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a b s t r a c t

A series of Mn-substituted magnetite nanoparticles (MN-MNPs), MnxFe3–xO4 (0.0 ≤ x ≤ 0.63), were 
synthesized by coprecipitation method and their structural, magnetic, and optical behaviours as 
a function of Mn2+ substitution were investigated by powder XRD, FT-IR, SEM-EDX, TEM, UV-Vis 
DRS, and magnetic moment measurements. XRD showed single-phase spinel structure for all the 
samples with an average crystallite sizes in the range 12.1–14.5 nm which were in good agreement 
with TEM results. The values of saturation magnetization (σs) were increased with increase of Mn 
content up to x ≤ 0.205 and then decreased on further increase of Mn content. The catalytic activities 
of Mn-MNPs were evaluated with photo-decolourisation of different organic dyes (Methyl orange, 
Congo red and Rhodamine B) and photo-reduction of Cr(VI) under visible light irradiation. Among 
all, Mn0.205Fe2.795O4 (Mn-MNP-3) showed the best performance with ≥ 85% decolourisation of dyes (20 
mg/L) within 4 h. Aqueous Cr(VI) was efficiently reduced by Mn-MNP-3; the rate and percentage of 
Cr(VI) reduction was enhanced by addition of different sacrificial agents. Photo-reduction of Cr(VI) 
was also improved in binary component system with a dye (Congo red) showing synergetic effect 
between the reduction and oxidation reactions. Simultaneous decontamination of Cr(VI) and a dye 
by the present catalytic system with easiness of separation may be useful in treatment of textile 
wastewater containing dye and heavy metals like Cr(VI).

Keywords: �Mn-substituted magnetite; Magnetic nanoparticles; Nanophotocatalyst; Dye degradation; 
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1. Introduction

Water pollution caused by industrial effluents contain-
ing organic dyes and/or heavy metals continues to be a 
major environmental concern across the globe. Due to large 
scale production and extensive use in industries like textile, 
paper, carpet, leather, distillery, printing etc., organic dyes 
have become a significant part of industrial wastewaters 
[1–3]. Discharge of large volume of these wastewaters into 
the fresh water bodies not only damage the aesthetic nature 
of the aquatic environment but also affects the water trans-
parency, resulting reduction of sunlight penetration, gas 
solubility and the photosynthetic reaction. Many of these 

dyes have been identified as toxic and even carcinogenic 
to mammals. Due to complex aromatic molecular structure 
and recalcitrant nature, most of the synthetic organic dyes 
are stable to light/oxidation and possess poor biodegrad-
ability and decolourisation. Hence, these colour bearing 
industrial effluents need to be treated efficiently and eco-
nomically to bring down the concentration of hazardous 
dye within permissible limit before their discharge into 
the fresh water bodies to protect the aquatic and terrestrial 
environments, public health, and well-being [3–5]. 

The coexistence of heavy metal ions in textile effluents 
is a common phenomenon [6]. Heavy metals like as Cu, Co, 
and Cr are used as reducing agents/dye bath additives in 
dye fixation and form stable complexes which are resistant 
to decomposition. Among heavy metals, chromium in its 
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hexavalent form (CrVI) is highly toxic to human, animals, 
plants, and microorganisms inhabiting in aquatic environ-
ments [7]. Besides textile production industries, chromium 
also enters into the aquatic environment through discharge 
of effluents from leather tanning, metal finishing, chrome 
plating, paint manufacturing units and electroplating 
industries. Due to acute toxicity, Cr(VI) has been put on the 
top-priority list of toxic pollutants by many countries. The 
World Health Organization (WHO) has set the maximum 
allowable limit for the discharge of Cr(VI) into inland sur-
face waters and drinking water supplies as 0.10 and 0.05 
mg/L, respectively [8]. 

During the past two-three decades, several conven-
tional and advanced oxidation based techniques have been 
reported for removal of organic dyes and heavy metals 
from wastewaters and a few of them have been practically 
viable/applied in real systems [3–5,9,10]. The co-existence 
of metal ions and dye in wastewaters can complicate con-
ventional treatment processes as it requires to be treated 
separately. In that case, photocatalysis techniques may pro-
vide a viable alternative for simultaneous remediation of 
dyes and hexavalent chromium. Simultaneous photocata-
lytic removal of organics as well as inorganic metal pollut-
ants from wastewaters without addition of extra chemicals 
has a great practical importance in the field of pollution 
control and remediation [11]. Semiconductor based oxides 
materials have been extensively explored for photocatalytic 
degradation/reduction of dye molecules or Cr(VI) in sin-
gle component systems [12–15]. In comparison, simultane-
ous photocatalytic remediation of organic dyes and Cr(VI) 
using oxide based photocatalytic system [16–19] or bacterial 
species [20,21] have been sparsely studied. As such there 
is a quest to develop efficient catalytic systems capable of 
working under visible/solar light for simultaneous photo-
catalytic removal of hazardous components from water and 
real-world implementation. Use of magnetic photocatalytic 
systems provides added advantage of separating the cata-
lyst after the photocatalytic process for reuse. In this regard, 
use of magnetic nanophotocatalysts with relatively low 
band gaps (≤ 2.0 eV) could be a viable option in terms of 
activity under visible/sunlight as well as easy separation of 
catalysts from the reactant solution by an external magnetic 
field for repeated use. 

