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In this work, ZnMn, O, spinel nanoparticles were successfully synthesised by tragacanth gel through the easy and inexpensive novel sol-gel
method. This technique has many strong points such as facile, economical, non-toxic and quickness in comparison with other methods.
The zinc manganite nanoparticles were characterised by X-ray powder diffraction (XRD), transmission electron microscopy, field emission
scanning electron microscopy, Fourier transform infrared spectroscopy and diffuse reflectance spectroscopy. The XRD pattern confirmed
the formation of spinel tetragonal structure of ZnMn,O4 nanoparticles with a crystallite size of 14 nm. The degradation of Congo red dye
by synthesised nanoparticles was studied using employing UV-Vis spectroscopy. The ZnMn,O4 NPs expressed high photocatalytic
activity for degradation of Congo red dye at room temperature in aqueous solution so that 96% of Congo red was degraded in 15 min.
The spinel ZnMn,O, photocatalyst provided total organic carbon removal as 45.2% in 15 min. The spinel ZnMn,O4 NPs reusability was
examined by administering the degradation of Congo red dye with the spent catalyst and it was considered that the photocatalyst did not
exhibit any significant reduction in its activity even after three cycles.

1. Introduction: Approximately 15% of the total world manufac-
ture of dyes is lost during the dyeing process and is released in
the textile sewerages [1, 2]. The release of those coloured waste-
waters in the ecosystem is a demonstrative source of non-aesthetic
pollution, eutrophication and perturbations in the aquatic life. As
international environmental standards are becoming more stringent
(ISO 14001, October 1996), technological systems for the removal
of organic pollutants, such as dyes have been recently expanded.
Between them, physical methods, such as biological methods
(biodegradation) [3, 4], adsorption [5, 6] and chemical methods
(chlorination, ozonation [7]) are the most frequently used.
Photocatalysis is considered as one of the important and efficient
approaches to dismiss the dyes in wastewater [8—16]. Different
methods have been provided for the synthesis of nanoparticles
such as chemical, physical and green methods [17, 18]. Lately,
researchers focus on green chemistry methods to provide metal
nanoparticles with favourable size and morphology and the
results of this method are significant and important [19-22].
In the last decade, preparing the nanocatalyst via photocatalytic
capability by using green synthesis methods has been an idea for
researchers. Plant extracts for the biological synthesis of nano-
particles have received more attention because it is inexpensive,
simple, environmentally safe and non-toxic [23-26]. Further,
most of the plant extracts are fortified by the variety of biomolecules
like alkaloids, phenols, terpenoids, flavonoids and so on [27-35].
In this work, we report the synthesis of spinel ZnMn,O4 NPs via
novel biological way and use the tragacanth gel to provide
sol-gel. We have studied the photocatalytic activity of ZnMn,0,4
using followed degradation of Congo red as the industrial dye in
aqueous solution under visible irradiation. X-ray powder diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), transmis-
sion electron microscopy (TEM), diffuse reflectance spectroscopy
(DRS) and field emission scanning electron microscopy (FESEM)
are the techniques that we used for the characterisation of bio-
synthesised ZnMn,0O,4. The chemical structure of Congo red is
shown in Fig. 1.

2. Experimental
2.1. General information: The tragacanth gum (TG) was prepared
from a native health food store. The Zn(NO;),.6H,O and
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Mn(NO;),.4H,0 were purchased from Merck. Congo red was
purchased from Merck and had used without further refinement.
The structural properties of ZnMn,O4 NPs were confirmed by
XRD technique on X’Pert-PRO advanced diffractometer using
Cu (Ko) radiation (wavelength: 1.5406 A), operated at 40 kV and
40 mA at room temperature in the range of 26 from 10 to 80.
The external structure of this sample was determined by a Jasco
6300 FTIR spectroscopy. The FTIR spectrum was collected
between the wave number of 400 and 4000 cm™'. Measurements
were accomplished with KBr technique. UV-Vis absorption
spectra were prepared on a Metrohm (Analytical Jena-Specord
205) double-beam instrument. The diffuse reflectance UV—-Vis
spectroscopy of the as-prepared sample was recorded by a
UV-Vis spectrophotometer (Shimadzu, UV-2550, Japan) by
using BaSO, as a reference. The compound morphology and size
of the sample surfaces were studied by scanning electron micro-
scope (Zeiss EVO 18, Germany). The TEM analysis of the catalyst
was conducted using a Philips CM30. The degradation of Congo
red was followed by using total organic carbon (TOC) analyser
(Shimadzu TOC-5000).

