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Abstract — Present work was aimed at the development of o-ALOs supported ZnFe;O4 visible-light
responsive photocatalysts. ZnFexO4 and o-ALOs supported ZnFe;Os were synthesized using co-
precipitation method followed by calcination at 500 °C. The synthesized photocatalysts were charactetized
using x-ray diffraction (XRD) and scanning electron microscopy (SEM). The synthesized ZnFe>O4 has low
crystallinity. The particle size of ZnFe>Oy4 is much smaller than that of the a-AlLOs support, and ZnFexO,
particles are dispersed on the surface of the crystalline o-Al,O3 support. 30 wt % ZnFe;O4/o-AL O3 exhibited
the highest photocatalytic activity for degradation of methylene blue dye than ZnFe;O4and other a-Al,O3
supported photocatalysts containing 10 wt %, 20 wt % and 40 wt % ZnFe,O4. Kinetics of photocatalytic
degradation of methylene blue dye using 30 wt % ZnFe;O4/ALO3 obeys Langmuir—Hinshelwood kinetic
model. Photocatalytic treatment of real textile wastewater resulted in more effective (when compared to
photolytic treatment) in the reduction of wastewater’s chemical oxygen demand (COD), pH, conductivity
and total dissolved solids (TDS). 30 wt% ZnFe;O4/Al,Os was found to be more effective than unsupported
ZnFe>Oy for the reduction of wastewater’s COD, pH, conductivity and TDS.
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Introduction

Photocatalysis is an advanced oxidation process that has attracted increasing attention because of its
numerous applications in the energy and environmental fields. These applications include: air and water
purification, hydrogen generation, self-cleaning of surfaces etc (Yang and Wang, 2018, Nasr ez a/., 2018,
Spasiano ¢ al., 2015). TiO; and ZnO are the most widely used photocatalysts due to their nontoxicity, low
cost, and good photocatalytic activity. Their major drawback is their high band gaps which makes them to
be photocatalytically active only in the presence of ultraviolet light (Bora and Mewada, 2017). The latter
constitutes about 5% of the solar spectrum (Casbeer ¢ al., 2012). ZnFe>O4 is chemically and thermally stable
magnetic material that is often used as a visible-light responsive photocatalyst due to its narrow band gap of
about 1.9 eV (Zhu e al., 2014, Casbeer et al., 2012) The major technical challenges encountered during
application of fine particles of photocatalysts are: aggregation of the fine particles of the photocatalyst which
may lead to lower photocatalytic activity, and also the fact that it is often very difficult to separate
photocatalyst powder from the reaction medium upon completion of the reaction (Mishra e al., 2018,
Srikanth e al, 2017). These challenges trigger the development of vatious support materials for
photocatalysts. Some of the support materials investigated so far include: activated carbon (Jokar-Baloochi
et al., 2018), alumina (Ghugal e7 al., 2017), silica Meng ¢f al., 2018), zeolites (Ghasemi ¢f al., 20106, Jaafar ez al.,
2012), clays (Mishra ez al., 2018, Mekatel ¢z al., 2012). Aggregation of fine particles of photocatalyst can be
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suppressed by dispersing the particles on a suitable support material. Thus, dispersion of a-Fe2Os on alumina
support improves the photocatalytic activity of a-Fe2Os due to reduction in the size of a-Fe2Os since the
support material prevents growth of a-Fe2Os crystals upon heating at higher temperatures required for the
synthesis of a-Fe2Os (Li et al, 2013). Moreover, Mekatel ¢f al. (2012) reported that clay supported narrow
band gap semiconductors experience low rate of electron-hole recombination because the support promotes
efficient separation of the electron-hole pairs. The low rate of electron-hole recombination enhances the
photocatalytic activity of the supported narrow band gap semiconductors.