Magnetite (Fe3O4) and substituted magnetites are well 
known inverse spinel structured ferrites and have gained 
significant scientific and technological interest. Their high 
biocompatibility and favourable magnetic/optical proper-
ties lead to many potential applications in the fields of data 
storage, ferrofluids, MRI, biomedicine, biosensor, bio-sepa-
ration, magnetic nano-adsorbents and catalysis [22–25]. The 
optical, structural and magnetic properties can be further 
modified by replacing certain degree of Fe(II) ions with dif-
ferent metal ions like Co, Zn, Ni and Mn without disturbing 
the spinel structure [23–28]. Introduction of transition metal 
cations with variable oxidation states like Mn and Co in the 
spinel lattice has modified the microstructure as well redox 
behaviour of the magnetite; an important factor in catalysed 
oxidation/reduction reactions [27–29]. 

Adsorptive and/or photocatalytic removal of differ-
ent organic and inorganic contaminants from wastewa-
ters using magnetic nanomaterials has generated great 
interest in recent years owing to their faster adsorption, 

higher adsorption capacity, photocatalytic activity under 
visible light and easy separation by application of external 
magnet [30–32]. The efficiency of magnetite nanoparticles 
towards adsorptive/photocatalytic removal of organic 
dyes or Cr(VI) have been demonstrated in several stud-
ies but the effect of transition metal substitution has been 
sparsely studied [30–34]. In view of above, a series of 
Mn(II) substituted monocrystalline magnetite (MnxFe3-xO4; 
x = 0.00–0.63) were prepared by coprecipitation and 
characterised by various physicochemical methods. The 
adsorption/photocatalytic efficiency towards remediation 
of several organic dyes and Cr(VI), alone and in combina-
tion, were also evaluated to see effect of Mn(II) substitu-
tion and understand the overall photocatalytic process in 
a binary-contaminants system.

2. Experimental

2.1. Materials

FeCl3 (anhydrous), FeCl2·4H2O, MnCl2·4H2O and liquid 
ammonia (GR, Mecrk) were used in synthesis of materials. 
Methyl orange (MO), Congo red (CR), Rhodamine B (RhB) 
and potassium dichromate, as procured from Merck (India), 
were used in photocatalytic runs. All other chemicals used 
were of GR/AR grade and deionized distilled water was 
used in all experiments. 

2.2. Synthesis of magnetite and Mn(II) substituted magnetite 
nanoparticles

All the samples were prepared by coprecipitation under 
supersaturating condition of hydroxide ion concentration 
in N2 atmosphere. FeCl3, FeCl2·4H2O and MnCl2·4H2O, in 
desired stoichiometric ratio, was dissolved in minimum 
volume of dilute HCl. The acidic solution was then added 
dropwise to a well stirred aqueous solution of NaOH (1.5 
M), taken in a two naked round bottom flask. At the end 
of addition, the temperature of flask was raised to 80°C 
and the whole mass was stirred at this temperature for 1 
h. After cooling to room temperature, the black precipitate 
of Fe3O4 or Mn substituted Fe3O4 was magnetically sepa-
rated from the precipitating agents, washed successively 
with oxygen free distilled water and acetone for three times 
and finally dried at 50°C under vacuum. The dried samples 
were preserved in air-tight bottles for characterisations and 
adsorption/photocatalytic studies. All together five Mn 
substituted Fe3O4 samples were prepared with fixed Fe3+: 
(Fe2+ + Mn2+) molar ratio (2:1) and varying the Mn2+ molar 
concentration for partial replacement of Fe2+. The samples 
were denoted as Mn-MNP-x (x = 0–5) depending on the 
amount of Mn substitution. 

2.3. Characterisations

The total Fe, Fe(II) and Mn(II) contents in different 
samples were determined by conventional wet chemical 
and AAS analyses [34]. X-ray diffraction (XRD) measure-
ments were recorded on a Rigaku Miniflex II X-ray diffrac-
tometer equipped with Ni filtered CuKα (30 kV, 15 mA) 
radiation source with a scan speed of 1°/min and a step 
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size of 0.02°. The average crystallite size was estimated 
from broadening of the main diffraction peaks, using 
Debye-Scherrer formula:

D = 0.9λ/β cosθ� (1)

where D is the average crystallite size, λ is the X-ray wave-
length equal to 1.5406 Å, β is the full width at half maxi-
mum (FWHM) and θ is diffraction angle. FT-IR spectra in 
KBr phase were recorded using a Shimadzu IR Affinity 1 
FT-IR with a nominal resolution of 4 cm–1 and averaging 
100 scans to improve signal to noise ratio. The UV-Visible 
diffuse reflectance (UV-Vis-DR) spectra were recorded on a 
Shimadzu 2550 UV-Visible spectrophotometer using BaSO4 
white reference and used to calculate the optical energy 
band gap (Eg) values as per theory established by Kubel-
ka-Munk. Particle size distribution and morphology of 
selected samples were investigated transmission electron 
microscope (FEI, TECHNI, B2 20, SEM TWIN) operated at 
200 kV. Scanning electron micrographs of selected sample 
before and after adsorption/decolourisation of dye (Congo 
red) were performed using Zeiss Gemini SEM 300 coupled 
with energy-dispersive X-ray spectroscopy (EDX). Satura-
tion magnetization was measured by a SQUID-vibrating 
sample magnetometer (VSM) at room temperature. The 
BET surface area of samples were measured using Smart 
Sorb 92/93 surface area analyser after degassing the sam-
ples under vacuum (2×10–4 Pa) at 100°C. The point of zero 
charge (pHpzc) was determined by potentiometric acid-base 
titration method [34].

