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Abstract: The sulphate radical based advanced oxidation processes (AOPs) are highly in demand
these days, owing to their numerous advantages. Herein, the Fe-Mn bimetallic oxide particle was
used to activate peroxymonosulphate (PMS) for Rhodamine B (RhB) degradation. Three bimetallic
catalysts were synthesized via the chemical precipitation method with different concentrations of
metals; Fe-Mn (1:1), Fe-Mn (1:2) and Fe-Mn (2:1). The best performance was shown by Fe-Mn (2:1)
system at optimized conditions; 96% of RhB was removed at optimized conditions. Scavenging
experiments displayed the clear dominance of hydroxyl radical in pH 3, while sulphate radical was
present in a large amount at pH 7 and 10. The monometallic Fe and Mn oxides were also synthesized
to confirm the synergistic effect that was present in the bimetallic oxide system. The application of
optimized condition in real textile wastewater was conducted, which revealed the system works
efficiently at high concentrations of PMS and catalyst dosage.

Keywords: Rhodamine B; peroxymonosulphate; advanced oxidation process; bimetallic oxide catalyst;
textile wastewater; de-ethylation; blue shift

1. Introduction

Water quality has become a global issue and the sustainable development goals (SDSs)
have been focusing on the treatment of water and wastewater under goal six, “Clean water
and sanitation”. There has been excessive deterioration of water quality by industries by
their release of toxic and carcinogenic substances like dyes, pharmaceutical compounds,
personal care products, etc. causing many health issues like gastrointestinal infection,
respiratory problems, skin allergies and eye irritation, etc. [1,2]. World Bank data showcases
that the textile industries contribute 17–20% of industrial wastewater [3]. Many organic
dyes, having complex heterocyclic molecules, like Rhodamine B, a very stable xanthene
dye [4] have high chromic properties owing to high toxicity, when left untreated can cause
serious issues with public health [5].

Many chemical treatments like chemical precipitation, membrane systems, electroco-
agulation, advanced oxidation processes etc. can be employed to treat these effluents. Out
of these, advanced oxidation processes (AOPs) have served as a promising technology in
the treatment of complex organic molecules like dyes because of their high efficiency in
degradation with significant mineralization [6–9]. In addition to the depollution of water
and wastewater, AOPs are also efficient at increasing in biodegradability index [10].

AOPs, a radical based process is classified as hydroxyl radical AOPs (HR-AOPs) or
sulphate radical AOPs (SR-AOPs), based on the radicals predominantly responsible for
degradation. In recent era, SR-AOPs have been gaining more importance than HR-AOPs
as sulphate radical has a greater life time (30–40 micro seconds for SO4

•− while •OH has
0.001 micro second) [11] and applicability in wide range of pH conditions where most
of the HR-AOPs are limited to acidic pH [5]. Though SO4

•− and •OH has similar redox
potential (2.44 V|SHE and 2.8 V|SHE) [12], the sulphate radical is even effective at low
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concentrations and possesses selectivity characteristics unlike •OH, which is non selective
in nature [13,14].

Both peroxymonosulphate (PMS) and peroxydisulphate (PDS) contribute to SR-AOPs,
having a peroxide bond that makes them good oxidants, but the former generates more
radicals; both sulphate and hydroxyl, it has a greater degradation efficiency than PDS [15].
Extensive studies have been done on PMS nowadays because of their high efficiency to
degrade very stable organic compounds as well as their economical use [16]. PMS can be
activated by physical as well as chemical methods; physical activation includes visible light
irradiation, UV, ultra-sonication, microwave etc. while chemical activation is done by bases,
metals; mainly transition metals as catalysts (Fe2+, Co2+, Ni2+, Cu2+, Ru3+, Ag+). Cobalt
amongst all transition metals has proven to be the most efficient, but its drawback of having
toxic properties and leaching lead prompted studies to tend towards safer metals [16]. Both
manganese oxides and iron oxides as catalyst for activation of PMS are highly preferred owing
low cost and environment friendly properties (Co being 10 times costlier than Mn) [16–18].

Compared to homogeneous AOPs, heterogeneous AOPs are considered to be more
beneficial due to their reusability characteristics [19]. Additionally, a bimetallic system has
proven to be more efficient than monometallic systems because of synergistic interaction of
the two [20,21]. This paper showcases the Fe-Mn oxides of different ratios used to activate
PMS for the effective degradation of RhB along with optimization of the condition by
varying the catalyst dosage, PMS concentration and pollutant concentration.