o-Alumina (x-Al2O3) is one of the most widely used support materials for catalysts due to its high
specific surface area, low cost, and favorable surface properties P ordevié et o/, 2019, Goudarzi and Salavati-
Niasari, 2018, Li ¢f al., 2013). Thus, in terms of photocatalytic activity and stability, alumina was found to be
a better support for a-Fe;Os photocatalyst than silica (Li ¢ a/, 2013). TiO2/ALO; composite showed
improved photocatalytic activity for decomposition of salicylic acid compared to TiO2 (Anderson and Bard,
1997). Nitrogen-doped TiO2/Al,O3 composite was also found to be more active than TiO; for photocatalytic
degradation of methyl orange (Li ¢z a/., 2012). The high photocatalytic activity of TiO2/ AL O3 composite was
attributed to slow recombination of the photogenerated electrons and holes and the large specific surface
area of alumina. Although, there is a lot of work in the literature on the synthesis and photocatalytic activity
of ZnFe;Oy4 and its composites with other semiconductors (Yadav ¢ al., 2018, Behera ez al., 2018, Li ¢f al.,
2018, Xu ¢# al., 2015), information on supported ZnFe,Oy is scanty in the literature. Therefore, the aims of
the present work were to synthesize, characterize and evaluate the photocatalytic activity of ZnFe;O4on a-
AlOs support. The activity of the synthesized photocatalysts was evaluated by monitoring photocatalytic
degradation of methylene blue dye (a widely used model for water pollutants) under visible light irradiation.

Materials and Methods
Synthesis and characterization of ZnFe,04/x-AL,O;

Analytical grade reagents (ZnCl..6H20, FeCl3.9H-0, a-Al:Os, NaOH, NaCl) were used in the work.
ZnFe;O4and a-AlOs supported ZnFe;O4were synthesized using co-precipitation method. ZnCl.6H2O and
FeCl3.9H20 in a ratio of 1: 2 were dissolved in distilled water; a solution of NaOH was then added dropwise.
The mixed solution was stirred at 70 °C for one hour. The reaction mixture was aged overnight. The solid
product was filtered and thoroughly washed with water, dried at 120 °C in an oven, and then calcined in
Nabertherm C250 electric furnace at 500°C for two hours to yield ZnFe;Os. a-AlOs supported ZnFe2O4
were prepared by physical mixing of the desired amounts of a-Al,O3; and ZnFe;Oy4 in water. Thus, four
different compositions were prepared: 1 g of ZnFe;O4 was mixed with 9 g of a-ALOs3 to yield 10 wt %
ZnFex04/a-AlL O3, 2 g of ZnFe;O4 was mixed with 8 g of a-Al,Os to yield 20 wt % ZnFexO4/a-AlLO3, 3 g
of ZnFe;O4 was mixed with 7 g of a-AlLOs to yield 30 wt % ZnFe;O4/a-Al:Os, and 4 g of ZnFe,O4 was
mixed with 6 g of «-ALO; to yield 40 wt % ZnFexO4/a-AlOs. The a-ALO3 supported ZnFeO4 samples
were dried at 120 °C in an oven. The phase compositions of the synthesized ZnFe;O4and a-Al,Oj3 supported
ZnFe>O4 were investigated using powder x-ray diffractometer (Shimadzu, model 6000) with Cu Ko radiation
(40 kV, 40 mA). The morphology of the synthesized samples was analyzed using Phenom Pro-X desktop
scanning electron microscope (SEM).

Photocatalytic degradation of methylene blue

Photocatalytic expetiments were cartied out at room temperatute (3012 °C) using a 500 W halogen
lamp as the visible light source. 100 ml of methylene blue solution of a given concentration (25 to 100 mg/L)
was mixed with 0.1 g of the photocatalyst in a 250 ml conical flask and stirred for 90 minutes in the dark in
order to establish adsorption-desorption equilibrium of methylene blue molecules on the surface of the
photocatalyst. The suspension was then exposed to visible light irradiation under continuous stirring at room
temperature for one hour. During the irradiation period, samples were periodically taken for analysis after
separating the photocatalyst particles. The samples were analyzed for residual concentration of methylene
blue using a UV/Vis spectrophotometer at the Amax 0f 662 nm. The percentage degradation of methylene

blue was calculated using Eq. (1):
Lo (Co B Ct)
Degradation = — x 100 1)

where Co and C; are the initial concentration of methylene blue, and the concentration of methylene blue
after irradiation time (t) respectively.
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Photocatalytic treatment of textile wastewater

