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Abstract

ZnFe; 5Alo504 nanoparticles, uniform in size and shape, were synthesized by coprecipitation method, calcined
at 1000 °C and were then characterized by scanning electron microscopy, X-ray diffractometery, and Fourier-
transform infra-red spectroscopy. Photocatalytic activity of the nanoparticles was tested by dispersing them in
Methylene blue solution to attain adsorption-desorption equilibrium and then irradiating with direct sunlight
till 1 h. The degradation process was found rapid and the solution became colorless indicating successful
removal of the dye. Various radical scavengers were used to identify the species responsible for dye
degradation. The adsorbent was easily collected using a permanent magnet and recycled. Comparable results
were obtained for reusing the nanoparticles up to 6 cycles. The advantages of effective degradation of dye,
magnetic recovery and reusability of ZnFe;sAlysOs nanoparticles make them a promising material for
wastewater treatment.
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INTRODUCTION

Dyeing technology has become one of the basic needs of humans to live in the colourful world.
However, synthetic dyes when released into environment become problematic to living organisms due to
their slow or even no biodegradability. The aquatic pollution caused by synthetic dyes is a serious
environmental issue worldwide.™™! Dyes are densely coloured substances and its trace amount can permit
appreciable colour to water. The colouring of water is unwanted because it blocks penetration of sunlight
into water, retarding photosynthesis and the growth of aquatic biota is retarded. Moreover, dyes interfere
with solubility of gases in water bodies.”?! Therefore, the effluents contaminated with dyes must be
treated before their discharge into municipal environments. Untreated effluents are hazardous to aquatic
life due to formation of toxic carcinogenic breakdown products. The highest rate of toxicity has been
reported for basic and diazo dyes B# and Methylene blue (MB) is one of the basic dyes commonly used
in textile industry and for dyeing wooden furniture. Acute exposure to MB is harmful by causing
vomiting, nausea, increased heartbeat, cyanosis, jaundice and tissue necrosis in humans!®.,

Several methods have been practiced for removal of dyes from waste water such as coagulation and
flocculation ), liquid—liquid extraction [, chemical oxidation ©, adsorption ®! and electrochemical
treatment 9. Due to increasing amount of organic pollutants in water bodies and non-biodegradability
of dyes, the conventional methods are becoming less effective. As a consequence, development of a
more effective and economical technology for waste water treatment is demanded. Photocatalytic
degradation is the best alternative to conventional methods ™Y and various photo-catalysts have been
developed by researchers.'>*¥] Among these, ZnFe,O, is practiced by many researchers for dyes
degradation because ZnFe,O, has narrow band gap (1.9 ev) and non-toxic nature, however, its
photocatalytic activity is less due to poor quantum efficiency. Attempts have been made by researchers
to overcome this limitation, e.g. Cao et al. loaded Ag on the surface of ZnFe,O, but the Ag content was
very high.* Significant improvement in photocatalytic ability under visible light was observed by
Harish et al. by doping Al into ZnFe,0,. Y They reported that Zn(FeAl)O, is more active than ZnFe,0,
to degrade organic dye under sunlight.
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In this paper, we report photocatalytic activity of magnetically
separable, uniform ZnFe;sAlos0, nanoparticles synthesized by
coprecipitation method. Methylene blue was taken as the model dye in
this study and its removal from aqueous solutions was evaluated under
ordinary sunlight irradiation.

MATERIALS AND METHODS
Materials

Analytical grade Zn(NO3),.6H,O (Merck), Fe(NOs);.9H,0 (Scharlau),
Al(NO3);.9H,0 (Merck), NH,OH (BDH, England), Methylene blue dye
(Mercck), EDTA (Merck), tert. Butanol (Scharlau), Benzoquinone
(Scharlau) and H,0, (Scharlau) were employed without further
purification. All solutions were made in de-ionized water.

