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) degradation with Mn ion doped
ZnO under visible light photocatalysis†

K. V. Ashok Kumar,a Srinivasa Rao Amanchi,a B. Sreedhar,b P. Ghosalc

and Ch. Subrahmanyam *a

Mn ion doped ZnO with different percentages of Mn content (Zn0.9Mn0.1O (1), Zn0.8Mn0.2O (2), Zn0.7Mn0.3O

(3), and Zn0.6Mn0.4O (4)) was synthesized via a solution combustion method, with urea used as the fuel. The

optical, morphological, and structural properties were studied using Raman, UV-DRS, SEM, TEM, XPS, and

powder XRD techniques. The average crystallite sizes of Zn1�xMnxO (1, 2, 3, 4), which are around 30–60 nm,

were confirmed via powder X-ray diffraction studies, whereas transmission electron microscopy studies

confirmed the formation of a ZnO wurtzite crystal phase. Scanning electron microscopy indicated the

spherical morphology of the samples. Raman spectroscopy studies confirmed a decrease in oxygen

vacancies with increasing Mn content, whereas confirmation of the doping of Mn ions into the ZnO

lattice was obtained using X-ray photoelectron spectroscopy. The band gap energies of samples were

calculated using UV-DRS spectroscopy, whereas BET surface area measurements confirmed the surface

area. The visible light activity of Zn1�xMnxO (1, 2, 3, 4) was identified through studies of phenol

degradation and Cr(VI) reduction under visible light photocatalysis, which highlight that Zn0.8Mn0.2O (2)

shows the best activity. Typical degradation profiles indicated that the simultaneous degradation of

pollutants is more effective than the removal of individual pollutants.
1. Introduction

Removing highly toxic materials/pollutants from industrial
wastewater and pure water supplies has received much atten-
tion, because of their highly toxic and endocrine-disrupting
properties.1 Photocatalytic degradation is one of the options
that scientists have been working on, as this route of degrada-
tion utilizes natural resources.2–4 Phenolic compounds, poly-
chlorinated biphenyls and heavy metals, like Cr(VI), Hg(II), Pd(II),
Pt(IV), etc., are some of the highly toxic pollutants, whose exis-
tence in water would cause serious health/environmental
effects. Industries like petroleum rening, automobile
manufacturing, lm making, leather tanning, and wood pro-
cessing, and industrial wastewater, etc. are major contribu-
tors.5,6 Among the different treatments for removing such
pollutants from wastewater, the use of photocatalytic tech-
nology under visible light is the most important known tech-
nique, and it has the ability to mineralize the greatest number
of toxic organic pollutants using radiant energy. In general,
semiconductor photocatalysts are mainly useful materials for
treating a number of different water pollutants, and they also
bad, India-502285. E-mail: csubbu@iith.
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39
play an important role in environmental purication because of
their simplicity, the gentle reaction conditions needed, and
their low energy consumption. Several metal oxides, like TiO2,
ZnO, and Fe2O3, have been tested in photocatalytic degradation
processes. Most of the research in this direction has been
focused on the removal of individual pollutants, whereas actual
effluent is highly diverse in nature. Hence, the simultaneous
elimination of both organic and inorganic pollutants is of
interest and is essential in the treatment of water for further use
in the current climate.7–10 Dong et al. suggested a Bi2WO6/RGO
nanocomposite for the removal of organic pollutants. His group
observed a much lower amount of phenol degradation (39.68%)
aer 8 h under sunlight irradiation. In this method the irradi-
ation time was very high.11 Wan et al. reported a Bi12GeO20/g-
C3N4 photocatalyst for Cr(VI) reduction; only 50% reduction was
observed aer 3 h. The main disadvantage is that the
percentage reduction was very low.12 Diao et al. proposed an Fe/
TiO2 nanocomposite for Cr(VI) reduction with the use of UV
light.13 Dingze Lu et al. reported phenol oxidation and Cr(VI)
reduction simultaneously, with the use of terbium oxide
nanoparticles loaded on TiO2.14 Mani et al. also reported the
simultaneous degradation of such pollutants using C and N
doped TiO2.15 Zhao et al. reported the simultaneous removal of
phenol and Cr(VI) by using Y2O3/TiO2 in the presence of UV light
within 3 h. The disadvantage of these experiments was that the
removal percentage of phenol and Cr(VI) was very low (70–
80%).16 In general, ZnO is a semiconductor and an excellent raw
This journal is © The Royal Society of Chemistry 2017
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material in the glass, ceramic, textile, and cosmetic industries.
Its band gap of 3.37 eV makes it active in the UV region. Yet ZnO
has desirable attractiveness because of its non-toxicity and low
cost. Furthermore, under UV light irradiation, ZnO shows
excellent activity toward organic pollutant degradation in
aqueous suspensions through photocatalysis and produces
photo-generated strong oxidizing agents, like hydroxyl radicals
(OHc) and superoxide radical anions (O2

