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Design of inexpensive, magnetically separable
MnFe,O,/poly meta-amino phenol (PmAP)
heterostructure: catalyst for bisphenol A & reactive
blue 19 mineralisationt
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and Ajaya K. Behera (2 *

Organic effluents from industries, especially bisphenol A (BPA) and dyes, pose a growing threat to living
creatures due to their resistance to biodegradation and carcinogenic nature. This research emphasizes
the design and fabrication of an inexpensive and magnetically separable MnFe,O4/poly meta-
aminophenol heterostructure as a catalyst for the mineralization of two persistent pollutants viz. BPA and
Reactive Blue 19 (RB-19). The structural and magnetic properties of the MnFe,O4/PmAP heterostructure
(MnP-10) revealed its potential as an efficient and magnetically recoverable catalyst highlighting its
practical usability and repeated use in wastewater purification. The heterostructure of MnP-10 was
confirmed through various techniques by XRD, XPS, SEM, TEM/HRTEM as well as BET surface area and
optical property measurements. The stability and recyclability of the MnP-10 catalyst were confirmed
through XRD and VSM studies of fresh and reused catalyst. The catalyst showed 100% efficiency for
mineralization of BPA and RB-19 within 60 min of visible light illumination. The TOC and GC-MS
analyses confirmed the efficient removal of organic contents after the reaction. The cost-effectiveness
and stability of the developed catalyst make it an attractive contender for wastewater treatment
applications, addressing the growing concerns connected with the removal of stubborn organic
contaminants.

Bisphenol A (BPA) is an artificial chemical that is used to manufacture transparent, durable materials of plastics and epoxy resins. BPA can have a negative

impact on reproduction, growth, and development, which raises health and environmental concerns for humans, and aquatic and terrestrial creatures.
Additionally, like BPA, RB-19 dye has a hazardous environmental effect. The environment is also at risk from these organic contaminants found in very small
amounts in wastewater and its byproducts. Thus, it becomes crucial to address mineralization of these organics, because the adsorption process alone is
insufficient. The present work contains synthesis of a new poly meta-amino phenol (PmAP)/MnFe,0, composite catalyst for removal of hazardous bisphenol A
and reactive blue-19 (RB-19) from contaminated water. Under 60 minutes of visible light exposure, this new catalyst could mineralize a substantial quantity of

BPA and RB-19 pollutants. The TOC analysis confirms the fragmentation of the bigger carbon structure with the use of this photocatalyst to smaller compounds.

Introduction

of textiles.! Reactive dyes are widely used in textile industries,*
owing to their strong covalent bond between the reactive group

In the modern era, rapid industrialization and a growing pop-
ulation have generated an alarming water pollution issue. The
water pollutants viz. dyes, microplastics, antibiotics, etc. are
indeed hazardous chemicals that obstruct natural processes or
have a detrimental impact on the environment and living
things. In particular, the textile industry discharges ~20% of
the whole of the wastewater generated during the dying process
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and fibre. The hazardous chemical composition of reactive
groups in these dyes is teratogenic and carcinogenic to both
humans and aquatic life.>* Low quantities of reactive dye colour
in water are often invisible to human eyes but have obvious,
unpleasant, and dangerous health and environmental effects.’
Furthermore, bisphenol-A [2,2-bis(4-hydroxyphenyl)propane]
(BPA) is widely used in the fabrication of pigments, epoxy
resins, glues, retardants, besides different polycarbonates
synthesis.® On average, first-order wastes from polycarbonate
generating units comprise up to 100 mg L' BPA, which could
gather in the atmosphere due to unintended discharge.® With
an LC50 value of 10 mg L™, BPA is considered to be poisonous
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to crustaceans and the environment.® For this, many
approaches have been used to address the accumulation of
undesired organics in the environment, including chemical
oxidation, photocatalytic degradation, filtering, and adsorption.
Among all, photocatalysis using a reliable, effective, econom-
ical, and non-hazardous catalytic material has been considered
a simple and evolving technology for the degradation of organic
contaminants. Given that it is a “green” technology for the
degradation of organic water pollutants, significant efforts have
been put into developing a variety of new photocatalysts.””
However, one of the main issues preventing their widespread
use in industry is the reutilization of the catalyst because of the
separation challenges. Thus, designing a catalyst that can
satisfy all the requirements cited above and will be easily
separable with little to no effort is crucial for this photocatalysis
technology to be efficient enough.