2.4. Photocatalytic dye decolourisation and/or Cr(VI) reduction 
experiments 

The Photocatalytic activity of different samples was 
evaluated for decolourisation of three commonly used 
organic dyes (MO, CR and RhB) and reduction of Cr(VI) 
under visible light (VL) except otherwise mentioned. Exper-
iments were carried in a double walled glass reactor with an 
effective volume 100 ml. A 125 W high pressure Hg lamp, 
fitted to the reactor, provided the light source. The lamp 
was equipped with a cutoff filter to remove any radiation 
< 420 nm and to ensure irradiation only by visible light. All 
the experiments were performed under stirring condition 
in ambient air and at constant temperature (30.0±0.2°C). 

Typically, a weighed amount of catalyst was dispersed 
in 100 ml aqueous solution of dye and the pH was adjusted 
to the desired value (±0.02) by adding NaOH/HCl (0.01 M) 
solutions. The reactant solution was irradiated with visible 
light under stirring condition. At regular intervals or at the 
end of reaction, a definite portion (3–5 ml) of reactant solu-
tion was withdrawn and magnetically separated the solid 
catalyst. The concentration of residual dye in the superna-
tant was computed from the absorbance values measured at 
fixed wavelengths i.e. 545, 455 and 554 for MO, CR and RhB, 
respectively. Further variations of reaction parameters were 
carried out using the sample showing the highest activity. 
For Cr(VI) photoreduction, an aqueous solution of Cr(VI) at 
desired concentration and pH was irradiated with visible 
light. The residual concentration of Cr(VI) in the reactant 
solution, after separation of catalyst, was estimated using 
diphenyl-carbazide method by measuring the absorbance 

values at 540 nm. The efficiency of dye decolourisation or 
Cr(VI) reduction was evaluated using Eq. (2).

Dye decolourisation/Cr(VI) reduction (%) =  
(C0 – Ct)/C0 × 100 � (2)

where C0 and Ct are the concentrations of dye or Cr(VI) at 
the beginning and at time ‘t’, respectively. A few photocat-
alytic runs were also carried out under direct sunlight (SL) 
in between 10.00 am to 3.00 pm during summer in Bhu-
baneswar city (20.27 latitude and 85.83 longitude), India 
when the average intensity of light was 7.5×104 lx (Lutron 
LX 1102 Digital Light Meter). In order to see the adsorp-
tion behaviour of Mn-substituted Fe3O4 samples towards 
dyes/Cr(VI), experiments were carried out under identical 
conditions of photocatalytic runs but without visible light 
irradiation. Control experiments without catalyst were also 
carried out to see the photolysis of dye and Cr(VI). 

3. Results and discussion 

3.1. Characterisations of sample

The compositions of solid samples (Table 1), derived 
from chemical analyses, closely match with the Fe3+: Fe2+: 
Mn2+ molar ratios taken in solution for synthesis. Powder 
XRD patterns of as synthesised samples are given in Fig. 1. 
All the patterns match well with a single-phase cubic spi-
nel structure and the main peaks are consistent with those 
of standard cubic Fe3O4 (JCPDS no. 19-629). The relatively 
low intensity and broad peaks further indicate small crys-
tallite size of the sample particles. The average crystallite 
sizes of different samples, calculated by Debye-Scherer’s 
formula using diffraction width of (311) peak, are found in 
the range 12.15 to 14.35 nm (Table 1). As evident from the 
table, the crystallite size of MnxFe3-xO4 particles decreases at 
lower level of Mn2+ substitution and then increases margin-
ally with further increase of Mn2+ content. Decrease of crys-
tallite size with increasing Mn content has been reported 
previously [27–29] while Saravanan et al. reported a reverse 
trend with increase of Mn content [26]. 

The morphology was investigated by taking SEM and 
TEM of some selected samples. SEM images of Mn-MNP-3 
with EDX are presented in Fig. S1. The EDX spectrum of 
Mn-MNP-3 confirms the presence of Fe and Mn in molar 

Table 1
Chemical composition and physicochemical properties of as 
synthesized MnxFe3-xO4 samples

Sample code  Value of x 
in Mnx 

Fe3-xO4

Mean 
crystalline 
size, nm

Surface 
area, 
m2/g

Band 
gap, eV

Mn-MNP-0 0.00 13.83 33.4 1.65
Mn-MNP-1 0.054 13.09 32.9 1.67
Mn-MNP-2 0.126 13.02 31.1 1.62
Mn-MNP-3 0.204 12.15 31.8 1.61
Mn-MNP-4 0.412 14.02 29.4 1.57
Mn-MNP-5 0.630 14.58 27.2 1.53
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proportion close to that obtained from chemical analysis. 
The SEM images (Figs. S1a, b) show aggregates of magnetic 
nanoparticles within few microns presumably due to effect 
of magneto dipoles and van der Wall forces. After adsorp-
tion/photodecolouisation of CR, the SEM images shows 
smaller aggregates (Fig. S1c, d) with lower porosity due 
to partial adsorption of residual CR molecule and some 
degraded products after photocatalytic run. Figs. 2a–d dis-
play the TEM micrographs of as prepared Fe3O4 and Mn 
substituted-Fe3O4 (Mn-MNP-3) nanoparticles. As evident 
from the micrographs, the particles are mainly polyhedral 
in shape along with some aggregates. There is no distinc-
tive change in morphology with the substitution of Mn. The 
average sizes of nanoparticles, observed in the TEM images, 
are in good agreement to the crystalline size estimated from 
Scherrer formula in XRD pattern. Selected area electron dif-
fraction (SAED), performed on isolated nanocrystals, exhib-
its five rings attributing to (220), (311), (400), (511) and (440) 
reflections of crystalline magnetite, respectively [35]. 