2. Results and Discussions
2.1. Characterization of Catalyst

Figure 1 illustrates the XRD patterns of Fe2O3-Mn2O3 bimetallic catalyst. The diffrac-
tion peaks obtained for Fe in samples are very similar to JCPDS: 25-1402; 2θ = 18.157, 24.3,
29.09, 32.55, 35.62, 38.23, 40.33, 44.5, 54.0, 58.2, 60.18 correspond to (113), (203), (206), (216),
(209), (316), (0012), (2212), (1115), (2115) JCPDS: 25-1402 (Fe2O3), respectively. Diffraction
peaks for Mn are 2θ = 24.3, 32.581, 35.55, 40.33, 48.92, 54.0, 62.25, 64.75 correspond to (012),
(104), (110), (113), (024), (116), (214) and (030) for JCPDS: 33-0900, respectively (Mn2O3).
Most of the peaks for Mn and Fe are co-existing at same degrees therefore, it is difficult to
distinguish between them.
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Figure 2 illustrates peaks obtained in the FTIR spectra of Fe2O3-Mn2O3, which show-
cases peak 3433 cm−1 corresponding to OH− [22], peaks around 621 cm−1 and 981 cm−1

corresponding to Fe-O [23] bonds and 507 cm−1, 1627 cm−1 to Mn-O bonds [24].
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To verify the microporosity, field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) images were used to examine the morphologies
and microstructures of the synthesized Fe-Mn bimetallic catalyst. As can be observed
from the FE-SEM picture in Figure 3a, the Fe-Mn bimetallic catalyst had aggregates that
resembled spheres and were made up of nanoparticles. The bimetallic Fe-Mn catalyst as
synthesized is made up of nanospheres with an average diameter of 20–40 nm, according
to the TEM image (Figure 3b). The ring-like mode, which corresponds to the facet of
Mn2O3 and the facet of Fe2O3, is present in the inset of the TEM image (Figure 3b), which
is in excellent agreement with the XRD result and offers greater clarity on the crystalline
structure of the synthesized Fe-Mn catalyst.
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Figure 3. Shows (a) FE-SEM and (b) TEM of Fe-Mn bimetallic catalyst; inset of TEM image shows
selected area electron diffraction (SAED) pattern.
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2.2. Comparison of Catalysts Based on Performance at Different pH Conditions

The RhB degradations using PMS activated by three different catalysts were investi-
gated at different pH conditions (pH 3, 7 and 10) (Figure 4). It was found that 0.25 mM
PMS alone is not much effective for the degradation of RhB (19%—pH 10, 32%—pH 7,
41% —pH 3), even though it is having a redox potential of +1.81 V. Hence, the activation
of PMS and the subsequent generation of sulphate radicals is necessary for the effective
degradation of the pollutant. For this purpose, the efficiency of synthesized catalysts was
tested at the 3 pH conditions and all three bimetallic oxides activated PMS process shown
almost the same removal efficiency in a neutral medium (>90%). The following reactions
may be predominately occurring in the system when Fe-Mn bimetallic oxide catalyst is
used for activation of PMS [25–27].

Fe2+ + HSO−5 → Fe3+ + OH− + SO•−4 (1)

Mn2+ + HSO−5 → Mn3+ + OH− + SO•−4 (2)

Mn3+ + HSO−5 → Mn4+ + OH− + SO•−4 (3)

SO•−4 + H2O→ HSO−4 + H+ +• OH (4)

SO•−4 + OH− → SO2−
4 +• OH (5)

Fe2+ + HSO−5 → Fe3+ + SO2−
4 +• OH (6)

Mn2+ + HSO−5 → Mn3+ + SO2−
4 + •OH (7)

Fe3+ + HSO−5 → Fe2+ + SO•−5 + H+ (8)

Mn3+ + HSO−5 → Mn2+ + H+ + SO•−5 (9)

Mn4+ + HSO−5 → Mn3+ + H+ + SO•−5 (10)

SO•−5 + SO•−5 → O2 + 2SO•−4 (11)

Both Fe-Mn (1:2) and Fe-Mn (2:1) oxides show excellent performance (more than 95%)
between the range of pH 3-10, which is contrary to previous works where the optimal
performance of catalyst was observed in acidic conditions [28]. The catalyst Fe- Mn (1:1)
oxide shows decreased performance in pH 3 (65%) and pH 10 (76%).