�c). To shi the
absorption into the visible region, ZnO has been doped with
metals and non-metals, and coupled with small conductors,
like CdS, etc.17 When compared to these methods, combustion
synthesis has certain advantages, like ease of operation, one
step doping, etc. Several reports deal with the synthesis of Mn
ion doped ZnO via different methods.18–20 For example, Yildir-
imcan et al. reported Mn ion doped ZnO synthesized via a facile
chemical method and the photocatalytic activity was tested by
degrading Orange-G dye (C16H10N2O7S2Na2).20 Barzgari et al.
synthesized Mn/ZnO, which was also prepared via a precipita-
tion method, and the photocatalytic activity was tested through
the degradation of cresols21 Bordbar et al. reported Mn doped
ZnO synthesized via a hydrothermal method, and the photo-
catalytic activity was tested via methyl orange degradation and
78% degradation was observed within 3 h.22 Achouri et al.
proposed a Mn doped ZnO photocatalyst via a solvothermal
method, and observed 75% orange II dye degradation within
240 min under visible light.23

To the best of our knowledge, no reports are available in the
literature on the synthesis of Mn ion doped ZnO via a combus-
tion method and its application towards the removal of
pollutants (phenol and Cr(VI)), individually and simultaneously,
using visible light.

The present manuscript deals with the preparation of Mn
doped ZnO and photocatalytic activity estimations under visible
light for the individual/simultaneous degradation of phenols
and Cr(VI) in waste water. In the presence of visible light, the
photocatalytic activities of the synthesized photocatalysts 1, 2,
3, and 4 were tested through phenol degradation and Cr(VI)
reduction, and the results were compared with those for ZnO.
2. Experimental section
2.1. Materials

Zinc nitrate (Zn(NO3)2$6H2O) (Sigma-Aldrich), manganese
nitrate (Mn(NO3)2$4H2O) (Sigma-Aldrich), urea (Sigma-Aldrich),
phenol (Sigma-Aldrich), and potassium dichromate (K2Cr2O7)
were used without any further purication. Millipore water was
employed for all experiments.
2.2. Synthesis

ZnO, Zn0.9Mn0.1O (1), Zn0.8Mn0.2O (2), Zn0.7Mn0.3O (3), and
Zn0.6Mn0.4O (4) were synthesized via a combustion method with
different weight ratios of Zn : Mn ions (w/w%) (0.9 : 0.1,
0.8 : 0.2, 0.7 : 0.3, and 0.6 : 0.4). The required amounts of zinc
nitrate (w%), manganese nitrate (w%) and urea (0.90 g) were
mixed in 15 mL of Millipore water in a china dish. This solution
was preheated for initial dehydration by using a hot plate at
This journal is © The Royal Society of Chemistry 2017
120 �C. Aer that, the heated compound was transferred to
a muffle furnace and heated at 450 �C for 10 minutes. Colorless
and brown colored compounds can be obtained, which corre-
spond to ZnO and Mn/ZnO samples; the color of the sample
increases upon increasing the Mn2+ content.

2.3. Characterization

Phase identication and the characterization of the crystallite
sizes of undoped ZnO and the samples Zn0.9Mn0.1O (1),
Zn0.8Mn0.2O (2), Zn0.7Mn0.3O (3), and Zn0.6Mn0.4O (4) are carried
out using a PANalytical X'pert Pro Powder X-ray diffractometer
with Cu-Ka radiation, with a wavelength l ¼ 1.54 Å, and Ni is
used as a lter. The applied current and accelerating voltage are
maintained at 30 mA h and 40 kV respectively during the
measurements. The optical properties of the prepared samples
can be characterized using a UV-visible diffuse reectance
spectrophotometer (Shimadzu-3600), with BaSO4 as a standard
reference. Raman spectra of undoped ZnO and all samples were
collected using a Bruker Senterra dispersive Raman microscope
with a 532 nm laser excitation wavelength. The surface areas of
the ZnO samples were measured using N2 physio-sorption
studies conducted at liquid nitrogen temperature. According
to BET analysis, compound 2 shows the highest surface area
(54.035 m2 g�1) compared to the other materials (1, 3, and 4).
The morphologies of the prepared samples were investigated
using SEM (FESEM-FEI Quanta 400, the Netherlands) at a 20 kV
accelerating voltage, and the magnications of the instrument
were 1000–5000. The samples are placed on a copper grid with
an applied operating voltage of 200 kV, and images are recorded
using a TEM instrument (TECNAI G-2). The chemical or elec-
tronic states of each element on the surface of the Mn doped
ZnO nanoparticles are characterized via X-ray photoelectron
spectroscopy (XPS) analysis, carried out using a Kratos analyt-
ical spectrophotometer, with Mg Ka monochromatic excited
radiation of 1253.6 eV; the residual pressure in the analysis
chamber is around 10�9 mbar.