Room temperature magnetization curves of neat and 
Mn-substituted Fe3O4 nanoparticles with varying externally 
applied magnetic field (±20 kOe) are shown in Fig. 3. The 

Fig. 1. XRD patterns of Fe3O4 and Mn-substituted Fe3O4 nanopar-
ticles. 

Fig. 2. TEM micrographs of (a) Fe3O4; Mn-substituted (b) Mn-MNP-3 and (c) Mn-MNP-5 Fe3O4 nanocrystals; (d) SAED pattern of 
Mn-MNP-3.
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measured values of saturation magnetization (σs) of Fe3O4 
and Mn-substituted Fe3O4 are apparently ≥ 60% lower than 
that of corresponding bulk magnetite (σs = 92 emu g–1) and 
are very similar to the reported values [23–26,28]. The low-
ering of magnetization in nanoparticles is primarily due to 
one or more factors like effect of more antiferromagnetic 
exchange interactions, disordered cation distribution and 
formation of a magnetically dead surface layer. On substi-
tution of Mn2+, there is a steady increase of σs values with 
increase of Mn content at lower level (x ≤ 0.205) but tends 
to decrease on further increase of Mn2+ content. The initial 
increase of σs values with lower Mn2+ content and decrease 
at higher Mn2+ content could be attributed to the resultant 
of sub-lattice magnetic moments [23–26].

UV-Visible-DR spectra of neat and selected Mn-substi-
tuted Fe3O4 nanoparticles are shown in Fig. 4. All the sam-
ples show significant absorption well extend in the visible 
region indicating higher photoactivity for the target reac-
tions under visible light irradiation. Optical energy band 
gap (Eg) values, obtained from the extrapolated intercept 
of Tauc’s plots, are given in Table 1. As evident, the Eg val-
ues of neat and Mn-substituted Fe3O4 nanoparticles are sig-
nificantly less than the value reported for bulk magnetite  
(~0.1 eV) [34]. The Eg values are marginally decreased with 
the increasing Mn content. The FT-IR spectra of as pre-
pared Mn-substituted Fe3O4 nanoparticles (Mn-MNP-3) 
and CR dye adsorbed Mn-MNP-3 before and after visible 
light irradiation (Fig. S2) show broad absorption band cen-
tered around 3400 cm–1 attributing to stretching mode of 
H2O (nOH) while relatively less intense bands around 1600 
cm–1 correspond to the deformation mode (dH-OH) [34]. The 
observed band at ~576 cm–1 in all the cases is attributed to 
Fe-O bonds vibrations. The FT-IR spectra of CR adsorbed 
Mn-MNP-3 shows several additional peaks characteristic of 
CR dye. Peaks at 1126 cm–1 for RSO3

– stretching, 1590 cm–1 
for the N=N stretching, 1447 cm–1 for the C=C stretching 
of aromatic compound, 3460 cm–1 for N–H stretching of 
primary amine and 1335 cm–1 for the C–N bending clearly 
indicate the adsorption of CR. After photocatalytic run, 

the intensities of all CR peaks are greatly reduced indicat-
ing degradation of CR into smaller molecules followed by 
desorption of these molecules from the catalyst surface. 

The surface area values of all the samples are relatively 
low (28.8–33.4 m2/g) and decrease with increase of Mn 
content (Table 1). The point of zero charge (pHpzc) values, 
derived from acid-base titration curve are found in the 
range 7.6–6.9 with highest and lowest values shown by neat 
Fe3O4 and Mn substituted sample with highest Mn con-
tent, respectively. These are well within the range of values 
reported for similar materials [29,34]. 

3.2. Photocatalytic activity

3.2.1. Photodecolourisation of dyes

The time course UV-Visible spectra of different dyes 
(MO, CR, RhB) in the photocatalytic runs are presented in 
Figs. 5–7. Clearly, the main absorbance peaks of MO and CR 
decrease with time without any observable shift in the peak 
positions due to decolourisation of dyes. Further exposure 
with VL leads to no new absorption peak in the whole 
spectrum indicating the dye degraded products exhibit 
no different peaks. The decolourisation of RhB is also evi-
dent from the large decrease in absorbance change during 
the photocatalytic reaction and is mainly due to breaking 
of conjugated chromophore structure rather than de-ethyl-
ation of RhB [34]. It is also seen that the adsorption/pho-
to-decolourisation during initial 60 min is relatively fast 
followed by slow decolourisation process up to 240 min, 
which is partly due to coverage of catalyst surface by the 
dye molecules/degraded products of dyes during the reac-
tion. The extent of decolourisation of dyes by different sam-
ples, in presence and absence of visible light irradiation, are 
also presented in Figs. 5–7 (inset). As seen, the adsorption 
of all the dyes on different samples under dark condition is 
within 30%. The adsorption (%) progressively increases with 
increase of Mn content in the samples for anionic dyes (MO 
and CR) while the cationic (RhB) shows a marginal decreas-

Fig. 3. Magnetization curve of Fe3O4 and Mn-substituted Fe3O4 
nanoparticles. 