2.2. Synthesis of spinel ZnMn,O4 NPs: Zn(NOs),.6H,O and
Mn(NO3),.4H,0 were used as starting materials for the synthesis
of ZnMn,O4 NPs. In the first step, 0.2 g of the TG was blended
and dissolved in 40 ml of deionised water and stirred for 80 min
at 70°C. In the next step, 2 mmol of Mn(NOj3),.4H,O and
1 mmol of Zn(NO3),.6H,0 were added to the TG solution. After
that, the container containing the gel was moved to a sand bath.
The sand bath temperature was stabled at 75°C and stirring was con-
secutive for 12 h. The product of this step was the brown colour
resin. In the next step, this resin was calcined in air at 600°C for
4 h to obtain spinel ZnMn,0O4 NPs.

2.3. Photocatalytic reactor: Experiments were carried out in a batch
mode photoreactor. The irradiation origin was a fluorescent lamp
(A> 400 nm, 90 W, Parmis, Iran), which was put above the
batch photoreactor. The reaction was manufactured in conditions:
Congo red=20 mg/l, catalyst=0.03 g, pH=natural and room
temperature.
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Fig. 1 Structure of Congo red dye

2.4. Photocatalytic dye degradation: Congo red was selected to
check the photocatalytic dye degradation of ZnMn,0O4 NPs. This
experiment was investigated under the visible light. Degradation
of Congo red was followed in the presence and absence of visible
light in aqueous solution. Hereon, 50 ml solution of dye with
20 mg/l concentration was ready and 0.03 g of NPs sample was dis-
persed in it. The solutes above nanophotocatalyst were taken out
from the reaction environment at regular time cycles. The centrifuge
was used for separating the ZnMn,0O4 NPs from solution and the
absorbance alteration was followed at a maximum wavelength
(Amax) Of dye (496 nm) by UV—Vis spectrophotometer (Analytical
Jena-Specord 205). Following equation was used for the calculation
of degradation percentages:

%Degradation = (4, — 4,)/4, x 100

3. Results and discussion

3.1. Characterisation of ZnMn,O,4 nanoparticles: FTIR spectra were
registered in solid phase using the KBr pellet technique in the range
of 400—4000 cm™'. This technique was exploited to stabilise
the formation of metal-metal (M—M) bonds and metal-oxygen
(M=-0) in the spinel structure of the sample. Fig. 2 display FTIR
absorption spectra of ZnMn,O, NPs calcined at 600°C for 4 h.
The FTIR spectrum analysis demonstrates two ranges of the absorp-
tion bands: in the range of 400-1000 cm™", two absorption bands
for the spinel structure of the ZnMn,O, v, at 621 cm™" and v, at
507 cm™! were observed. The band, vy, suggests the stretching
vibrations of the metal (Mn < O) and the v, is attributed to stretch-
ing vibrations of the metal (Zn < O) [36]. These are the first
evidence of ZnMn,0, formation.

The phase and structural determination of the spinel ZnMn,O4
nanoparticles was confirmed by XRD technique. The XRD
pattern of the ZnMn,0O4 nanoparticles is shown in Fig. 3.
As shown in Fig. 3, the diffraction peaks at 20 of 18.31°,
29.45°, 31.27°, 33.02°, 36.44°, 38.96°, 44.81°, 50.90°, 52.12°,
54.66°, 56.85°, 59.08°, 60.88°, 65.36°, 71.17°, 75.15° and 77.57°
are corresponded to (101), (112), (200), (103), (211), (004),
(220), (204), (105), (312), (303), (321), (224), (400), (305), (413)
and (422) planes of the tetragonal spinel ZnMn,04 NPs, respective-
ly. All the diffraction peaks were readily indexed to a pure
phase tetragonal spinel structure (JCPDS Card No. 77-0470).
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Fig. 2 FTIR spectrum of ZnMn,O, NPs

Micro & Nano Letters, 2019, Vol. 14, Iss. 9, pp. 986-991
doi: 10.1049/mnl.2019.0071

intensity, a.u

101 200
] 220 105 !
1 Ji1904 A 204/, 712303 I a3

4

st St WS T Sl Al A

20 EL 40 S0 o 70
2 theta. degree

peak list

TP LMy

F = - = o n

Fig. 3 XRD pattern of ZnMn,0, NPs

No diffraction peaks of other impurities were detected. The
average crystallite size of ZnMn,0O, nanoparticles was distin-
guished from the full width at half maximum (FWHM) of the
(211) diffraction peak using the Scherrer formula:

D =0.9A/Bcos b

where D is the crystallite size (nm), § is the FWHM of the peak,
A is the X-ray wavelength of Cu Ka=0.154 nm and 6 is the Bragg
angle [26]. Using the above equation, we gained an average
crystallite size of 14 nm for ZnMn,O,4 NPs.