During the RhB degradation by PMS along with degradation, change of color from
pink to light green was also observed. This is because the peak shift occurs from 554 nm
to 498 nm; and is known as blue shift of RhB. During the blue shift, radicals attack the
chromophoric groups present in RhB; N-ethyl groups and removing all four ethyl groups.
Since the peak shift mainly occurs due to the removal of ethyl groups present in RhB, this
is also known as de-ethylation [29]. The mutual interaction between RhB, catalyst and PMS
plays the vital role in the degradation of RhB in this system. PMS is a weak acid while
RhB is a weak base, hence there exists RhB− in acidic medium and PMS as HSO5

− at basic
conditions [30]. Considering the overall performance of catalysts, Fe-Mn (2:1) oxides show
the comparative better results amongst the three.

The reaction mechanism of RhB degradation depends on pH, a kind of reactive species
attacking the pollutant, which in turn depends on the catalyst, and oxidant interaction.
The absorption maximum of RhB was found to be 554 nm, which undergoes a blue shift
(hypsochromic shift) with increased reaction time, which implies the de-ethylation of RhB
by the attack of reactive species. The spectral changes in RhB with the PMS activation
by Fe-Mn (2:1) oxide at different pH are provided in Figure 5. In general, hypsochromic
shift of RhB occurs in stages [31]. RhB transforms to N,N-diehyl-N’-ethyl-rhodamine 110,
N,N-diethyl-rhodamine 110, N-ehyl-N’-ethyl-rhodamine 110, and N-ethyl-rhodamine 110
sequentially and finally to rhodamine 110. Degradation of RhB occurs only after the
removal of four ethyl groups and conversion to rhodamine 110. This was also observed
with the decrease in absorbance after the hypsochromic shift.
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Figure 4. RhB degradation by the bimetallic oxides (100 mg/L) at different pH conditions: (a) pH 3;
(b) pH 7; and (c) pH 10 using 0.25 mM PMS.

The shape of the curve reflects the relation between direct degradation of the chro-
mophoric system and the de-ethylation process. The de-ethylation mechanism plays the
key role in the total RhB degradation in case of catalyst Fe-Mn (2:1) oxide under neutral
pH. As each de-ethylation step leads to a hypsochromic shift of about 15 nm, a maximum
blue shift of 60 nm was obtained in case Fe-Mn (2:1) oxide and it can be attributed to the
formation of four-fold de-ethylated RhB, that is, rhodamine 110 [32].
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2.3. Effect of Catalyst Dosage

The degradation results for RhB were investigated at different dosages of catalyst
(50 mg/L, 100 mg/L, 200 mg/L and 300 mg/L) (Figure 6a). The dosage of 50 mg/L shows
slow and a gradual degradation with adsorption of 8% and total degradation of 85%, which
increases to 96% with 100 mg/L of catalyst due to the more active sites provided by the
addition of more catalyst, which also enhances the adsorption of RhB [33]. Doubling the
concentration to 200 mg/L causes no significant difference in degradation of dye, which
might be because of the limiting of active sites playing its role in degradation after a certain
amount of dosage [34]. When the catalyst dosage was increased to 300 mg/L, the total
degradation (92%) decreased because of the scavenging of radicals [29] by Fe and Mn ions
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in the system, as given below. Therefore, the optimum amount of catalyst required to give
better activation of PMS for degradation of 10 ppm RhB solution, was chosen as 100 mg/L.

Fe2+ + SO•−4 → Fe3+ + SO2−
4 (12)

Mn3+ + SO•−4 → Mn4+ + SO2−
4 (13)

Mn2+ + SO•−4 → Mn3+ + SO2−
4 (14)
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2.4. Effect of PMS Concentration

The RhB degradation was monitored at different PMS concentrations with 100 mg/L
Fe-Mn (2:1) catalyst, 10 ppm RhB at neutral pH conditions. The PMS concentrations
were taken as 0.1 mM, 0.25 mM, 0.5 mM, 0.7 mM, 1 mM and 5 mM. It was found that
the degradation results increased from 61 % to 96 % (Figure 6b), when PMS dosage is
increased from 0.1 mM to 0.25 mM. The degradation by 0.1 mM PMS was low because the
amount of PMS was insufficient to generate enough radicals for the effective degradation
of dye [35]. A further increase in PMS concentration to 0.25 mM resulted in sharp increase
in the degradation which is because of the more reactive species present in the system [22].
The removal efficiency does not increase much after further addition of PMS, which may
be due to saturation of available active sites provided by catalyst [36]. Similar results
were observed by Xu et al. [37], Liu et al. [11], where increasing PMS dosage increases the
removal efficiency till an extent following no longer increment in efficiency was observed.