Fig. 4. UV-Vis diffuse reflectance spectra of Fe3O4 and Mn-sub-
stituted Fe3O4 nanoparticles.
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ing trend with increase of Mn content. This observed trend 
of dye adsorption is attributed to the combined effects of 
decreased surface area and pzc values of Mn-MNP samples 
with increase of Mn content. Control experiments without 
catalyst showed that the decolourisation of all three dyes 
due to photolysis is less than 5% after 4 h of reaction. On 
addition of catalyst, the overall decolourisation of dyes is 
more than 75% indicating significant photocatalytic activity 
of Mn-MNP samples. As evident from Figs. 5–7 (inset), the 

sample with intermediate Mn content (Mn-MNP-3) exhib-
its the highest photocatalytic activity which is mainly due 
to the effective charge separation between photogenerated 
(h+/e–) pair. The decreased photocatalytic activity at higher 
Mn content is presumably due to some structural changes 
such as introduction of defects which increases the (h+/e–) 
pair recombination and thereby reduction of photoactiv-
ity. Enhanced activity due to Mn substitution in magne-
tite samples has been reported for heterogeneous Fenton/
photo-Fenton decolourisation of dyes [27,29]. Further vari-
ations of experimental parameters were carried out using 
the sample (Mn-MNP-3) showing the highest activity. In 
order to see photoactivity of Mn-MNP-3 under sunlight, 
photo-decolourisation of dyes were carried under similar 
set of conditions as that of visible light irradiation. It is seen 
that the photo-decolourisation activity of Mn-MNP-3 under 
visible light irradiation is significantly higher than that 
under sunlight. For instance, the percent decolourisation of 
MO, CR and RhB (20 mg/L each) under sunlight are 45, 50 
and 43%, respectively as against 89.1, 95.7 and 83.9% under 
visible light irradiation. 

The pH of aqueous dye solution significantly affects the 
overall adsorption/photocatalytic decolourisation of a dye 
by oxide based photocatalysts, primarily due to the varia-
tion of surface charge of the photocatalysts and degree of 
ionization of the dye molecule with change of pH. In order 
to avoid any colour change owing to later factor with pH 
variation that leads to change in the absorbance values, the 
pH of the dye solution was kept at pH ≥ 5; above the acid 
dissociation constant (pKa) of dyes (MO, 4.2; CR, 3.5–5.0 
and RhB, 3.7) where the dyes mostly exist in dissociated/
zwitterionic forms. 

In order to see the effects of amount of photocatalyst 
and dye concentration, the experiments were carried out 
by varying the amounts of photocatalyst (0.25–2.0 g/L) 
and initial dye concentration (10–50 mg/L) keeping the 

Fig. 5. Time course spectral scan of MO dye (10 mg/L) under 
visible light with Mn-MNP-3 (1.0 g/L). (Inset) Comparative ad-
sorptive and photocatalytic decolourisation of MO by different 
Mn-MNPs (MO, 20 mg/L; Mn-MNPs, 1.0 g/L; pH, ~5.0, Reaction 
time, 4 h). 

Fig. 6. Time course spectral scan of CR dye (10 mg/L) under 
visible light with Mn-MNP-3 (1.0 g/L). (Inset) Comparative ad-
sorptive and photocatalytic decolourisation of CR by different 
Mn-MNPs (CR, 20 mg/L; Mn-MNPs, 1.0 g/L; pH, ~5.0, Reaction 
time, 4 h). 

Fig. 7. Time course spectral scan of RhB (10 mg/L) under visible 
light with Mn-MNP-3 (1.0 g/L). (Inset) Comparative adsorptive 
and photocatalytic decolourisation of RhB by different Mn-
MNPs (RhB, 20 mg/L; Mn-MNPs, 1.0 g/L; pH, ~5.0, Reaction 
time, 4 h). 
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other parameters constant. It is seen that the overall dec-
olourisation of all three dyes increased non-linearly, espe-
cially with catalyst does ≥ 1.5 g/L, with increase of catalyst 
dose. This is primarily attributed to the increased number 
of adsorption and active sites on the catalyst surface. On 
variation of catalyst dose from 0.25 to 2.0 g/l, the percent 
decolourisation of MO, CR and RhB (50 mg/L) increased 
from 15.4 to 60.3, 18.3 to 66.1 and 10.4 to 50.3, respectively. 
Non-linear increase of decolourisation at higher dose (≥1.5 
g/L) is mainly attributed to the increased opacity of the 
suspension that reduces the light penetration and thereby 
photoactivated volume of the suspension. Also aggrega-
tion of catalyst particles at higher dose is more likely caus-
ing decrease of number of active sites. On the other hand, 
the percent decolourisation of MO, CR and RhB decreased 
progressively with increase of initial dye concentrations 
from 10 to 50 mg/L. Decrease of dye decolourisation is 
more pronounced at higher concentration partly due to 
adsorption of some degradation intermediates upon cata-
lyst surface. Nearly complete decolourisation of all three 
dyes with initial dye concentration 10 mg/L and catalyst 
(Mn-MNP-3) dose 1.0 g/L was achieved in 4 h of irradi-
ation. The photocatalytic efficiencies of some iron based 
oxides/ferrites photocatalysts along with current catalytic 
system are presented in Table 2 [33,36–40]. It is seen that 
the efficiency of the present catalytic system is comparable 
or better than the other iron based catalyst especially under 
visible light irradiation. 