2.4. Photocatalytic experiments

The photocatalytic activities of the synthesized catalysts are
tested using a specially designed reactor, and three non-halogen
lamps (250 W, 24 V) are arranged inside the reactor with a light
intensity of 750–800 W m�2; the intensity is tested using power
meter. Individual and combined experiments for phenol
degradation and Cr(VI) reduction in an aqueous medium are
carried out with pure ZnO and 1, 2, 3, and 4 under visible light
photocatalysis. To reach adsorption–desorption equilibrium,
an aqueous solution of pollutants with a particular amount of
catalyst is taken in a 100 mL beaker and placed under dark
conditions for 30 minutes. No phenol degradation or Cr(VI)
reduction was observed in the absence of light and without
catalyst in aqueous solution. Under light exposure, 1–2 mL of
sample was collected using 5 mL syringes every 30 minutes; that
was centrifuged and the catalyst was nally separated through
ltering with 40 mm Millipore lter paper. A UV-visible spec-
trophotometer was used to estimate the concentration of
phenol and Cr(VI).
RSC Adv., 2017, 7, 43030–43039 | 43031
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Before spectrophotometric analysis, phenol was converted
into a brownish red antipyrine dye complex, with the addition of
1 mL of buffer (pH ¼ 9), 1 mL of 0.05 M 4-aminoantipyrine and
1 mL of a 0.05 M aqueous solution of potassium ferricyanide,
and it was examined at a wavelength at 504 nm. The purple
colour of the Cr(VI) complex was recorded at 540 nm, and it was
prepared via the addition of an acidic solution (10% H2SO4) of
Cr(VI) and was also converted into a purple complex through the
addition of 1,5-diphenyl hydrazide (1 mL) solution. The effi-
ciency of the photocatalytic degradation of phenol and Cr(VI)
aqueous solutions was calculated using the following formula:

h ¼ C0 � C/C0 � 100%

where C0 is the initial concentration, C is the concentration
aer visible light irradiation, and h is the efficiency of photo-
catalytic degradation.15
3. Results and discussion
3.1. X-ray diffraction

Powder XRD patterns of undoped ZnO and Mn doped ZnO
nanoparticles (1–4) are shown in Fig. 1. All diffraction peaks in
the graph conrm the formation of a ZnO hexagonal wurtzite
structure and show the space group P63mc with the lattice
parameters a¼ 3.249 Å and c¼ 5.206 Å (JCPDS No. 361451). The
diffraction peaks observed at 2q values of 31.77�, 34.42�, 36.25�,
47.53�, 56.60�, 62.86�, 66.38�, and 67.96� correspond to the
(100), (002), (101), (102), (110), (103), and (112) crystalline
planes, respectively. From Fig. 1, it is revealed that there is no
secondary phase observed and the synthesized material has
a single phase. The XRD results also explain that the Mn2+ ions
replace the Zn2+ ions in the ZnO lattice, without changing the
wurtzite structure of ZnO. The high intensity peak at (101) is
slightly shied to the lower angle side, as well as there being
a lowering of the intensity. The unit cell parameters and d-
spacing values, evaluated as a function of Mn content, are
Fig. 1 Powder XRD spectra for ZnO and Mn doped ZnO (1–4).

43032 | RSC Adv., 2017, 7, 43030–43039
shown in Table 1.24,25 From Table 1, the d-spacing values
decrease with an increase in the Mn content in the ZnO lattice.
The average crystallite sizes of ZnO and the 1, 2, 3, and 4
samples were determined using the Debye Scherrer formula.

D ¼ Kl/b cos q

where D ¼ the size of the crystallite, K ¼ the shape factor,
l ¼ wavelength, q ¼ diffraction angle, and b ¼ full width at half
maximum. The average crystallite sizes of ZnO and the 1, 2, 3,
and 4 samples are around 55, 51, 50, 34, and 33 nm, respec-
tively, conrming a decrease in the crystallite size upon
increasing the Mn concentration.