On account of the fascinating physical and chemical char-
acteristics, ferrite-based transition spinel metal oxides
(MFe,0,4, M = Mn, Fe, Co, Ni, Zn, etc.) have attracted a lot of
attention.® The distinctive magnetic feature of ferrite helps in
the recovery of the material easily after the catalytic reaction.
Magnetic separation is considered to be a successful method for
removing photocatalysts from wastewater to figure out the
separation and cost issues. Furthermore, the ferrites as a cata-
lyst are thermally and chemically stable.’® As a result, nano-
composites prepared through magnetic ferrites-based materials
generate photocatalytic systems with improved characteristics,
thereby limiting the shortcomings of neat materials.'**>* Among
the most significant magnetic materials, spinel manganese
ferrite (MnFe,0,), has outstanding ferromagnetic behavior at
ambient temperature and has found extensive usage in a variety
of applications, including cancer therapy, magnetic resonance
imaging (MRI), lithium-ion batteries/supercapacitors, catalytic
activities, sensors, hydrogen production, heavy metal removal,
and drug delivery.”**® Due to the affordability, ease of manu-
facture, chemical resistance, abundance of adsorption sites,
and remarkable magnetic characteristics, MnFe,O, has been
the subject of substantial research in the fields of photocatalysis
and energy storage. Additionally, due to the presence of two
cations in the same crystal structure of MnFe,0O,, different
valences increase the active sites and specific surface area of the
material extensively. MnFe,O, has better chemical stability,
ferromagnetic characteristics, and strong visible light absorp-
tion ability, and received more attention than other ferrites.””**

Despite the amazing features, only a handful of research
articles were published using manganese ferrite-based catalysts
for dye degradation presumably due to the high recombination
of the charge carriers in the presence of light. Thus, it was
conceptualized that combining this material with a conductive
polymer which may drastically improve the performance and
stability of the material using a catalyst. Using this idea, some
researchers have explored polymer-based manganese ferrite
composite for different applications. For instance, Joshi et al
reported the polyaniline/Mn,,5Co, ;5Fe,0, nanocomposites
structural and optical characteristics for the photocatalytic
degradation of crystal violet dye using visible light.>* Similarly,
Zeng et al reported a quick and practical method for
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manufacturing a magnetically recyclable MnFe,0,/PANI
composite using an in-place oxidative polymerization process,
the catalyst exhibited improved photocatalytic activity in dye
removal.”® Peter et al. designed a catalyst of biochar from
chromoleana odorata and studied the photosorption of indigo
and methylene blue dyes by nanoparticles of MnFe,O, and
ZnFe,0,.”* Recently, a researcher has designed PANI/MnFe,O,,
a sensible composite material for improved photocatalytic
activity and energy storage.*

Like polyaniline (PANI), poly meta-aminophenol (PmAP),
a derivative of PANI is a typical conductive polymer that can be
used as a sensitizer of semiconductor-based photocatalysts to
significantly improve the photoactivity in photocatalysis
process because of its narrow band gap (2.0 eV), high absorp-
tion coefficients in the visible light range and high mobility of
charge carriers.?* Aminophenols are interesting electrochemical
materials due to the fact that unlike aniline, they include an
additional phenol group. Therefore the PmAP shows promising
electrochemical activities owing to the synergetic behavior of -
OH and -NH, functional groups. PmAP exhibits the
outstanding properties of polyaniline since it is a derivative of
that substance. Additionally, PmAP can act as an electron donor
and hole acceptor when exposed to visible light and thus can
support the high charge separation efficiency in the presence of
light.

Herein, a simple and efficient method was presented for in
situ chemical oxidative polymerization-based synthesis of
a magnetically recyclable MnFe,0,/PmAP composite that
showed great photomineralisation ability for BPA and RB 19 dye
under visible light irradiation. To the best of our knowledge,
this is the first-ever report on the use of MnFe,O,/PmAP as
a cost-effective, magnetically separable, highly reactive visible
light active photocatalyst.