Based on the above results, the possible pathways of 
photocatalytic dye decolourisation under visible light 
irradiation is described in Eqs. (3)–(7). In heterogeneous 
photocatalytic degradation/decolourisation of dye using 
semiconducting materials irradiated with light energy 
greater than the band gap energy (Eg), as in the present 
case, photogeneration of electron–hole pair [Eq. (3)] is 
mainly responsible for the reaction. Photogenerated h+ in 
the valence band reacts with either H2O or OH− to produce 
the HOŸ through the reactions [Eqs. (4) and (5)] while e− in 
the conduction band reacts with adsorbed O2 on the catalyst 
surface to generate O2

−• and subsequently generate HO• in 
several steps [Eq. (6)]. Finally HO• or O2

−• or HO2
• radicals 

react with dye molecules to yield the degraded products. 

Excitation of surface-adsorbed dye molecule by absorption 
of photons of visible light followed by transition into the 
conduction band of the catalyst and subsequent oxidation 
of dye molecule cannot be neglected. 

Mn-MNP + hn → Mn-MNP (e–
cb + h+

vb)� (3)

H2O + h+
vb → H+ + OHŸ � (4)

HO− + h+
cb → HOŸ� (5)

e−
cb + O2 → O2

−• →  HO2
• → HO• + OH− + O2

� (6)

Dye + HO• or O2
−• or HO2

• → intermediates → products� (7) 

3.2.2. Adsorption and photoreduction of Cr(VI) by  
Mn-MNP samples

Iron based magnetic nanoparticles are well known as 
adsorbent and photoreductant for a variety of inorganic 
water contaminants which exist in the anionic forms like 
hexavalent chromium [7,13,18]. In order to assess the effi-
ciency of present catalytic system, Cr(VI) adsorption/pho-
toreduction experiments were carried out under visible 
light irradiation using Mn-MNP-3 sample showing highest 
activity in dye decolourisation. For all adsorption experi-
ments, the pH and initial Cr(VI) concentration were varied 
keeping the amount of Mn-MNP-3 (1.0 g/L) and time of 
adsorption (4.0 h), maximum time required for attaining the 
adsorption equilibrium, fixed. 

The influence of solution pH on Cr(VI) adsorption is 
illustrated in Fig. 8 (inset), which shows the adsorption is 
highly pH dependent. It is seen that the percentage of Cr(VI) 
adsorption decreases gradually as the solution pH increases 
from 3.0 to 8.0 and the uptake of Cr(VI) by Mn-MNP-3 also 
decreases from 9.96 to 3.4 mg/g. Higher adsorption of 
Cr(VI) at lower pH can be explained on the basis of elec-
trostatic interaction. Initial solution pH controls not only 
the surface charge and degree of protonation of adsorbent 
but also the pH dependent speciation of the Cr(VI) ion. At 

Table 2
Comparative photocatalytic activity of some iron based oxides/ferrites towards decolourisation aqueous organic dyes

Catalytic system Light Source Dye Reaction conditions Conversion 
(%)

Ref

[Dye], 
(mg/L)

pH catalyst 
(g/L)

Time, 
(min)

Fe2O3-Fe3O4 VL MO 19.83 – 0.50 170 65.1 36
Fe2O3-Fe3O4/Clay VL MO 19.68 – 0.50 170 77.2 36
Fe3O4/ZnO/GO VL MO 3.27 – 0.20 120 92.8 37
Mn-MNP-3 VL MO 20.0 5.0 1.0 240 89.2 This work 
Fe3O4 UV CR 69.6 4.0 0.20 60 55.2 38
Mn-MNP-3 VL CR 20.0 5.0 1.0 240 95.8 This work 
Mesoporous α-Fe2O3 UV RhB 4.75 – 0.50 135 84.9 39
Fe3O4 VL RhB 20.0 7.5 0.51 120 64.3 40
Fe3O4/rGO SL RhB 47.8 5.0 0.50 120 87.1 33
Mn-MNP-3 VL RhB 20.0 5.0 1.0 240 83.9 This work 
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pH > 6.5, CrO4
2− species is predominant, while HCrO4

− and 
Cr2O7

2− are prevalent at pH values ranging from 2.0 to 6.5. 
The surface positive charge and degree of protonation of 
Mn-MNP-3 decrease with increase of solution pH below its 
pHpzc value (pHpzc ~ 7.1) and results a decrease of Cr(VI) 
adsorption due to lowering of electrostatic attraction. At 
pH > 7.1, the surface charge of Mn-MNP-3 becomes neg-
ative which leads to an increase of electrostatic repulsion 
with Cr(VI) ions resulting a decrease of Cr(VI) adsorption . 
A similar trend for adsorptive removal of Cr(VI) by magne-
tite and ferrite nanoparticles has been reported in previous 
studies [41–44]. Although adsorption of Cr(VI) is highest at 
pH ~ 3.0 in the working pH range, subsequent adsorption/
photoreduction experiments involving Cr(VI) were carried 
out at pH ~ 5.0 in order to maintain the uniformity with dye 
decolourisation experiments. 