3.2. Raman spectroscopy

The crystalline nature of ZnO (wurtzite) and 1, 2, 3, and 4 was
further conrmed via Raman spectroscopy analysis. As seen in
Fig. 2, the peaks centered at 503 cm�1, 562 cm�1, 580 cm�1 and
665 cm�1 were related to the E2, A1, E1 and E2 (high) vibration
modes of ZnO, with P63mc symmetry, respectively. The peaks
between 1000 cm�1 and 1200 cm�1 correspond to multiphonon
processes. XRD and Raman analysis clearly indicates that ZnO
and 1, 2, 3, and 4 nanoparticles were produced, with a hexag-
onal ZnO crystal structure and good crystal quality.26

3.3. UV-visible spectroscopy (DRS) analysis

The optical properties of ZnO and samples 1–4 are further
conrmed using UV-visible diffuse reectance spectroscopy,
and the absorption peaks are presented in Fig. 3. The absorp-
tion peak corresponding to ZnO is found at 316 nm, with a band
gap of 3.9 eV, and the peaks corresponding to samples 1–4 are
shied to the higher wavelength side (red shied) upon
increasing the Mn content from 0.1 to 0.4%. All peaks corre-
sponding to the ZnO and Mn–ZnO (1–4) samples are identied
in the UV region and the decrement in band gap energies is also
very small. The band gap energies of ZnO and samples 1–4 are
3.9 eV, and 3.8 eV, 3.7 eV, 3.5 eV, and 3.4 eV, respectively. The
slight decrease in the band gap values for 1, 2, 3 and 4,
compared to ZnO, may be due to different optically active
sublevels being located through the band gap.

3.4. Scanning electron microscopy analysis

The inuence of different percentages of Mn doping on the
morphology of ZnO (1–4 samples) was investigated via scanning
electron microscopy. SEM images of sample 2 show a well-
Table 1 The unit cell parameters and d-spacing values for ZnO and
nanomaterials 1, 2, 3, and 4

Sample a (Å) c (Å)
d-Spacing
(Å)

ZnO 3.249 5.206 2.4756
Mn0.1Zn0.9O (1) 3.255 5.212 2.4742
Mn0.2Zn0.8O (2) 3.270 5.236 2.4732
Mn0.3Zn0.7O (3) 3.277 5.243 2.4720
Mn0.4Zn0.6O (4) 3.283 5.253 2.4713

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Raman spectra of (a) ZnO and (b) Mn doped ZnO (1–4)
nanomaterials.

Fig. 3 UV-vis-DRS spectra for ZnO and materials 1–4.

Fig. 4 SEM image of Zn0.8Mn0.2O (2).

Fig. 5 (a) A TEM image of sample 2. (b) The selected area electron
diffraction pattern for sample 2.
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ordered morphology with spherical nanoparticles, low aggre-
gation and better particle size distribution.27 This can be seen
in Fig. 4.
This journal is © The Royal Society of Chemistry 2017
3.5. Transmission electron microscopy analysis

A TEM image of sample 2 (Fig. 5(a)) shows that the nano-
particles have a spherical morphology, as long as the size is
below 100 nm. The grain size of sample 2 is 15–20 nm. Fig. 5(b)
shows the selected area electron diffraction (SAED) pattern of
sample 2, which complements the observations from XRD, and
conrms the wurtzite structure of ZnO.28,29
3.6. X-ray photoelectron spectroscopy analysis

The elemental composition and chemical states of sample 2
weremeasured via XPS analysis. The C 1s peak (284.5 eV) is used
as a reference peak for calibrating the binding energies of the
remaining peaks. Fig. 6(b) represents the peaks corresponding
toMn 2p for sample 2. From the peaks indicated at 642.26 eV for
Mn 2p3/2 and at 654.3 eV for Mn 2p1/2, it is clearly indicated that
the Mn ions in sample 2 are in a +2 oxidation state. We observe
that the peaks corresponding to Mn 2p are very weak, which
clearly indicates a very low concentration of manganese doping.
The peak appearing at 642.26 eV for Mn 2p3/2 is associated with
Mn2O3 and MnO phases. In Fig. 6(b), the binding energies are
640.7 eV and 641.8 eV for MnO and Mn2O3, respectively. The
binding energies of Zn 2p3/2 and Zn 2p1/2 are 1022.13 eV and
1045.1 eV, respectively, and these are presented in Fig. 6(a).
These two peaks are strong and have narrow line widths,
highlighting that Zn2+ ions are predominant in the nano-
structure of sample 2. A broad peak at 530 eV, which indicates
RSC Adv., 2017, 7, 43030–43039 | 43033
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Fig. 6 (a) XPS spectrum of Zn 2p, (b) XPS spectrum of Mn 2p, and (c)
XPS spectrum of O 1s for sample 2.
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the binding energy of the O 1s region, is shown in Fig. 6(c). The
full scan survey spectrum does not show any other elemental
peaks, which suggests that sample 2 does not have any other
impurities in it; this is also explained through XRD analysis.30
3.7. Photocatalytic activity tests