Results and discussion

With the use of XRD, the crystallinity, phase purity, and
confirmation of the formation of the composite are established.
The XRD patterns of PmAP, MnFe,04, MnP-30, and MnP-10
composite are represented in Fig. 1a. XRD of PmAP comprised
of a broad peak centered at 26, 20-30° corresponds to (002)
plane, which can be attributed to the periodic PmAP polymer
chain structure.>” All diffraction peaks matched well by position
and relative intensity with MnFe,O, planes with peak positions
at 18.1°, 43.3°, and 47.7° indexed to the presence of the (111),
(311), and (222) planes, respectively (Fig. 1a) which exhibited
cubic structure of MnFe,0,.>® The absence of any other phase or
impurity peaks demonstrated that a pure phase of the material
was formed. These distinctive peaks of MnFe,O, were seen in
the MnFe,0,-PmAP (MnP-10) composite; however, the intensity
and position differ slightly. This may be due to the development
of a heterojunction interface between two components.*
Whereas in the case of MnP-30, the diffraction peaks indicate
less crystallinity and the positions of the peaks are also shifted;
this confirms the non-perfect formation of composite with
a higher quantity of PmAP. From this, it can be assumed that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) XRD pattern of MnFe,O4, PmAP, MnP-10 and 30. (b and c) UV-DRS analysis of MnFe,O,4 and PmAP; (inset) respective band gap energy

plot calculated through Kebelka—Monk method. (d) FTIR and (e) PL spectra analysis of MnFe,O4, PmAP, MnP-10.

MnP-10 will show better results in terms of efficacy and other
analytical behavior.

The UV-vis spectra of MnFe,0, and PmAP were taken to get
an idea about their band gap values and the light absorption
efficacy of the composite. Fig. 1b and c displays the UV-visible
absorbance spectra of the MnFe,0, and PmAP samples along
with band gap values calculated from the Tauc's plots. The
absorbance spectra revealed that both MnFe,O, and PmAP
strongly absorb light in the entire visible region with an
absorption edge value of 710 nm. The band gap value was
calculated from the very well-known Kubelka-Monk method
and found to be ~1.8 and 1.7 eV for MnFe,O, and PmAP,
respectively, and efficient enough to trap the visible light of the
sun. Fig. 1d displays the FTIR spectra of PmAP, MnFe,0,4, MnP-
10 composite. The peak at 3427 ecm ™' is ascribed to the NH
stretching mode for pure PmAP, whereas the peaks at 1456 and
1577 cm™ ' are related to the C=C stretching of the benzenoid
and quinoid ring structures. Pure MnFe,O, has a significant
peak at 564 cm™ " which refers to Fe-O stretching vibration of
ferrite. Similar characteristic bands of PmAP and MnFe,0, are
also observed in the MnP-10 composite with slight shifting in
the peak positions. This further confirms the formation of the
heterostructure between the two individual components. To
know the charge carrier recombination characteristic, the pure
samples and the composite were analyzed through PL spec-
troscopy as depicted in Fig. 1e. As illustrated from the figure, the
MnP-10 composite has the lowest PL intensity in comparison to
the bare PmAP, MnFe,0,. Thus, the PL spectra confirm the
lowest recombination of charge carriers upon illumination of
light which might be due to the transfer and separation of the
e /h" owing to the formation of heterostructure between PmAP
and MnFe,O,.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The SEM images of the as-synthesized MnFe,O,, PmAP and
MnP-10 composite are shown in Fig. 2. As depicted in the figure,
the morphology of MnFe,0, discloses tiny flakes sort of parti-
cles with 8-9 nm of dimension. The aggregation of nano-
particles might be due to the van der Waals attraction or dipolar
interactions between the particles. The PmAP morphology was
observed to be a thin flakes-like structure (Fig. 2b). However, the
morphology of MnP-10 composite is the combination of
MnFe,0, particles and the slight amorphous character of the
polymer (Fig. 2c). The morphological and EDAX analysis, both
the structural feature along its composition of material, confirm
the successful synthesis of the heterostructure (Fig. 2d). The
EDAX pattern shows that all the components, Fe, Mn, and O,
were present and have a precise composition.**-*?