Fig. 4 shows the FESEM image of green synthesised ZnMn,0,
NPs that calcined at 600°C for 4 h. It can be seen from the FESEM
image that the ZnMn,O4 NPs have narrow size distributions and
fairly uniform spherical shape.

Acceptable results from FESEM and XRD technique are
confirmed by the TEM image (Fig. 5). This image shows the
morphology and particle size of the ZnMn,0, NPs. the ZnMn,04
NPs morphology is spherical with a regular particle size of about
30-45 nm.

Measurement of optical absorption feature and electronic state
of ZnMn,0,4 nanoparticles were surveyed by DRS. The bandgap
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Fig. 4 SEM micrograph of the ZnMn,O, NPs
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Fig. 5 TEM micrograph of the ZnMn,04 NPs

energy was measured using a reflectance technique by exerting the
Tauc theory (1) [37]

(ahv)’ = A(hv — E,) 1)

a, hv, 4 and E, are the absorption coefficients, the energy of the
incident photon, edge width parameters independent of photon
energy and the bandgap of the material, respectively. The
bandgap of the nanoparticle was acquired using Tauc’s graph
of (ahv)* against hv (Fig. 6), extrapolating the linear section
of the absorption edge to find the intercept by energy axis. The con-
sequence showed that the bandgap of ZnMn,0Oy, is about 1.82 eV.
Therefore, it is confirmed that ZnMn,0O,4 NPs is the efficient photo-
catalyst in a visible-light region.

The synthesised ZnMn,O4 NPs were considered as a photocata-
lyst for degradation of the Congo red dye in the presence of visible
light irradiation and air at room temperature.

3.2. Effect of visible light irradiation and ZnMn,0O, NPs catalyst:
In this work, the photocatalytic activity of ZnMn,0O, on degradation
of Congo Red dye was measured under three conditions: nano-
photocatalyst under visible light irradiation, nanophotocatalyst
under dark and visible light irradiation without ZnMn,O,. In the
state without a catalyst, we do not have any degradation. So long
as using ZnMn,O, catalyst under dark condition, we see the
removal of 41%. Fig. 7 shows when light and catalyst are applied
at the same time, 96% of Congo red dye was degraded at 15 min.
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Fig. 6 Tauc plot of the ZnMn,0O4 NPs
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Fig. 7 Effect of visible light irradiation on the decolourisation efficiency
(%). Reaction conditions: Congo red=20mg/l, catalyst=0.03 g,
pH = natural and room temperature

3.3. Effect of photocatalyst dosage: For considering the effect of
photocatalyst dosage on decolourisation, various amounts of the
ZnMn,0,4 NPs was examined. In this test, 0.01-0.04 g of catalyst
was used in 20 mg/l concentration of Congo red dye and at a
fixed time of 15 min. Fig. 8 demonstrates the photocatalyst effect
of ZnMn,0O,4 on decolourisation of dyes percentages for 15 min.
It can be considered that increasing the catalyst concentration
causes the increase of removal of dye.

3.4. Effect of initial dye concentration: Photocatalytic degradation
of Congo red dye by ZnMn,O, nanocatalyst under visible irradi-
ation was followed by modifying the incipient Congo red concen-
tration (10, 20, 30 and 40 mg/l) in presence of constant ZnMn,Oy,
dosage (0.03 g). The process of variation photocatalytic degrad-
ation yield by changing the initial Congo red concentration is
illustrated in Fig. 9. It can be realised that the photocatalytic
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Fig. 8 Effect of photocatalyst dosage on the photocatalytic degradation of
Congo red dye (pH = natural, Congo red =20 mg/l)
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Table 1 Photodegradation comparison of Congo red with diverse catalysts

degradation efficiency decreased when the initial Congo red con-
centration enhanced. The considered proof is that by increasing
the initial concentration of Congo Red, the photons get interrupted
already can achieve the catalyst surface, therefore the absorption of
photons decreases in the presence of a catalyst, and consequently,
the degradation percent is reduced [38].