3.7.1. Photocatalytic degradation of phenol. The activities
of ZnO and photocatalysts 1, 2, 3, and 4 were estimated from the
degradation of phenol using visible light analysis. As shown in
Fig. 7, rst order kinetics were used to plot the photocatalytic
oxidation of phenol under visible light, and the rst order rate
constants were found to be 0.00529, 0.00588, 0.00644, 0.00695,
and 0.00732 S�1 respectively for ZnO, Zn0.6Mn0.4O (4),
Zn0.7Mn0.3O (3), Zn0.9Mn0.1O (1), and Zn0.8Mn0.2O (2). From
this, it can be concluded that the rate constant increases for
materials 1–4 compared with pure ZnO. Zn0.8Mn0.2O (2) has the
highest photocatalytic activity compared to other materials,
such as 1, 3 and 4. From Fig. S1† it is conrmed that 79%
degradation was observed within 210 min aer using
Fig. 7 The first order kinetics of nanoparticles of 1–4: irradiation time
¼ 210 min, catalyst amount ¼ 40 mg L�1, and phenol concentration ¼
20 ppm.

43034 | RSC Adv., 2017, 7, 43030–43039
photocatalyst 2, and 66%, 71%, 74%, and 77% were observed
aer using ZnO, 4, 3 and 1 respectively. The percentage of
mineralization can be calculated using TOC analysis and
measured using a Shimadzu TOC analyzer. The percentages of
mineralization for ZnO and the Zn1�xMnxO (1–4) samples are
72%, 76%, 83%, 79%, and 74% respectively.

3.7.2. The effect of concentration on photocatalytic phenol
oxidation. The concentration of a pollutant plays a main role in
organic pollutant photodegradation. The inuence of phenol
on photocatalytic degradation at four different concentrations
(20, 30, 40 and 50 mg L�1) was explained and kinetic plots are
shown in Fig. 8. At higher concentration levels of phenol, the
degree of degradation becomes low, since a greater number of
molecules are adsorbed on the surface of the photocatalyst,
which prevents visible light from being absorbed by the catalyst.
As a result, the amount of OHc and O2

�c forming on the surface
of the catalyst decreases. The OHc generation is lower, and the
number of phenol molecules reacting with OHc decreases, so
the degradation efficiency decreases. In every case, the amount
of catalyst (Zn0.8Mn0.2O), irradiation time (210 min) and
intensity of light was kept constant. Photocatalytic degradation
decreases upon increasing the concentration of phenol, and
this can be seen in Fig. S2.†

3.7.3. Effect of catalyst amount on photocatalytic phenol
oxidation. The catalyst amount greatly inuences organic
pollutant (phenol) degradation. As expected, with an increase in
the concentration of catalyst from 30 mg to 60 mg L�1, the rate
constants also increase, as shown in Fig. 9. This can be
explained because, as the number of photons on the surface of
the catalyst increases with an increase in the catalyst amount,
there is an increase in the available active sites on the catalyst
surface, and nally a greater number of phenol molecules are
also adsorbed on the surface. But there was no considerable
increase in phenol degradation when the catalyst concentration
was increased to more than 60 mg L�1. The screening effect of
Fig. 8 First order kinetics plots showing the effect of the concentra-
tion of phenol for photocatalyst 2: irradiation time ¼ 210 min, and
catalyst amount ¼ 40 mg L�1.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Kinetic plots showing the effect of catalyst amount on the
photocatalytic activity of ZnO : Mn (0.2%): irradiation time ¼ 210 min,
and phenol concentration ¼ 30 ppm.
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excess catalyst creates a shield, and consequently hinders light
penetration, causing the loss of surface area for light harvesting
and a reduction in catalytic activity. The optimal dosage of Mn
ion doped ZnO was determined to be 60 mg L�1. The percent-
ages of degradation also increase with an increase in the
amount of catalyst 2, and results are presented in Fig. S3.†