2.5. Effect of Pollutant Concentration

The influence of pollutant concentration was also investigated using 100 mg/L catalyst
and 0.25 mM PMS by varying the initial pollutant concentration as 5 ppm, 10 ppm, 30 ppm,
50 ppm and 100 ppm. It was noticed that increasing the pollutant concentration causes de-
creases in the degradation; from 97 % in 5 ppm to 38 % in 100 ppm (Figure 6c). The efficiency
of AOPs decreases with increases in pollutant concentration, which indicates an insufficient
amount of radicals available in the system [29]. Similar results of increasing pollutant
concentration causing a decrease in removal efficiency was found by pyrite/ hydroxylamine
system using PMS for RhB degradation [38] and Co-Fe-Cu ternary system [34].

Nonetheless, the percentage of dye removed was lessened with an increase in initial
pollutant concentration, while the actual amount of dye removed was increased with an
increase in initial pollutant concentration. For example, after 90 min of oxidation, 9.7 mg/L
of dye was removed from its initial concentration of 10 mg/L; while it was 38 mg/L
for 100 mg/L dye concentration. This increase in pollutant amount at its higher initial
concentration is mainly due to the improved collisions at elevated pollutant concentrations.
In all the experiments, the amount of radicals generated in the system is constant, as the
constant amount of catalyst and PMS were added in each experiments. However, due to
the lesser lifespan of radicals resulted in lesser effective collision between dye molecules
and radicals generated, which ultimately leads to lesser pollutant removals. At the same
time, for the higher initial dye concentrations, the effective collision between radicals and
dye molecules will be higher, which resulted in higher amount of pollutant removals.

2.6. Scavenging

To determine the presence of active species dominating the PMS activation in this
bimetallic system, quenching or scavenging experiments were carried out using various
scavengers. While p-Benzoquinone (16.2 mg) is a super oxide scavenger, t-butanol (10 mL)
can scavenge bulk hydroxyl radicals, ethanol (5.8 mL) is used to quench the activity of
both hydroxyl and sulphate radicals together and sodium azide (9.5 mg) scavenges singlet
oxygen [39]. All the scavenging experiments were conducted at optimized conditions:
100 mg/L catalyst, 0.25 mM PMS, 10 ppm RhB solution at room temperature.

Interpreting the reaction kinetics for all the scavenging experiments, it is found that
all the reactions follow first order kinetics. A straight line graph obtained by plotting
ln(C0/C) vs. time confirms the first order reaction and the slope of the graph gives the rate
constant. [Rate of reaction for first order is kt = ln(C0/C)]. Through the scavenging experi-
ments carried out, it was found that hydroxyl radicals are predominantly present at pH 3
(60% contribution) (k = 0.0091 min−1) (Figure 7); while at pH 7 and 10, the hydroxyl radical
contribution was less with rate constant of 0.0293 min−1 and 0.0212 min−1 (contribution-
9%, 15%, respectively). The experiments also showcase the sulphate radical dominance
at pH 7 and 10 (k = 0.0038 min−1, 0.0021 min−1, respectively) with a total count of 70% in
both conditions, while at pH 3 its contribution remains very low; 13%, k = 0.0048 min−1.
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Hence, in acidic conditions, hydroxyl radicals are the dominating species responsible for
degradation of dye, while sulphate radicals play major role in neutral and basic conditions.
A significant presence of singlet oxygen was observed in basic conditions contributing 65%
of total species (k = 0.0114 min−1) but at neutral conditions, 25% (k = 0.0196 min−1) and
acidic it is reduced to 16% (k = 0.0278 min−1). Superoxides were extremely ineffective in
the system, contributing less in all pH conditions.
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In general, sulphate radicals are predominant in PMS activation process at pH < 7 and
hydroxyl radicals are predominant at pH > 9. Predominance of hydroxyl radicals at alkaline
condition is mainly due to the reaction between sulphate radicals and hydroxyl radicals
as provided in Equation (5). However, in the present study, predominance of hydroxyl
radicals was observed in acidic conditions, instead of alkaline conditions. Thus, the reactions
between PMS and metal ions are predominant in acidic conditions (Equations (6) and (7)).
PMS reacts with divalent Fe2+ and Mn2+ of bimetallic oxides and generates sulphate ions
and hydroxyl radicals along with the production of trivalent Fe3+ and Mn3+ ions.