From the TEM/HRTEM observation of the MnP-10 catalyst, it
is worth noting that the MnFe,O, nanoparticles are efficiently
attached to the polymer sheet. Fig. 3a further shows that the
particle size of MnFe,O, in MnP-10 composite is small (9-10
nm). Additionally, the MnP-10 SAED pattern (Fig. 3b) also
substantiates the formation of MnFe,0, on the surface of the
PmAP quite effectively. On the one hand, the strong interaction
between MnFe,O, and PmAP can be seen from the corre-
sponding HRTEM images. Fig. 3c and d shows the HRTEM
image with lattice fringes of inter-planar widths of 0.231 nm,
which are compatible with the (220) planes of MnFe,0,.

Additionally, the BET surface areas of neat MnFe,O, and
MnP-10 were measured to examine the impact of PmAP on the
resulting composite and the obtained values are 36.6 and 31.8
m?® g ', respectively. A little reduction in specific surface area is
seen in the case of MnP-10 composite, which is likely due to the
interaction between PmAP and MnFe,O, nanocrystals leading
to decrease of porosity.

Environ. Sci.. Adv, 2024, 3, 561-571 | 563
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Fig. 2 SEM analysis of (a) MnFe,O,4, (b) PmAP and (c) MnP-10 (d) EDAX spectrum of MnP-10.

The XPS spectrum of MnP-10, MnFe,O, and PmAP was pre-
sented in Fig. 4 to compare their respective binding energy
shifts, and aid in understanding the compositional and elec-
tronic structure changes after the formation of the composite.
The MnP-10 composite XPS spectra show the composition of all
the elements and establish the occurrence of PmAP. The C 1s
scan peak of the PmAp and MnP-10 composite clearly indicates
the presence of aromatic carbons owing to the polymeric
structure of the PmAP (Fig. 4a and d). The N 1s spectrum of
PmAp and the composite are displayed in Fig. 4b and e. The
deconvoluted line corresponds to C-N, neutral/tertiary amine
(C=N), quaternary amine/protonated imine (C=NH'), and
N-N convey the structural information of PmAP. Whereas the O
1s spectrum (Fig. 4c, f, i and 1) corresponds to lattice oxygen,
oxides and the surface hydroxyl groups in the pristine and
composite samples confirms the presence of oxygen moiety. Mn
2p scan (Fig. 4g and j) represents two peaks, corresponding to
the Mn 2p3/, and Mn 2p,,,, respectively. The fitted spectrum of
Mn 2p scan represents the material to be in MnFe,0, form
prominently. The Fe 2p scan (Fig. 4h and k) represents the
presence of peaks belonging to binding energies of Fe 2p;/, and
Fe 2py., respectively with the shake-up satellite peak, con-
firming that the main valence of Fe ions is +3 in MnFe,0, and
MnP-10 composite. This further explains the successful
construction of the composite using PmAP and MnFe,0,. The
binding energy shift in the MnP-10 composite was observed
might be due to the chemical interactions between constituent
elements and thereof distorted electron density.

564 | Environ. Sci: Adv., 2024, 3, 561-571

Mineralization study of BPA & RB-19

The photocatalytic mineralization study of BPA and RB 19 was
investigated using the prepared catalysts viz. MnFe,0,, PmAP,
and their composites, MnP-10 and MnP-30 under visible light
irradiation (Fig. 5). Before being exposed to radiation, the
suspension was stirred in the dark for 30 min to attain
adsorption-desorption equilibrium. The performance of the
samples in dark and light conditions was not significant
without the catalyst but in the presence of the catalyst with light
illumination, the mineralization gets started immediately.
Fig. 5 displays the efficacy of catalysts towards the degradation
of organic pollutants with variable concentrations. From these
experiments, MnP-10 was found to be the best one (Fig. 5a—c)
that could able to mineralize BPA and RB-19 (50 mg L™ ') in
60 min of light illumination (Fig. 5d and e). The experimental
degradation data were well-fitted to the pseudo-first-order
kinetic model (eqn (1)) with high correlation coefficient (R?)
values.