3.7.4. pH effect on photocatalytic phenol oxidation. The
pH greatly inuences the photocatalytic activity, due to the
surface chemistry of the catalyst being changed. The effect of
pH on photocatalytic phenol oxidation is shown in Fig. 10. A
phenol aqueous solution with an acidic or basic pH range
favours the formation of hydroxyl radicals, and the hydroxyl
radical is one of the oxidants during the photocatalytic
Fig. 10 First order kinetics showing the effect of the pH of phenol
solutions, using the photocatalyst ZnO : Mn (0.2%): irradiation time ¼
210 min, catalyst amount ¼ 40 mg L�1, and phenol concentration ¼
30 ppm.

This journal is © The Royal Society of Chemistry 2017
experiments. Under basic conditions (pH ¼ 9), the OH� ion
concentration will be greater, so a number of OH radicals will be
formed, and the efficiency of photocatalytic degradation of
phenol will be greater. In the oxidation of phenol, OHc radicals
play a vital role during the course of degradation reactions, so,
under basic conditions, better degradation efficiency was
observed when compared to neutral (pH ¼ 7) and acidic
conditions (pH ¼ 4). The percentage of degradation is also
higher at pH ¼ 9, and this is shown in Fig. S4.†

3.7.5. Cr(VI) reduction under photocatalysis. The activities
of the photocatalysts ZnO and nanomaterials 1, 2, 3, 4 were
tested for Cr(VI) reduction using visible light, and the results are
shown in Fig. 11, which reveals the rst order reduction
behavior. The rst order kinetics rate constants were found to
be 0.0047, 0.0050, 0.0051, 0.0059, and 0.0068 min�1 respectively
for ZnO, 1, 2, 3, and 4. During the reduction process, 0.2% Mn/
ZnO (2) shows higher activity compared to the other catalysts. It
is conrmed from Fig. 11 that 72% degradation was achieved
within 180 minutes and the percentages of degradation using
pure ZnO and catalysts 1, 3 and 4 are 58%, 60%, 63%, and 66%
respectively, and this is shown in Fig. S5,† under the same
experimental conditions.

3.7.6. Concentration effect on the reduction of Cr(VI) via
photocatalysis. The photo-reduction of Cr(VI) using photo-
catalyst 2 was investigated and, upon changing the concen-
tration of Cr(VI) from 40 to 80 ppm, the rate constant values are
increased; the results are shown in Fig. 12. If the concentra-
tion of Cr(VI) is increased, then the reduction efficiency
towards Cr(VI) gradually decreases; this is because as the
concentration of Cr(VI) is increased, the number of Cr(VI)
molecules on the surface of photocatalyst 2 also increases,
which affects the light absorption intensity and further
reduces the efficiency towards Cr(VI). The kinetics of the
photocatalytic reduction of Cr(VI) were investigated, which
Fig. 11 Kinetic plots for pure ZnO and nanomaterials 1–4 for the
reduction of Cr(VI) in aqueous solution: catalyst amount ¼ 40 mg L�1,
Cr(VI) concentration ¼ 30 ppm, and irradiation time ¼ 180 min.

RSC Adv., 2017, 7, 43030–43039 | 43035
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Fig. 12 First order kinetics plots showing the effect of concentration
on Cr(VI) reduction using photocatalyst 2: irradiation time ¼ 180 min,
and catalyst amount ¼ 40 mg L�1.
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conrm rst order reduction behavior. Aer 180 minutes, the
degradation percentage drops to 80% at a concentration of
40 ppm, the percentage drops to 67% at a concentration of
60 ppm, and nally it drops to 55% at a concentration of
80 ppm, and this can be seen in Fig. S6.†

3.7.7. Catalyst effect on the reduction of Cr(VI) via photo-
catalysis. The effect of catalyst amount on the reduction of
hexavalent chromium in aqueous solution was studied. During
the present study, the catalyst amount was varied from 40 mg
L�1 to 60 mg L�1. As shown in Fig. 13, the rate constant
increases from 0.0078 to 0.0100 min�1 upon increasing the
concentration from 40 to 60 mg L�1. The optimal dosage of Mn
ion doped ZnO was determined to be 60 mg L�1. As the catalyst
amount varies from 40 mg L�1 to 60 mg L�1, the percentage of
reduction also increases from 75% to 90% and the results are
displayed in Fig. S7.†
Fig. 13 Kinetic plots of the effect of catalyst amount on the photo-
catalytic activity of ZnO : Mn (0.2%): irradiation time ¼ 180 min, and
concentration of Cr(VI) ¼ 40 ppm.