It was found in our previous study that the blue shift used to occur by the attack of
sulphate radicals, not by hydroxyl radicals [29]. In our recent study also, we didn’t observe
any blue shift of RhB during the electro-Fenton oxidation [40]. At the same time, blue shift
was observed at pH 3, even with the predominance of hydroxyl radicals and with lesser
contribution of sulphate radicals (13%). Similarly, blue shift of RhB was observed during
its photooxidation at pH 4.3 [31] and photocatalytic oxidation at pH 2 [41].

Another interesting result observed was related to the formation of singlet oxy-
gen and its predominance in alkaline conditions. Singlet oxygen generation during
PMS was observed with the catalysts such as Fe-N co-doped carbon-based catalysts [42],
Fe0 –montmorillonite [43] and sillenite Bi25FeO40 [44]. The formation of singlet oxygen
occurs in several ways. Self-decomposition of PMS as in Equation (15) is one of the way of
singlet oxygen generation [44]. Another route of singlet oxygen generation is the produc-
tion of HO2

• and its consumption as provided in Equations (16)–(18). This may be the main
singlet oxygen generation route, as the hydroxyl radical generated in alkaline conditions
via Equation (5) are consumed for the production of singlet oxygen.

SO2−
5 + HSO−5 → HSO−4 + SO2−

4 + 1
. O2 (15)

HO• + HO• → H2O2 (16)

Fe3+ + H2O2 → Fe2+ + H+ + HO•2 (17)

HO•2 → O•2 + H+ → 0.5 1
. O2 + 0.5H2O2 (18)

2.7. Comparison with Monometallic Systems

The bimetallic catalyst synthesized was compared with the monometallic catalyst at
optimum conditions (Figure 8). The bimetallic catalyst activity for activating PMS causes
a total degradation of 96% in 90 min at pH 7 with optimized conditions but the catalytic
activity of iron oxide and manganese oxide were found as 66% and 71%, respectively. The
degradation trend was gradual by Mn oxide catalyst but iron oxide, after 15 min, shows
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very slow degradation. Kang and Hwang [45] also compared the monometallic Co and Mn
systems with the bimetallic Co-Mn system. They found that Co monometallic caused 93%
degradation in 1 h and Mn monometallic achieved just 36 % removal efficiency in 80 min
in contrast to bimetallic system giving full degradation in 40 min [45].
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2.8. Examining Real Textile Wastewater

The collection of real textile wastewater was done from an industry located in Mumbai.
The sample (10 L) was collected and sealed tightly and refrigerated to store it for further
analysis. Characteristics of the wastewater was provided in our previous study [40]. Color
removal at 554 nm was monitored at pH 3 and pH 7 with 0.25 mM PMS and 100 mg/L
catalyst dosage (Figure 9a). The results show only 5% color removal was observed in pH 3
while 2% in pH 7. This indicates that the optimized concentrations of PMS and catalyst
are not sufficient for the treatment of real wastewater. The PMS concentration and catalyst
dosage were optimized for 10 ppm RhB solution. In general, the dye concentration in
real textile wastewater is in the range of 100 ppm. Therefore, experiments conducted at
10 folds optimized catalyst and PMS amounts (10×) to examine the degradation efficiency
(Figure 9b). Astonishingly, at these experimental conditions, it shows a sharp decline in
absorbance, owing 98% color removal within 15 min of PMS addition, while 99.5% color
removal was achieved at the end of 90 min (Figure 9b). Observing this trend, this study
further examined that even on lowering the amount of catalyst and PMS to five times (5×)
under same experimental conditions, similar results were obtained (Figure 9c).
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The chemical oxygen demand (COD) analysis was also done for the system of 10×
and 5× optimized conditions in real wastewater, and it was observed that the COD of the
wastewater reduced until 15 min but then increased gradually in the next 75 min in 10×
system, while fluctuations were observed in 5× system. In the 10× system, the sudden
decrease in COD in the initial stages indicates the degradation of pollutants, while the
further increase COD after 15 min indicates the degradation of recalcitrant compounds
(Which were not provided COD values) and the productions of by-products which are
degradable by dichromate ions in acidic conditions. Similar results were observed in our
previous study [40].