Synthesis of ZnFe; sAlys0,Nanoparticles

Stoichiometric mixture of aqueous solutions of Zn?*, Fe**and AI** was
heated to 80 °C in a double walled cell connected to a water bath
(WiseCircu WCB-6) under constant stirring on a magnetic stirrer
(WiseStir MSH-20D). Aqueous 3 mol.L™* solution of NH3 was used to
precipitate metal ions from the heated mixture and the precipitates
formed were stirred for 3 h at room temperature. The slurry was aged
overnight, filtered under vacuum; the precipitates were washed with
distilled water and then dried in an electric oven (BINDER FD53) at
100 °C for 20 h.

The precipitates obtained were calcined at 1000 °C for 2 h in an electric
furnace (Nabertherm, L5/11) in air atmosphere which transformed the
precipitated non-magnetic metal hydroxide precursors into the magnetic
ferrite.

Characterization

Scanning electron microscope (JEOL, JSM-5910) was used to study
morphology of the synthesized particles. Crystalline nature and phase of
the calcined particles was studied by an X-ray Diffractometer (X’pert
PRO, PAN alytical, The Neitherland) with CuKe(1=1.5406 A)
radiation at step angle 0.02°. FT-IR spectroscopic technique was
employed to characterize bond vibrations in the range 4000-400 cm™.
Optical spectrum of the calcined nano-photocatalyst was recorded by
visible spectrophotometer (Vernier spectro vis plus, SVIS-PL,
Beaverton) in the range 280-800 nm. The residual dye concentration in
the solution was determined by UV/Vis spectrophotometer (Spectronic
601) at wavelength of 665 nm.

Photocatalytic study

The synthesized photocatalyst nanoparticles were heated at 100 °C for
30 min to eliminate surface adsorbed moisture and other species and
then stored in desicator. For photocatalytic activity testing, 5mg
nanoparticles were added t020 mL of methylene blue solution with a
concentration of 10 mg.L™%. The mixture was incubated in dark chamber
for 30 min to reach adsorption-desorption equilibrium at ambient
temperature. After adding 2 mL (30%) H.,0,, the suspension was kept
under natural sunlight irradaitions with similar conditions on sunny days
of April between 11 a.m. and 2 p.m. where fluctuations in the sunlight
intensity were insignificant. In this period, the sky was clear and the
sunlight was intense in Peshawar (Pakistan). The residual dye
concentration in the mixture was monitored by UV/Vis
spectrophotometer (Spectronic 601) at regular intervals and the
photocatalyst nanoparticles were magnetically separated to be reused for
additional runs. The same experiment was repeated in dark and in the

absense of either H,O, or catalyst, both in dark and sunlight, to
systematically investigate the roll of each parameter.

RESULTS AND DISCUSSION
SEM Analysis

Fig. 1 depicts the scanning electron micrograph (SEM) of synthesized
product at different magnifications. It is clear from the micrographs that
the synthesized product is composed of elongated nanoparticles which
are uniform in size and shape. The average diameter and length of
particles were determined to be 58 and 140 nm, respectively. The axial
ratio was calculated to be 2.3 for these particles. As the particles are
very small, so they get aggregated to certain extent due to high surface-
to-volume ratio as well as magnetic interactions.
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Figure 1: The scanning electron micrograph (SEM) of ZnFe; sAly 504

nanoparticles, calcined at 1000 °C for 2 h in air atmosphere, at different
magnifications
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Structural Analysis

X-rays diffraction analysis was performed on synthesized particles and
the recorded pattern is depicted in Fig. 2. Experimentally determined
values of d-spacing, 26 and the relative intensities of peaks agree with
the standard XRD pattern. The diffraction peaks at 26 30.61°, 35.91°,
37.4°, 43.65°, 54.25°, 57.78°, and 63.35° are the reflections
corresponding to the miller indices (220), (311), (222), (400), (422),
(511), and (440), respectively. These diffraction peaks confirm the
formation of cubic spinel structure of crystal having space group Fd-3m
(PDF # 82-1041). However, the minor impurity phase detected was
hematite (PDF # 84-308). The hematite emerged possibly due to
evaporation of some amount of Zn at higher temperature. Moreover, the
deviation from zero value of ordinate in XRD curve could be indicative
of presence of some amorphous content in the sample. Scherer equation
(Eqg. 1) was used to determine the average crystallite size of the heat
treated crystalline materials from the major diffraction peaks for spinel
phase.[**!