43036 | RSC Adv., 2017, 7, 43030–43039
3.7.8. pH effect on the reduction of Cr(VI) via photo-
catalysis. The effect of pH on the photoreduction of Cr(VI) can be
investigated by varying the pH range as the initial concentration
(40 ppm) and catalyst amount (40 mg L�1) are kept constant. In
this experiment, the photocatalytic reduction of Cr(VI) was
observed at different pH values, like 2, 4, 9, and 11. The Cr(VI)
reduction efficiency and rate constant values decrease upon
increasing the pH from 2 to 11, and the results are shown in
Fig. 14. Interestingly, the degree of reduction was greater in
acidic solutions than in alkaline solutions. At pH ¼ 2, the
reduction rate was 77%, but at pH ¼ 11, the reduction rate was
only 43%, and the corresponding results are displayed in
Fig. S8.† The conversion of Cr(VI) to Cr(III) consumes a greater
number of protons in acidic solution and produces hydroxyls in
alkaline solution. As the pH increases, the rate of the photore-
duction of dichromate ions gradually decreases, since the
higher pH causes a lowering of the adsorption of Cr(VI) ions
onto the surface of the photocatalyst. In the presence of an
alkaline pH, Cr(OH)3 covers the catalyst surface and the pho-
tocatalytic efficiency of Cr(VI) is also reduced. The kinetic data
also supports this observation.

3.7.9. Photocatalytic removal of Cr(VI) and phenol simul-
taneously. As seen in the above studies, photocatalyst 2 shows
better activity compared to others (1, 3, and 4), and it was used
for the reduction and oxidation of Cr(VI) and phenol. In Fig. 15,
the kinetic plots can be observed. 30 ppm phenol and 20 ppm
Cr(VI) are taken as a combined pollutant. From the values of the
rate constants, we can observe that the individual reactions
were less advantageous compared to simultaneous reactions.
For this, the amount of catalyst (20 mg L�1) and irradiation time
(180 min) are kept constant. The rate constants for combined
pollutant removal are 0.0106 and 0.00945 S�1, whereas they are
0.00749 and 0.00603 S�1 for 30 ppm phenol and 20 ppm Cr(VI),
respectively. The percentages of degradation of the combined
Fig. 14 Kinetic plots of the effect of the pH of Cr(VI) solutions on the
photocatalytic activity of ZnO : Mn (0.2%): irradiation time ¼ 180
minutes, catalyst amount ¼ 40 mg L�1, and concentration of Cr(VI) ¼
40 ppm.

This journal is © The Royal Society of Chemistry 2017
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Fig. 15 A kinetic plot comparison for the individual and simultaneous
oxidation and reduction of both pollutants with photocatalyst 2: irra-
diation time ¼ 180 minutes, and catalyst amount ¼ 20 mg L�1.
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pollutants are higher compared to individual pollutants, and
the results are shown in Fig. S9.†

3.8. The mechanism for the removal of individual pollutants
under photocatalysis

The photocatalytic mechanism for phenol oxidation and chro-
mium(VI) reduction is explained below. Under visible light
irradiation, the photocatalyst is excited and produces photo-
catalytic excitons (e� and h+), which means that electrons are
generated in the conduction band (CB) and holes are produced
in the valence band (VB). The holes in the VB react with water
molecules adsorbed from the atmosphere and produce hydroxyl
radicals (OHc), and the hydroxyl radical is a powerful oxidant
next to uorine.31 The electrons present in the CB reduce oxygen
molecules adsorbed on the catalyst surface and convert them
into O2

�c; this reacts with water to form hydroxyl radicals. The
hydroxyl radicals react with phenol and convert it into nontoxic
products such as CO2 and H2O.32

Mn ion doped ZnO + hn / e� (CB) + h+ (VB)

h+ (VB) + H2O(ads) / H+ + OHc

H2O(ads) 4 H+
(ads) + OH�

(ads)

e� (CB) + H(ads)
+ / Hc

h+ (VB) + OH(ads)
� / OHc

e� (CB) + O2 / O2
�c

O2
�c + 2H2O / 2OHc + 2OH� + O2

OHc + phenol / degraded products.