Cr(VI) removal efficiency was also studied as a func-
tion of initial concentration (5–50 mg/L) keeping the ini-
tial pH, Mn-MNP-3 dose and contact time constant. It is 
found that the adsorption of Cr(VI) decreases from 73 to 
18.3% with the increase of the initial Cr(VI) concentrations 
from 5 to 50 mg/L. This may be attributed to the fact that 
the total adsorption sites available with the fixed dosage of 
Mn-MNP-3 are insufficient for Cr(VI) adsorption at higher 
concentrations. The equilibrium Cr(VI) adsorption data 
were further fitted to Langmuir and Freundlich isotherm 
models [Eqs. (8) and (9)]. 

Ce/qe = 1 /bqm + Ce/qm� (8)

ln qe = ln KF + (1/n) ln Ce� (9)

where qm (mg/g) is the maximum adsorption capacity 
corresponding to complete monolayer coverage and b (L/
mg) is the Langmuir constant related with the adsorption 
energy. Ce (mg/L) and qe (mg/g) are the concentration of 
Cr(VI) in the solution and the adsorption capacity at the 
equilibrium, respectively. KF and n are Freundlich constants 

with n giving an indication of the facility with which the 
adsorption process takes place. From the linear regression 
coefficient values (R2), it is seen that the experimental data 
are well described by Langmuir isotherm (R2 ~ 0.99) as 
compared to Freundlich (R2 ~ 0.92). A comparison in terms 
of maximum adsorption capacity (qm) of Mn-MNP-3 with 
other relevant adsorbents is shown in Table 3. As evident 
the value of qm in the present case (10.1 mg/g) is relatively 
lower than those reported for magnetite or manganese fer-
rites samples [33,41–47]. The lower qm value is primarily 
due to relatively higher solution pH (~5.0) maintained in 
the adsorption experiments than that used in the previous 
studies (pH ~ 2.0–3.0). 

The phtoreduction of Cr(VI) were carried out at varying 
initial concentrations (5–20 mg/L) and the results obtained 
are presented in Table 4 and Fig. 9. The removal of Cr(VI) 
without light irradiation is mainly due to its adsorption on 
the catalyst surface. On irradiation with visible, the over-
all Cr(VI) removal is significantly increased at all concen-
trations (Fig. 9). It is also seen that the Cr(VI) reduction 
decreases with increase of initial Cr(VI) concentration due to 
availability of fewer active sites on the catalyst for photore-
duction of Cr(VI) to Cr(III) (Table 4). The photoreduction 
efficiency of present catalytic system (Mn-MNP-3) is also 
compared with other relevant catalysts (Table 3). As seen 
in the table, the reduction efficiency of Mn-MNP-3 is found 
good considering the higher initial pH and concentration of 
Cr(VI) solution used in photoreduction experiments. 

It is known that the photocatalytic reduction of Cr(VI) 
using semiconducting oxide catalysts is usually higher in 
the metal-organic-catalyst combination than in the single 
system (metal-catalyst) due to suppression of electron-hole 
recombination in presence organics which acts as a photo-
generated hole scavenger or sacrificial agent (SA) [16–19,48]. 
In order to see the influence of organics, photoreduction of 
Cr(VI) (10–20 mg/L) was carried out in presence of differ-
ent sacrificial agents (formic acid, phenol and EDTA) and 
the representative results are shown in Fig. 9. For a fixed 
amount (mg/L) of sacrificial agents, the photoreduction of 
Cr(VI) increases in the order EDTA ~ formic acid < phenol. 
However, in terms molar concentration of SA, the acceler-
ating effect increases in the order formic acid < Phenol < 
EDTA. The observed trend is consistent with the reported 
results of Cr(VI) photoreduction in presence sacrificial 
agents using different photocatalysts [46,47]. In presence 
of sacrificial agents, the photoreduction rate of Cr(VI) also 
increases and requires less time than Cr(VI) alone. Both the 
percentage and rate of Cr(VI) photoreduction increase with 
increase of initial concentration of SA from 5 to 30 mg/L. 
Further increase of SA concentration (≥30 mg/L) results a 
decrease in the photoreduction presumably due to crossing 
the optimum SA concentration required for minimum elec-
tron-hole recombination.

Assuming adsorption of Cr(VI) is the first step in pho-
toreduction process, a simple mechanism involving trans-
fer of conduction band electrons from catalyst surface to 
adsorbed Cr(VI) is delineated in Eqs. (10)–(13) [33].

Mn-MNP + hν → Mn-MNP (h+/e−)� (10)

Cr(VI)ads/Mn-MNP + 3 e− → Cr(III)ads/Mn-MNP� (11)

Cr(III)ads/Mn-MNP → Cr(III) + Mn-MNP� (12)

Fig. 8. Effect of initial concentration on Cr(VI) adsorption by 
Mn-MNP-3 and fitting of equilibrium adsorption data to Lang-
muir isotherm model. (Inset) Effect of pH on Cr(VI) adsorption.
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In the presence of sacrificial electron donor, the pho-
togenerated holes (h+) are quickly consumed to inhibit 
the recombination of electron-hole pair on the catalyst 
surface resulting an increase of Cr(VI) reduction by the 
photogenerated electrons. Besides the above direct path-
ways, highly reducing aqueous organic radical species, 
produced by addition of hole (h+) or HOŸ (Eqns. (3) and 
(5)) with SA, can also take part in reduction of Cr(VI) to 
Cr(III) [49].