092

Dp = B.cos® (1)
Where

D= crystallite size

A=1544

p= the line broadening at half maximum intensity (FWHM),
and

0 = Bragg’s angle
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The average crystallite size was found to be 58 nm in the present
sample. The lattice parameter ‘a’, the x-ray density (D) and specific
surface area (S) of the sample were calculated using Eqgs. 2-4,
respectively,

a=dvhZ+kZ+ 2 @)
8
) =33 @®)
6000
= D,.D, “)

Where, M is molar mass of the sample, N is Avogadro’s number, a is
the lattice parameter of the sample and 8 represents the number of
formula units in the cubic spinel cell.

The lattice parameter was found to be 8.278 nm which is comparable to
the standard data (PDF # 82-1041). The value of D, calculated for
ZnFe; sAlos0, nanoparticles was 5.3 g.cm™ which agrees with the
standard data (5.11 g.cm™). By putting the values of D and Dy in Eq. 4,
the specific surface area (S) of particles was found to be 21.34 m2.g™.
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Figure 2: X-ray diffractogram (XRD) of particles shown in Figure 1

FTIR spectroscopy

Fig. 3 depicts the FTIR spectrum of synthesized ZnFe;sAlys0,
nanoparticles. In spinel compounds, the region 1000-200 cm™ is
considered important to allocate vibrations of metal ions in the crystal
lattice. Two characteristic bands can be observed in this region. The
highest one (9,) occurring in the range 600-500 cm™ corresponds to
intrinsic stretching vibrations of the metal at the tetrahedral site (A site),
whereas the lower band (9) usually observed in the range 450-385 cm™*
is assigned to octahedral-metal stretching (B site).l*) Peak appeared
around 800-1160 cm™ correspond to the AI-O bond.*”) Interestingly,
additional peak at 477 cm™ confirm the existence of secondary hematite
phase, as clear from XRD results.'® The occurrence of absorption
bands observed around 3475 and1630 cm™ proved the presence of
adsorbed water on the surface of the photocatalyst nanoparticles.'™! The
photocatalyst was, therefore, heated at 100 °C before use in
photocatalytic experiments so as to evaporate the adsorbed water.
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Figure 3: FTIR spectrum of particles shown in Figure 1
Photocatalytic activity test

Photo-degradation being an advanced oxidation process (AOP)
degrades the organic pollutants due to its oxidation by highly reactive
OH’ radicals. These radicals are formed due to electron-hole pair
generation when a semiconductor absorbs suitable energy. Here, the
photocatalytic  efficiency of ZnFe;sAlgsO, nanoparticles was
investigated by degrading MB under natural sunlight. The catalyst under
study follows Fenton oxidation mechanism, however, the substitution of
Al into the ZnFe,O, matrix significantly enhance the degradation
process by decreasing the band gap and formation of metastable energy
levels. These effects of Al substitution into ZnFe,O, lead to shift of
absorption towards visible region.'Y! The photocatalytic mechanism is
formulated below (Egs. 5-7):

ZnFel'5A|0.504+ hv 9603 +h\+/—B (5)
(H,0 > H" + OH) + h{p >OH+ H* (6)
OH’ + dye — degradation product )]

The ZnFe; sAly 50,4 nanoparticles absorbs sunlight and create electrons
in the conduction band while holes in the valence band. The highly
reactive OH’ radicals are formed when the hydroxide ions transfer an
electron to holes in valence band. Meanwhile, the electrons that are
formed can react with the adsorbed molecular oxygen to yield O,". The
generated O, then further combine with H* to produce HO™, which can
react with the electrons to generate OH’ radicals. The OH’ radicals then
oxidize the dye molecules into simple organic moiety. The presence of
H,0, significantly enhances the formation of hydroxyl radicals on the
surface of nanoparticles under sunlight.l*!