3. Materials and Methods
3.1. Chemicals

Analytical grade chemicals including RhB (C28H31ClN2O3) supplied by Loba Chemie
(Mumbai, India) was used for the experiments. Iron nitrate nonahydrate (Fe(NO)3(H2O)9.)
25% ammonia (NH3) purchased from Merck (Mumbai, India), manganese nitrate tetrahy-
drate (Mn(NO3)2·4H2O, 98%) purchased from Thermo Fisher Scientific (Lancashire, UK), cethyl
trimethyl ammonium bromide (CTAB) (C19H42BrN) purchased from Amresco (Solon, OH, USA)
were used for the synthesis of bimetallic catalyst. Oxone (2KHSO5·KHSO4·K2SO4; PMS) was
purchased from Avra (Secunderabad, India).

Other chemicals like potassium dichromate (K2Cr2O7, ≥99.0%), silver sulphate (Ag2SO4,
≥98%), t-butanol((CH3)3COH, ≥99%), sodium hydroxide (NaOH, ≥97%), sodium azide
(NaN3, ≥99%), and p-Benzoquinone (≥98%) were purchased from Merck (Mumbai, India).
Ammonium acetate (CH3COONH4, ≥98%) and hydroxyl amine (NH2OH, ≥96%) were
purchased from Qualigens (Mumbai, India).
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3.2. Preparation of Catalyst

The Fe-Mn bimetallic catalyst of ratio 1:1 was prepared by using the chemical co-
precipitation method. Amounts of 0.05 M of each metal precursor; iron nitrate nonahydrate
(1.01 g) and manganese nitrate tetrahydrate (0.627 g), were added to the 50 mL distilled
water with small amount of CTAB (0.0503 g), to avoid aggregation. The solution was
agitated for about 2 h at 80 ◦C and 100 rpm on the magnetic stirrer. Following this,
25% ammonia solution was added until the pH reached 8, to cause the precipitation. The
system was left for 2 h in the same experimental conditions. The precipitate obtained
via vacuum filtration was dried for 9 h in muffle furnace. Catalyst thus obtained was
ground using mortar and dried again for 1 h. In the same manner, Fe-Mn (1:2) and Fe-Mn
(2:1) oxides were prepared taking metal precursors as 0.05 M:0.025 M (0.505g: 0.627g) and
0.025 M:0.05 M (1.01g: 0.313g) respectively. Since, the best catalyst examined is Fe-Mn (2:1)
it was compared with the monometallic iron oxide catalyst and manganese oxide catalyst.
Iron oxide was prepared in the same way, taking 0.05 M iron precursors with no manganese
precursor in the system while manganese oxide catalyst prepared has a concentration of
0.025 M with no iron precursor following the same route of synthesis.

3.3. Characterization of Catalyst

The structural characterization of the catalyst prepared in the laboratory was done
using X-ray powder diffraction (XRD, Bruker D8 Advance). Surface functional groups
presence on the catalyst was detected by Fourier Transfer Infrared (FTIR) Spectroscopy
(FTIR, Bruker, Germany). The size of the prepared catalyst was determined by Transmission
Electron Microscope (TEM, Tecnai G2 20 S-TWIN).

3.4. Experimental Procedure

The RhB degradation experiment in stimulated water was performed in a 100 mL beaker
at room temperature and 300 rpm on the magnetic stirrer. In detail, the catalyst was added
at 10 ppm in 100 mL RhB solution for 30 min of stirring for adequate adsorption-desorption.
It was followed by addition of PMS which marked the enhancement of degradation reaction.
0.1 N NaOH and 0.1 N H2SO4 were used for adjusting the pH (when required) and was
monitored using Laqua pH meter (Horiba scientific). The samples were collected and filtered
after every 15 min to observe the degradation pattern. Residual RhB concentration in the
samples was analyzed using UV/Vis spectrophotometer (UV-1900I, Shimadzu, Japan) at
554 nm, which is the peak wavelength of the dye. The RhB degradation thus observed was
analyzed on the basis of C/C0 vs. time; where, ‘C’ is the concentration at time ‘t’ while ‘C0′

is the initial concentration. COD analysis of real textile wastewater was done according to
the standard method [46]. The samples were initially digested in a closed reflux digester
for a time period of 120 min at 150 ◦C, followed by the titration of digested solution, using
ferrous ammonium sulfate as a titrant and ferroin as an indicator.