Alternatively, Cr(VI) reduction is explained below. Under
visible light irradiation, photocatalytic excitons (e� and h+) are
This journal is © The Royal Society of Chemistry 2017
produced and these excitons react with Cr(VI) and water,
producing Cr(III) and protons. This is explained in the following
reactions:

Cr(VI)e� / Cr(V)e� / Cr(IV)e� / Cr(III)

H2O + 4h+ / O2 + 4H+
3.9. The mechanism for the photocatalytic removal of Cr(VI)
and phenol simultaneously

3.9.1. Mechanism for phenol oxidation in the presence of
Cr(VI). According to the above mechanism, hydroxyl radicals are
produced. The produced hydroxyl radicals are highly reactive,
with a high oxidation potential (2.9 eV). During phenol oxida-
tion, the hydroxyl radical acts as an electrophile and attacks the
aromatic rings of phenol molecules, producing cyclohexadienyl
radicals.33,34

C6H5OH + OHc / cC6H5(OH)2

The cyclohexadienyl radical undergoes disproportion to
form dihydroxy benzene and phenol; in the absence of exterior
oxidants like oxygen and hydrogen peroxide, this can be shown
as follows:33

C6H5(OH)2 / C6H4(OH)2 + C6H5OH

The stoichiometric reaction of phenol with OHc produces
dihydroxy benzene, as shown below:

C6H5OH + 2OHc / C6H4(OH)2 + H2O

From the above equation we can observe that for the oxida-
tion of each phenol molecule we require two hydroxyl radicals.

The reaction of Cr(VI) with C6H5(OH)2c produces the dihy-
droxy phenyl cation and Cr(V); this is due to Cr(VI) acting as
a good oxidizing agent, and can be shown as:35–37

C6H5(OH)2c + Cr(VI) / +C6H5(OH)2 + Cr(V)

+C6H5(OH)2 / C6H4(OH)2 + H+

In the absence of a photocatalyst we cannot observe any
phenol oxidation, which suggests that the reaction of phenol
with Cr(VI) is insignicant.

During the photocatalysis process, we can observe the
recombination of Hc and OHc present in solution to form water;
this can be explained as follows:38

OHc + Hc / H2O

The hydrogen radical can rapidly be oxidized by Cr(VI), as
shown below:39
RSC Adv., 2017, 7, 43030–43039 | 43037
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Cr(VI) + Hc / Cr(V) + H+

For phenol oxidation a greater number of OHc is needed, but
hydrogen radicals are consuming OHc and suppressing the
back reaction. The effect of Cr(VI) on phenol degradation is that
it decreases the consumption of hydroxyl radicals and Cr(VI)
consumes the hydrogen radicals. This Cr(VI) acts as a Hc

consumer and leaves more OHc for phenol oxidation. Finally,
Cr(VI) acts as a scavenger and traps Hc and photoelectrons
present in the conduction band.

3.9.2. Mechanism for the reduction of Cr(VI) in the pres-
ence of phenol under photocatalysis. The reduction of Cr(VI) to
Cr(III) is attributed to the production of hydrogen radicals,
which can reduce Cr(V), followed by further reduction to
Cr(III)40,41

Cr(V) + Cr(V) / Cr(IV) + Cr(VI)

Cr(V) + Cr(IV) / Cr(III) + Cr(VI)

The stoichiometric reduction of Cr(VI) to Cr(III) by Hc can be
shown as below:

3Hc + Cr(VI) / Cr(III) + 3H+

In the same manner, there is the possibility of the formation
of Cr(IV) or Cr(VI) by OH radicals, from the reduction of Cr(III) or
Cr(V), respectively. This can be shown as below:

OHc + Cr(III) / Cr(IV) + OH�

Cr(V) + OHc / Cr(VI) + OH�

The presence of OH radicals causes the reduction of Cr(III)
and Cr(V), which can be overcome by using phenol as a scav-
enger to suppress the OH radical reaction. So that which leads
to the availability of more H radicals undergoes immense
participation in the degradation of Cr(VI) to Cr(III).
4. Conclusions

Efficient photocatalysts based on modied Zn1�xMnxO (0.1%,
0.2%, 0.3%, and 0.4%) were synthesized via a solution
combustion method and characterized using different tech-
niques. Under visible light irradiation, photocatalyst 2 shows
the highest activity for phenol oxidation and Cr(VI) reduction. It
is very clear that this method is more advantageous than indi-
vidual treatment, since simultaneous degradation occurs in the
same reaction. The mechanism suggests that OH radicals are
selectively trapped by phenol molecules, preventing the reox-
idation of Cr(III). In the other direction, the presence of Cr(VI)
enhances the degradation of phenol by trapping H radicals. A
nal summarization explains that Cr(VI) and phenol simulta-
neously help each other to provide better degradation.
43038 | RSC Adv., 2017, 7, 43030–43039
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