In(ge — g) = Inge — kyt (1)

where In(g. — g,) is plotted against time (¢). Here, g. (mg g~ ")
and ¢, (mg g~ ') denote the amounts of dyes/BPA degraded at
equilibrium and at time ¢, respectively, while k, (min~") repre-
sents the rate constant of the pseudo-first-order reaction.

To analyze the degradation products after the reaction, TOC
analysis was carried out for BPA and RB-19, and its findings are
shown in Fig. 6a and b. As seen from the bar graph, the TOC

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

decreased noticeably from 83.3 to 13.5% and 87.3 to 16.2% after
0 and 60 min of light exposure for BPA and RB-19, respectively.
This validates the mineralization procedure of organics and
evidences the fragmentation of the organic molecules to small
carbon-based molecules as mineralized products after the
photoreaction. To examine the formation of "OH radicals on the
surface of the catalyst during the photoreaction, terephthalic
acid fluorescent probe experiment was conducted using PL
spectroscopy. Fig. 6¢ represents the peak of 2-hydroxy tereph-
thalic acid, an extremely luminous compound that is formed
with the reaction of "OH and terephthalic acid and displays PL
emission spectra at 426 nm. From the analysis, it was evident
that maximum °"OH radicals are being generated on MnP-10
composite that has the highest spectral intensity as compared
to the pristine catalysts.

Furthermore, to detect the more active species among ‘O, ",
e, h" and "OH involved in the mineralization, the photo-
catalytic reaction was repeated in the presence of varying scav-
engers. The active species presence can be seen in Fig. 6d. From
the experiments, it was found that both ‘O, and "OH radicals

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) TEM, (b) SEAD pattern and (c and d) HRTEM analysis of MnP-10 heterostructured system.

are responsible for the mineralization of organic molecules.*®
These oxidizing species break down the bulk organic moiety
into smaller molecules such as CO,, H,O, NO,~, NH,", etc.?3°
The intermediate products, generated following the photo-
catalytic decomposition of BPA and RB-19, were determined
using GC-MS as illustrated in Fig. S1 and S2.1 According to the
intermediates discovered during the GC-MS analysis, the
figures described the predicted potential reaction pathways for
the degradation of organics. It can be said that the BPA degra-
dation is followed by the formation of hydroquinone, and this
aromatic intermediate undergoes a subsequent oxidation
process into nontoxic aliphatic acids via ring-opening reactions.
Finally, these aliphatic acids were oxidized into carbon dioxide
and water. In the case of RB-19 degradation, intermediates were
recognized as derivatives of anthracene and benzoic acids fol-
lowed by phthalic acid to form carbon dioxide as the end
product. The particular pathway for Reactive Blue 19 degrada-
tion is illustrated in Fig. S2.7 From the GC-MS and TOC anal-
ysis, the mineralization of BPA and RB 19 was confirmed and
established. Additionally, this catalyst has excellent reusability

Environ. Sci.. Adv, 2024, 3, 561-571 | 565
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Fig.4 C1s, N 1sand O 1s XPS scan of PmAP (a—c) and MnP-10 (d—f). Mn 2p, Fe 2p and O 1s scan of MnFe,O,4 (g—i) and MnP-10 composite (j—1).

as can be seen from Fig. 6e and f including a simple magnetic
separation method.

VSM investigations were performed on the materials to verify
any alteration in magnetic behavior before and after the reac-
tion. Fig. 7a shows a comparison between the magnetic analysis
of the fresh and reused MnP-10 material. The fresh MnP-10 has
magnetic saturation values of 39.6 emu g * after the reaction. A
slight diminution in the magnetism of the used catalyst was
observed. But still, the catalyst shows strong magnetic behavior,
with a saturation magnetization value of almost 35.8 emu g~ .
This study conveys that recycling MnP-10 is considerably
simpler because of its magnetic properties. To undertake recy-
cling tests, the material can be separated from the reaction
mixture using an external magnetic field. Furthermore, Fig. 7b
presents XRD assessments of catalysts, before and after

566 | Environ. Sci.. Adv, 2024, 3, 561-571

reaction. The patterns obtained from XRD show no discernible
changes, indicating good stability of the MnP-10 hetero-
structure. This could provide strong proof that catalysis is stable
and effective even over 4th cycle of photoreaction.