Performance of bimetallic catalyst is also compared with various catalysts used for
activation of PMS (Table 1). Extensive research has been done to activate PMS using transi-
tion metals as catalyst to facilitate better degradation. Studies shows that copper metal can
successfully degrade RhB using PMS in 20 min but copper oxide as catalyst, is required in
fairly large concentration (three times than our work) as well as PMS concentration used
are also greater [47]. Metal organic frameworks are also proven to cause full degradation
of RhB assisted by PMS as in case of metal organic framework and bismuth sulphide
binary system (MIL-100(Fe)/Bi2S3 (MIL-BS) + Visible light). However, synthesis of MOFs
is not economical as the organic linkers used in the synthesis of MOFs are expensive.
Cobalt and its oxides show excellent degradation of RhB when assisted by PMS. One of the
studies where cobalt phthalocyanine on reduced graphene oxide [rGO-CoPc (1:1)] shows
100% degradation efficiency in 9 min [48]. In another study microporous activated carbon
and cobalt phthalocyanine (Co-AC) could cause 97% degradation in 16 min. Though cobalt
efficiency remains unmatchable to any other transition metal catalyst in case of RhB degra-
dation via PMS, toxicity caused due to excessive leaching and its tenfold cost compared to
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manganese metal paves the way for cheaper and less toxic routes. Synergy of bimetallic
have been proved efficient in various studies, cobalt manganese oxide supported on hollow
activated carbon nano fibres (CoMn2O4/HACNFs) [45] and iron-cobalt bimetallic catalyst
supported on graphene oxide (CoFe2O4/GO) [49] resulting in almost full degradation in
40 min and 12 min respectively. Herein bimetallic Fe-Mn oxide is able to achieve good
efficiency in simulated as well as in textile wastewater in natural pH condition.

Table 1. Performance of PMS activated by various catalysts and its comparison with the present study.

Catalyst Optimised Conditions Removal Efficiency Reference

Copper oxide synthesised using Sodium Citrate assisted
by visible light (CuO-SC + Visible light) 120mg/L PMS, catalyst: 300mg/L 98% in 20 min [47]

Metal organic framework and bismuth sulphide binary
system (MIL-100(Fe)/Bi2S3 (MIL-BS) + Visible light) 150mg/L PMS, neutral pH, 25mg/L MIL-BS. 100% [50]

Reduced graphene oxide (rGO) + ultrasonication 0.02mM RhB, 0.25mg/L rGO, 0.3mM PMS. 100% in 15 min. [51]

Manganese oxide (Mn3O4)

0.05 mM RhB, 1mM PMS, 20 mg/L catalyst

36% in 80

[45]

Cobalt oxide (Co3O4) 93% in 1 h

Manganese oxide supported on hollow actvated carbon
nano fibres (Mn3O4/HACNFs) 55% in 80 min

Cobalt oxide supported on hollow actvated carbon nano
fibres (Co3O4/HACNFs) 100% in 1 h

Cobalt mangasnese oxide supported on hollow actvated
carbon nano fibres (CoMn2O4/HACNFs) 100% in 40 min, k = 0.093 min−1

Iron-cobalt bimetallic catalyst supported on graphene
oxide (CoFe2O4/GO) 0.03 mM RhB, 0.1 mM PMS, 0.01 g catalyst 98% in 12 min, k = 0.3260 min−1 [49]

Magnetically recoverable iron oxide/ layered double
hydroxides (LDHs) of colabt-iron-copper (Fe3O4

/CoFeCu-LDHs)
0.05 g/L RhB, catalyst 200 mg/L and 1 mM of PMS 100% in 20 min [34]

Cobalt-doped g-C3N4
0.01 g/L RhB, 0.12 mM PMS, 1% Co loading, pH of

4.68. 99% in 25 min [39]

Bismuth vanadate (BiVO4 + visible light) 0.01 g/L RhB solution, 1 mM PMS, 500 mg/L
catalyst, pH 3 92.4 % in 1 h [52]

Manganese oxide (α-MnO2) 0.02 g/L RhB, 200 mg/L PMS, 0.1 g/L catalyst 99% in 1 h [11]

Cobalt phthalocyanine on reduced graphene oxide
[rGO-CoPc (1:1)] 0.025 mM RhB, 0.1 mM PMS, 0.5 mg/mL catalyst 100 % in 9 min [48]

