extract
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Figure 2

Powdered X-ray Diffraction (PXRD) and FT-IR spectra (a) CuFe2O4 (b) CuMn2O4 (c) MnZn2O4.
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Figure 3

FE-SEM images of with (EDS) and Size histogram (a) CuFe2O4 (b) CuMn2O4 (c) MnZn2O4
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Figure 4

Represents TEM images of (a) CuFe2O2 (b) CuMn2O4 (c) MnZn2O4 with SAFD �gure
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Figure 5

XPS analysis of (a) CuFe2O4, (b) CuMn2O4, (c) MnZn2O4 and deconvoluted short scan spectra of (d)
Fe2p, (e) Cu2p, (f) O1s, (g) Zn2p, (h) Mn 2p, (i) C1s.
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Figure 6

Represents the measured band gap by using Tau equation of (a) CuFe2O4 (b) CuMn2O4 (c) MnZn2O4
Photoluminescence (PL) spectra of (d) CuFe2O4 (e) CuMn2O4 (f) MnZn2O4. Zeta-potential spectra of (g)
CuFe2O4 (h) CuMn2O4 (i) MnZn2O4
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Figure 7

Percentage degradation of 3-aminophenol (3-AP) and Eriochrome Black T (EBT) on HMOs at (a),(b)
concentrations dependent (c),(d) catalyst dosages. (e), (f) pH. Reaction kinetics of 3-AP(g) and (h) EBT
dye. Langmuir adsorption isotherm model (i),(j) 3-AP (k),(l) EBT dye Note: Triplicate experiments (n = 3)
were evaluated for estimation of error bar

Figure 8
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a (i) Source dependent study of 3-Aminophenol (3-AP) and Eriochrome Black T (EBT). a (ii) Effect of
radical quenchers on the degradation ability of heterometallic oxides (HMOs) nanocatalysts. b (i) and b
(ii) rate constant bar graph of EBT dye and 3-AP (c) Schematic representation of charge separation
mechanism for degradation (d) (e). Note: Triplicate experiments (n = 3) were evaluated for estimation of
error bar.

Figure 9
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Total Ion Chromatograph (a) Eriochrome Black T (EBT) and (b) 3-aminophenol (3-AP)

Figure 10

Representative mass spectrum of the degraded products formed of (a) EBT dye and (b) 3-AP over HMOs
nanocomposite.
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Figure 11

Proposed degradation pathway for the degradation of (a) Eriochrome Black T (EBT) and (b) 3-
Aminophenol (3-AP) over Heterometallic oxides (HMOs) nanocomposite (Concentration; 50 mg L-1;
pH:~7; catalyst dose: 80 mg; natural sunlight; time 3h)
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Figure 12

(a) Reusability analysis of Heterometallic oxides (HMOs) nanoparticles for Eriochrome Black T (EBT) and
3-Aminophenol (3-AP) degradation; (b) XRD pattern of CuFe2O4, CuMn2O4 and MnZn2O4 photocatalysts
up to 10 cycle. 1st
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