Plausible mechanism

The interaction and synergistic effect of both MnFe,O, and
PmAP are primarily responsible for the considerable improve-
ment of the photocatalytic activity of the MnP-10 catalyst. A
schematic illustration of Fig. 8 illustrates the photodegradation
process for MnFe,0, and PmAP nanocomposite under visible
light. The band structure of PmAP was evaluated through the
Mott-Schottky analysis (Fig. S3, ESIT). It is considered that the
flat band potential of the semiconductor indicates the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and BPA in the presence of MnP-10 catalyst.

approximate location of the conduction band (Ecg) for n-type
semiconductors and the valence band (Eyg) for p-type semi-
conductors.***” Thus, the Eyg and Ecg of the PmAp were deter-
mined to be +1.33 eV and —0.37 eV, respectively.*** Whereas,
MnFe,0, (Ecg = —0.61 eV, Eyg = +1.19 eV) is a narrow band-gap
semiconductor that can absorb visible light and generate pairs

BPA TOC Analysis

of electrons and holes (e7/h").*® Principally, the following
methods might be used to speculate the photocatalytic mech-
anism for this system as represented in previously reported
articles.”* Upon the illumination of visible light on the
composite, electrons get excited from the Eyg of the semi-
conductors to their respective Ecp creating electron and hole
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Fig. 6

(aand b) TOC analysis as recorded before and after the photoreaction of BPA and RB-19 (c) fluorescence spectra analysed with 4 x 10~

NaOH solution of teraphthalic acid (excitation at 315 nm) (d) Scavengers trapping experiments for photodegradation of RB-19 over MnP-10
catalyst. Recyclability of the catalyst MnP-10, for the photodegradation of BPA (e) and RB-19 (f).
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Fig. 8 A plausible mechanism of mineralization of organics using MnFe,O4-PmAP in the presence of visible light.

pairs. The holes get transferred from Eyg of PmAP to Eyp of
MnFe,0, to directly mineralize the organics. It may be noted
that both valence bands of semiconductors have insufficient
potential to produce "“OH radicals (1.99 V vs. NHE). But still ‘OH
radical was recognised as a key species from the scavenging and
PL studies of MnP-10 catalyst. Hence it is concluded that the
electrons get transferred from the conduction band of MnFe,0,
to the conduction band of PmAP to produce ‘O, and "OH
radicals as per the following reaction steps to help in the
mineralization of organics.***®

02+67—>.027+H+_’.OH2+67+H+_’H202+67

— ‘OH + OH"™ @)

Moreover, as per the morphological study of MnP-10
composite, it was observed that the MnFe,0, and PmAP

568 | Environ. Sci.. Adv, 2024, 3, 561-571

interact strongly and create interfaces. Thus, excited state
electrons in MnFe,0, can easily migrate into PmAP conduction
band. Further, due to the coupled electric fields of the two
materials, simultaneous holes in the valence band of PmAP
migrate to the MnFe,O,. As a result, photogenerated electrons
and holes flow in opposite directions, lowering the possibility of
recombination and increasing charge separation efficiency,
resulting in increased photocatalytic activity.

Conclusion

In this work, the photocatalytic removal of BPA and RB-19 under
visible light was carried out over the simple and non-toxic
catalyst, MnFe,O,/PmAP. A quick and effective approach for
creating a magnetically recyclable MnFe,O,PmAP composite
that has excellent properties and great morphological interac-
tion was established. The recyclability of MnP-10 was examined

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for five successive cycles, where it exhibited a very minimal
decrease in the percentage of degradation (<3%) after five cycles
indicating the stability as well as retaining the activity of the
photocatalyst. The organics degradation activity in comparison
to other binary and ternary systems with adequate stability of
the present composite signifies its potential for practical
applications. Photocatalytic removal of these pollutants from
actual wastewater using this catalyst needs to be explored to
promote real-world applications. In the future, this optimized
catalyst combination can be employed for other applications
like water splitting, CO, reduction, heavy metal removal, etc.
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