Zero valent iron (ZVI) + ultrasound 50W US power, 1 mM PMS, 1 g/L ZVI catalyst, pH
4.5 99.76 % in 12 min [53]

LaFeO3 (LFO) + visible light 0.02 g/L RhB, 3.552 mM PMS, 1 g/L catalyst, pH
8.07 100% in 180 min [30]

Cobalt sulphide supported on reduced graphene oxide
(CoS-rGO) The 0.03 mM RhB, 0.05 mM PMS of 0.25 g/L catalyst 100% in 8 min [22]

Cobalt nanoparticles incorporated on N-doped carbon
nanotubes (Co/NCNT-700)

20 mg/L RhB, PMS 60 mg/L,20 mg/L catalyst, pH
5.67 at 25 ◦C. 98.8% in 7 min [54]

Cobalt oxide supported on rice husk ash
(Co3O4/rice husk ash) 20 mg/L RhB, PMS 500 mg/L, catalyst 100 mg/L 96.3% in 1 h [55]

Iron oxide nanoparticle on biochar (5S@Fe-500) 0.05 g/L RhB, 600mg/L PMS, 600 mg/L catalyst,
natural pH 97.27 % in 10 min. [56]

Porous iron oxide (α- Fe2O3) 0.05 g/L of RhB, 1.5 g/ L catalyst, 1 mM PMS 100% in 1 h [28]

Dumble shaped manganese oxide using gelatin as
template (Mn2O3-G)

0.01 g/L RhB, 250mg/L PMS, 250 mg/L catalyst.

100 % in 30 min

[57]
Dumble shaped manganese oxide using carboxymethyl

cellulose sodium as template (Mn2O3-C) 98.1 % in 30 min

Dumble shaped manganese oxide using no template
(Mn2O3-N) 29.6 % in 30 min
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Table 1. Cont.

Catalyst Optimised Conditions Removal Efficiency Reference

Conjugated sysrem of polyvinyl chloride and bismuth
oxide (Bi2O3/ cPVC + visible light) 0.02 g/L RhB, 2% composite system, 3 mM PMS 100% in 150 min [58]

Pyrite/ hydroxylamine (Fe2+(Fe3+)-pyrite/HA) 0.05 g/L RhB, 0.4 g/L catalyst, 1.6 mM PMS, 0.8 mM
hydroxylamine, pH 4 100% in 30 min [38]

Bimetallic oxide; Fe-Mn (1:1)

10 ppm RhB, 0.25 mM PMS, 100 mg/L, natural pH

95% in 90 min This work

Bimetallic oxide; Fe-Mn (1:2) 96% in 90 min This work

Bimetallic oxide; Fe-Mn (2:1) 96% in 90 min This work

Bimetallic oxide; Fe-Mn (2:1) Real textile wastewater, 2.5 mM PMS, 1000 mg/L,
natural pH 98% in 15 min This work

Iron oxide monometallic 10 ppm RhB, 0.25 mM PMS, 67 mg/L, natural pH 66% in 90 min This work

Manganese oxide monometallic 10 ppm RhB, 0.25 mM PMS, 33 mg/L, natural pH 71% in 90 min This work

4. Conclusions

Bimetallic Fe-Mn-oxides-activated PMS process was found efficient for the degrada-
tion of dyes from a water medium. Amongst all three bimetallic catalysts, Fe-Mn (2:1)
oxide worked most efficiently at natural pH, showing 96% dye removal efficiency in 90 min
in neutral medium, unlike other AOPs that work effectively in acidic pH through PMS
activation and demonstrate a 20% adsorption level. XRD and FTIR characterization con-
firms the bimetallic oxide to be Fe2O3-Mn2O3 while FE-SEM and TEM results showcases
its nano sizing and microporosity thus demonstrating clear morphological characteristics.
The optimized conditions obtained for 10 ppm RhB degradation are 100 mg/L of catalyst
dosage, and 0.25 mM PMS at neutral pH. Additionally, scavenging experiments conducted
at different pH conditions revealed the predominant contribution of hydroxyl radicals at
pH 3, while sulphate radical was dominant in neutral and basic pH conditions. To confirm
the synergistic effect of bimetallic catalyst, Fe monometallic and Mn monometallic oxide
efficiencies for RhB degradation were confirmed to be 66% and 71%, respectively, in 90 min.
The process was also found effective for the treatment of real wastewater with almost
complete decolorization along with the mineralization.
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