3.5. Effect of time on the degradation of Congo red: The UV—Vis
spectra of the Congo red was considered for following degradation
process in presence of ZnMn,O, NPs as the photocatalyst at
different time gap under the visible irradiation. Clearly, the
maximum absorption peak of Congo red is found at 496 nm, with
obvious diminution in intensity with raising irradiation time
(Fig. 10). Approximately 96% of Congo red is degraded in
15 min. This evidence illustrates an important result that
ZnMn,0O,4 NPs has a particular visible-light photocatalytic activity
in degradation of the Cong red dye.

3.6. Reuse of the photocatalyst: The ZnMn,O,4 NPs catalyst can be
exerted frequently for the photocatalytic degradation of the dye
solution. For measurement of the reusability of this catalyst, the
photocatalytic degradation of Congo red under visible light irradi-
ation was determined. This was done after gathering, washing
with distilled water under ultrasonic irradiation and reusing the
same photocatalyst for subsequent runs (Fig. 11). The photocatalyst
did not exhibit any significant reduction in its activity even after
three cycles. This is also confirmed that the ZnMn,O4 NPs was
stable during the photocatalytic oxidation process. Moreover,
these nanoparticles can be separated from the reaction solution
using a centrifuge after degradation.

3.7. Kinetics of the photocatalytic degradation: The kinetics of the
photocatalytic degradation of organic dyes generally follows the
pseudo-first-order kinetics [39, 40]

In(C,/C,) = Kt

where k is the reaction rate constant. The photodegradation kinetics
of Congo red parameters can be obtained by plotting the In(Cy/C))
versus time, the results are shown in Fig. 12. So, the values of cor-
relation coefficient and rate constant for photocatalytic degradation
of Congo red are determined to be 0.9922 and 0.2684 min~’,
respectively. Thus, the kinetics of degradation of Congo red is con-
sistent with the pseudo-first-order kinetics model.

3.8. Comparison of dye photodegradation of ZnMn,0O, NPs with
various catalysts: The degradation efficiency of the synthesised
photocatalyst for Congo red dye degradation in comparison to
those of other photocatalysts was shown in Table 1. It can be
observed that some treatments caused a high value of degradation
efficiency. While the reaction parameters containing catalyst
dosage and irradiation time as compared to this work are higher.

Catalysts Synthesis method Dye Dye Catalyst Light source Irradiation ~ Degradation Refs.
concentration,  dosage, time, min activity, %
mg/l mg
CuO nanoleaves  low temperature aqueous growth ~ Congo red 20 50 UV-light 210 48 [41]
CuO nanorods low temperature aqueous growth ~ Congo red 20 50 UV-light 210 67 [41]
CuO nanosheets  low temperature aqueous growth ~ Congo red 20 50 UV-light 210 12 [41]
ZnO NPs co-precipitation Congo red 20 50 solar radiation 120 85 [42]
ZnO NPs sol-gel Congo red 50 100 solar radiation 60 94 [43]
ZnMn,0,4 NPs sol-gel Congo red 20 30 visible light 15 96 this study
Micro & Nano Letters, 2019, Vol. 14, Iss. 9, pp. 986-991 989
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3.9. TOC removal: TOC removal of the Congo red solution has
been considered under the optimised condition. Based on the
results obtained from TOC and UV—Vis analysis, 96% of Congo
red was degraded while only 45.2% of TOC of the Congo red
solution was removed. Obviously, the TOC removal of the Congo
red solution was less than the degradation of Congo red, proposing
that the intermediates occurred during the photocatalytic
reaction [44].

4. Conclusions: In the present work, we worked on a useful
green method for synthesis of ZnMn,0O4 NPs via sol-gel method
using tragacanth gel. The results of the analysis confirm the
synthesis of ZnMn,0y, in spinel structure with a single phase after
calcination for 4 h at 600°C. In addition, the proposed method
has significant advantages such as inexpensive, non-toxic, easy,
environmentally friendly, non-toxic and free from any organic
solvents and surfactant. The aqueous solution of Congo red is
selected for considering the unique photocatalytic activity of
ZnMn,0,4 NPs. UV-Vis spectrophotometric studies confirm that
96% of Congo red dye is degraded after 15 min in natural pH,
room temperature and under the visible light irradiation. Also, the
synthesised photocatalyst provided TOC removal as 45.2% in
15 min. The kinetics of degradation of Congo red is consistent
with the pseudo-first-order kinetics model. Obtained consequence
states that this photocatalyst may be used to purify the water in
various industries.
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