The textile wastewater used in this study was collected from a textile in Kano city, Nigeria. The
wastewater was filtered to remove suspended solids. For photolytic experiments, 100 ml of the textile
wastewater was exposed to visible light irradiation at room temperature for 60 minutes. The photolysed
sample was then taken for analysis. For photocatalytic experiments, 100 ml of textile wastewater was mixed
with 0.1 g of the photocatalyst and stirred for 90 mins in the dark. The suspension was then exposed to
visible light irradiation under continuous stirring at room temperature for 60 minutes. The raw and treated
textile wastewaters were analyzed for chemical oxygen demand (COD), pH, conductivity and total dissolved
solids (TDS) using standard methods (APHA, 1995).

Results

The XRD patterns of the synthesized ZnFexO4and a-AlO3 supported ZnFe,Oy are shown in Figure 1.
The The XRD pattern of ZnFe,O, displayed in Figure 1a is characterized by broad low intense peaks at
Bragg angles of 31.0°, 35.1°, 36.1°, 42.5°, 57.2° and 62.5° which can be readily assigned to ZnFe;O4 with
cubic phase (JCPDS 01-1109).

Displayed in Figure 2 are the SEM images of ZnFe;O4and 30 wt % ZnFe;O4/a-Al,Os. Figure 3 shows
the effect of ZnFe;O4 loading on a-Al,Oj3 support and irradiation time on the percentage photocatalytic
degradation of methylene blue dye under visible light irradiation. The effect of varying ZnFe,Oy4 loading
(10, 20, 30 and 40 wt%) on a-ALO3 support was investigated at an initial methylene blue concentration of
50 mg/L with a photocatalyst dosage of 1.0 g/L. The effect of initial concentration of methylene blue dye
on its photocatalytic degradation using 30 wt % ZnFexO4/a-AlO3 is presented in Figure 4. The effect of
the initial methylene blue dye concentration on its photocatalytic degradation using 30 wt % ZnFe;O4/ o
AL O3 was investigated by varying methylene blue concentration from 25 to 100 mg/L. The Langmuir—
Hinshelwood kinetic plot for the photocatalytic degradation of methylene blue using 30 wt % ZnFexO4/ -
AlOs is shown in Figure 5. Table 1 shows the properties of the raw textile effluent and the textile effluent
treated via photolysis as well as photocatalysis with ZnFe;O4and 30 wt% ZnFe;O4/a-AlOs.
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Figure 1. XRD patterns of the prepared (a) ZnFe:O4, (b) 10 wt % ZnFe;O4/a-ALOs, () 20 wt %
ZnFCzO4/O(—A1203, (d) 30 wt % ZnFezO4/oc—Ale3 and (C) 40 wt % ZnFezO4/oc—Ale3
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Figure 2. SEM images of (a) ZnFe;O4 and (b) 30 wt % ZnFexO4/o-ALO3
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Figure 3. Photocatalytic degradation of methylene blue dye using ZnFe;O4 and a-Al,Os supported ZnFe2O4
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Figure 4. Effect of initial concentration of methylene blue on its photocatalytic degradation using 30 wt %
ZnFe;O04/0-ALO3
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Figure 5. Langmuir—Hinshelwood kinetic plot for the photocatalytic degradation of methylene blue using 30 wt %
ZnFezO4/O(—Alzo3

Table 1. Properties of the raw and treated textile effluent

Before After treatment via
Parameters treatment Photolysis photocatalysis photocatalysis with 30 wt%
with ZnFe204 ZnFe204/cx—A1203
COD (mg/L) 784 688 576 416
TDS (mg/L) 982 974 965 949
pH 8.65 8.61 8.49 8.23
Conductivity (us/cm) 1966 1940 1928 1894

Discussions
Characterization of the synthesized ZnFe;O, and «-Al;O; supported ZnFe;O,