Fig. 4 depicts the optical spectrum of magnetic nano-photocatalyst
ZnFe; sAlys0, in visible region. It is observed that the nanoparticles
understudy show maximum absorption between wavelength 380 and
500 nm. The absorption in visible region confirms the usage of
synthesized nanoparticles as promising photocatalyst under direct
sunlight because 46% fraction of sunlight is visible radiation while only
3% is UV radiation.*Y Therefore, the ZnFe, sAly 50, are advantageous
to properly harvest the solar energy. The enhanced photocatalytic
performance due to Al substitution into ZnFe,O,4 has also been reported
by Harish et al., however, the concentration of AI** ions they used was
very high. In contrast to Harish et al., in the current study we used lower
AP* content in order to see whether it affect the photocatalytic
efficiency of ZnFe,0, or not.
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Figure 4: Optical spectra of ZnFe; sAlo 50,4 particles in visible region

Fig. 5 demonstrate the photocatalytic activity of magnetic nano-
photocatalyst ZnFe; sAlysO, evaluated by degradation of a model
organic dye, Methylene blue, in dark and under natural sunlight
irradiation. Following the set of experimental conditions, pH = 6 (the
natural pH of aqueous dye solution), dye conc. = 10 mg.L?, and
nanoparticles dose = 0.25 mg.L", the effect of some parameters like
oxidizing agent, light and photocatalyst was investigated systematically
in order to get insight into the mechanism of photocatalytic process.
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Blank experiments were performed by illuminating the dye solution
(with and without oxidant H,O,) with sunlight in the absence of catalyst
which indicated that the direct photolysis of MB is negligible. Same was
the case when either oxidant or photocatalyst was added to dye solution
and kept in dark (Fig. 5a). In case of dye-nanoparticles mixture kept in
dark and sunlight, it was found that no catalysis take place and the slight
decrease in residual dye concentration is due to adsorption process. It
can be seen that the C/C, values are smaller for dye-nanoparticles
system kept in dark than that kept in light because the adsorption
process is effective in dark. The photocatalytic activity of particles was
further confirmed by placing the dye-oxidant-nanoparticles mixture in
dark and identical recipe under sunlight. The residual dye content in the
mixture kept in dark was significant while that of the sunlight irradiated
specimen was almost vanished within 1 h. It can be concluded from the
results displayed in Fig. 5b that the synthesized product is active under
natural sunlight. The sunlight irradiation on the surface of nanoparticles
induces the free radical formation by transfer of electron from surface
adsorbed H,O or OH into the hole in valance band of ZnFe;sAly50,.
The oxidant H,O, act as an effective electron scavenger to form OH’
radical on the surface of ZnFe;sAly 50,4 nanoparticles. That is why
effective degradation of MB is observed in the presence of H,O, under
direct sunlight irradiation. It is worth mentioning that Harish et al.
observed degradation of methylene blue dye with ZnFeAlO, under
sunlight in 4 h for 10 mg.L* initial concentration of dye.™*!
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Figure 5: Degradation curves of methylene blue monitored as the normalized concentration change vs time using series samples (A) in dark and (B) under sunlight
irradiation

The Langmuir-Hinshelwood model was used to describe the kinetics of
the process, which may be expressed by In(Cy/C) = Kt for relatively
lower concentration of dye (where Cq, shows the initial concentration of
dye, C is the residual dye concentration at time “t”, and K denotes the
apparent first order rate constant). The plot of In(Cy/C) vs t (Fig. 6)
gives the value of K. The rate constant is an important parameter which
is used as an assessment index for evaluating the photocatalytic
efficiency of synthesized materials. It is worth mentioning that the
kinetic plot for the synthesized catalyst is almost linear and the obtained
values of apparent rate constant “K” obtained at various experimental
conditions are listed in Table 1.