3.2.3. Simultaneous remediation of Cr(VI) and dye 

The textile and leather industry wastewaters often con-
tain significant amount of heavy metal pollutants (e.g. CrVI) 
along with organic dyes. In this regard, photocatalytic sys-
tems capable of removal of both Cr(VI) and dye simulta-
neously would be beneficial in real system application. In 
order to see the efficiency of present photocatalysts, simu-
lated mixture solutions containing varying concentrations 
of Cr(VI) and Congo red (CR) were treated with visible 
light irradiation under similar conditions used in the case 
of single component. The results obtained with and with-
out visible light irradiation, are presented in Table 4. In 
presence of CR, the percentage of Cr(VI) reduction under 
visible light irradiation is higher than that observed with 
Cr(VI) alone. Also at a particular concentration, Cr(VI) 
reduction increases with increase of CR concentration from 
10 to 30 mg/L. Similarly the decolourisation of CR is rela-
tively higher in presence of Cr(VI) than that obtained when 
treated alone. Increase of both Cr(VI) reduction and CR 
decolourisation is attributed to their synergistic effect in the 
binary system. In this process, CR acts a scavenger for the 
photogenerated holes in the catalyst like other sacrificial 
agents and suppresses the hole-electron recombination to 
facilitate the Cr(VI) reduction by using the readily avail-
able photogenerated electrons. Similarly Cr(VI) acts as an 
electron scavenger to suppress the recombination of elec-
tron-hole pairs and enhance the oxidation of CR using the 
photogenerated holes. Enhanced photoactivity in binary 
systems due to cooperative photocatalytic reduction of 
Cr(VI) and oxidation of dye utilizing the photogenerated 
electrons and holes simultaneously has been reported in 
the other photocatalysts [16–19,48]. More studies with wide 
variation of Cr(VI) and CR concentration ratios are needed 
to optimize the condition for maximal synergistic effect.

Fig, 9. Effect of different sacrificial agents on Cr(VI) photore-
duction using Mn-MNP-3 catalyst ([Cr(VI)], 20 mg/L; pH, ~ 5.0; 
reaction time, 4 h).

Table 3
Comparative activity of some selected relevant samples towards adsorption/photoreduction of aqueous Cr(VI)

Catalytic system Light source Adsorption/Reaction conditions Adsorption 
capacity 
(mg/g)

Photo 
reduction  
(%)

Ref

[Cr(VI)] 
(mg/L)

pH Catalyst 
(g/L)

Time 
(min)

Synthesised Fe3O4 – 50 2.0–2.5 – – 20.16 – [41]
Commercial Fe3O4 – 50 2.0–2.5  –  – 13.72 – [41]
MnFe2O4 – 50–250 2.0 1.50 120 89.2 – [42]
MnFe2O4 – 100 3.0 5.0 60 19.6 – [43]
MnFe2O4 – 100 – 2.0 60 17.5 – [44]
Fe3O4 (Ti-residue) – 10–50 5.0 3.0 1440 14.49 – [45]
Fe3O4 – 100–400 5.5 2.0 60 121.9 – [46]
Fe3O4 – 2 – 100 2.0 2.0 100 20.2 – [47]
Mn-MNP-3 – 10–50 5.0 1.0 240 10.1 – This work
Fe3O4/rGO – 4.32 3.0 0.5 25 3.28 96.0 [33]
MnFe2O4 VL 15.0 2.0 1.0 60 – 82.0 [49]
Zn0.2Mn0.8Fe2O4 VL 15.0 2.0 1.0 60 – 85.0 [49]
Cd0.2Mn0.8Fe2O4 VL 15.0 2.0 1.0 60 – 92.0 [49]
TiO2 UV 20.0 3.0 1.6 240 – 80.0 [50]
NiFe2O4-SiO2-TiO2 UV 20.0 3.0 1.6 300 – 60.0 [50]
Mn-MNP-3 VL 20.0 5.0 1.0 240 – 43.9 This work
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4.. Conclusions

Single phase nanometric Mn(II) substituted magne-
tite samples, (MnxFe3–xO4; 0.0 ≤ x ≤ 0.63) were prepared by 
coprecipitation and characterised by various physical meth-
ods. XRD data confirmed the cubic spinel structure of all 
the samples. All the samples showed super paramagnetic 
behaviour at room temperature with relatively lower sat-
uration magnetization (σs) values than bulk magnetite 
which varied significantly with Mn(II) content in the sam-
ples. The band gap values (Eg) decreased from 1.65 to 1.53 
eV with increase of Mn(II) substitution. The photocatalytic 
efficiency of as synthesized samples were tested for deco-
lourisation of different organic dyes and reduction of Cr(VI) 
to Cr(III) under visible light irradiation. Mn-MNP-3 (x = 
0.205) showed the highest activity among all towards pho-
to-decolourisation of dyes; the activity decreased on further 
increase of Mn2+ content. Addition of different sacrificial 
agents like formic acid, phenol, EDTA showed significant 
increase of Cr(VI) reduction. Furthermore, Mn-MNP-3 also 
proved efficient for simultaneous reduction of Cr(VI) to 
Cr(III) and decolourisation of a dye (Congo red). Simulta-
neous decontamination of Cr(VI) and dye may find appli-
cation in treatment of textile wastewater containing both 
residual dye and heavy metals like Cr(VI).
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Supplementary

Fig. S1. SEM micrographs of Fe3O4 and Mn-substituted Fe3O4 (Mn-MNP-3). (a, b) Fe3O4, (c, d) Mn-MNP-3. 

Fig. S2. FT-IR spectra of Mn-MNP-3. (a) neat, (b) after adsorption of CR, and (c) after photocatalytic decolourisation.