To probe the active species in the degradation process, 5 mL of EDTA
(0.01 mol.L™Y), tert-butanol (t-BuOH, 0.5 mol.L™), and benzoquinone
(BQ, 1 mol.L™) were separately added to the reaction mixture (Fig. 5b,
Dye+Nanoparticles+H,0,) and kept under sunlight with identical
experimental conditions. It was observed that the addition of OH’
scavenger, t-BuOH, and EDTA, into the system lead to decreased
degradation rate of MB. Contrarily, the addition of 0% scavenger (BQ)
to the system showed no significant effect on the degradation rate of

MB, indicating that the O% is not a major oxidizing species. These
results emphasize that OH" species are responsible for carrying out
photo-oxidation reaction. Therefore, the photocatalytic reaction could
continue through a direct hole and the electron transfer process.

Table 1: Methylene blue degradation efficiency of ZnFe;sAlys0,
nanoparticles and their apparent first order rate constants

S. . %-age decrease in .
Recipe ) K (min™)

No. dyeconc.inlh

1 Dye + Nanoparticles + H,O, | 99.46 8.745 x 102

2 Dye + H,0, 28 3.4x10°

3 Dye + Nanoparticles 9.62 5.50 x 10"
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Figure 6: Kinetic plots for apparent rate constant for MB dye degradation under
sunlight irradiation at different experimental conditions

Recovery of catalyst

The magnetic property of the ZnFe;sAlys04 nanoparticles is
advantageous for efficient recovery of magnetic photocatalysts in
liquid-phase reactions. The photocatalyst was successfully collected by
applying a permanent magnet along the wall of reaction vessel, as
shown in Fig. 7(C). Before reuse, they were dispersed in ethanol to
desorb the surface adsorbed MB molecules if any. However, the MB
concentration was found negligible in ethanol which point towards the
degradation as dominant process in dye removal by ZnFe;sAlys0,
nanoparticles.
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Figure 7: (A) The photodegradation percent of MB dye in solution for 6 cycles
using ZnFe; sAlos04 nanophotocatalyst under sunlight irradiation. The inset
shows the photographs of MB solution (B) before adsorption and (C) after
degradation by ZnFe; sAly 504 nanoparticles. The magnetic ZnFe; sAlos0;4
nanophotocatalyst is separable by applying permanent magnet outside the wall of
the container

Recyclability of catalyst

The recycling ability of the ZnFe; sAly 504 nanoparticles was explored
by conducting recycling experiments. The performance of the particles
recycled for 6 cycles with identical experimental conditions is
demonstrated in Fig. 7(A). It is observed that photocatalytic ability is
not affected in 6 cycles which proved that the synthesized nanoparticles
are highly stable, magnetically separable and recyclable and can be used
as an efficient photoactive catalyst for degradation of organic pollutants.

CONCLUSIONS

ZnFe; sAly 50, nanoparticles, uniform in size and morphology, were
synthesized via controlled chemical coprecipitation route and then
characterized for morphological, structural, optical and functional group

analysis. XRD analysis revealed the formation of spinel ferrite phase
(ZnFe, sAly50,) with traces of secondary hematite phase. The same was
confirmed by FTIR spectroscopy. Optical spectrum showed that the
synthesized nanoparticles do absorb in visible region (380-500 nm). The
photocatalytic activity of particles was tested for methylene blue under
direct sunlight and almost complete degradation of dye on the surface of
nano-photocatalyst was achieved with in 1h in the presence of H,0, and
sunlight. Use of OH" radicals and O scavengers confirmed that OH’
radicals are playing the major role in degradation of dye. The
nanoparticles were easily recovered by simply putting a permanent
magnet across the wall of the container. Recycling experiments showed
negligible change in the efficiency of the synthesized product till 6 runs
under identical conditions. The effective degradation of dye, magnetic
separation, and recycling efficiency make ZnFe; sAlys0,4 nanoparticles
an outstanding candidate material for water treatment and purification.
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