The broad peaks ate due to the low crystallinity of the prepated ZnFe,O4 at 500 °C. The calcination
temperature of 500 °C was selected based on the work of Jadhav ¢za/. (2011) which established that ZnFe,O4
sintered at 500 °C shows the highest photocatalytic activity compated to othetr ZnFe;O4 samples sintered at
higher temperatures. Higher sintering temperatures lead to increase in the crystal size of materials thereby
decreasing their specific surface areas. As a heterogeneous process, the efficiency of photocatalysis increases
as the specific surface area of the photocatalyst is increased. The XRD patterns of «-AlOj; supported
ZnFe;Oy features sharp peaks at 25.85°, 35.41°, 43.62° and 57.76° due to a-ALO;3 (JCPDF 75-1862).
ZnFe;O4 peaks are hardly seen in the XRD patterns of the a-AbLOs supported ZnFe;O4 due to low
crystallinity of the synthesized ZnFe;O4. The Bragg angles of a-AlxOs peaks did not change after loading
with ZnFe>Oy; hence, the crystal structure of the a-Al2O3 supported ZnFe,Oy4 remained unperturbed after
ZnFe;Oq4 loading.

The SEM images presented in Figure 2a shows that ZnFe,O, particles are irregularly shaped with
particle size in the submicron range. As apparent in Figure 2b, the a-AlOs support has a disc like shape with
particle size (diameter) of 2-5 pm, and the ZnFe,O4 particles are dispersed on the surface of the a-ALO3
support. The sizes of ZnFexOy particles are very small compared to those of the a-Al,O3 support. Indeed,
the SEM images confirm the findings from the XRD data that ZnFe;O4 loading does not alter the crystal
structure of the a-AlOj3 support.

Photocatalytic degradation of methylene blue dye using ZnFe,04and ZnFe;04/«-ALO;
The effect of varying ZnFe;O4 loading (10, 20, 30 and 40 wt%) on a-Al,O3 support was investigated
at an initial methylene blue concentration of 50 mg/L with a photocatalyst dosage of 1.0 g/L. It is cleatly
seen from Figure 3 that the percentage photocatalytic degradation of the dye increases with increase in the
ZnFe;O4 loading from 10 wt% to 30 wt% due to the increase in the number of ZnFe,Oy active sites on the
o-AlOs support. However, photocatalytic degradation of methylene blue decreased when ZnFe,O4 loading
was increased to 40 wt%. The observed reduction of the photocatalytic activity of the sample containing
40 wt % ZnFe>Oy4 can be attributed to the greater agglomeration of ZnFe;Oy4 particles on a-AlLOs, thereby
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decreasing the rate of diffusion of electron-hole pairs onto the methylene blue dye molecules at the interface
of solid photocatalyst-methylene blue dye solution. Retardation of the diffusion of electron-hole pairs
decreases the extent of photocatalytic degradation (Li ¢f a/., 2013). Agglomeration of ZnFe,O4 particles on
the surface of a-ALO; hinders light penetration for an efficient photocatalytic degradation. Similar
observations were reported for photocatalytic degradation of methyl orange and Orange II dyes on
supported o-Fe,Os photocatalysts. Thus, 5 wt% a-FexOs/zeolite-HY showed the highest activity for
degradation of methyl orange (Jaafar ez al., 2012), and 25 wt% Fe;O3/alumina exhibited the highest activity
for degradation of Orange II dye (Li ¢z a/., 2013). In the present work, highest photocatalytic degradation of
methylene blue was achieved with 30 wt % ZnFe;O4/a-AlOs. As can be seen from Figure 3, the
photocatalytic activity of the unsupported ZnFe;Oy is higher than those of 10 wt % ZnFe;O4/a-ALO3 and
40 wt % ZnFe,O4/a-AlL O3, but lower than those of 20 wt % ZnFe;O4/a-Al,O3 and 30 wt % ZnFe,O4/a-
Al Os. Therefore, the optimum loading of ZnFe;Oy4 on the a-AlOs support is a tradeoff between good
dispersion of ZnFe;O4 on the support and the amount of the photocatalytically active sites. Moreover, a-
AlOs support improves formation of hydroxyl radicals by the photocatalysts (Fu ef a/., 2012).

Kinetics of photocatalytic degradation of methylene blue dye using 30 wt % ZnFe,O4/ -
A1203

The effect of the initial methylene blue dye concentration on its photocatalytic degradation using
30 wt % ZnFe;O4/a-AlO3 was investigated by varying methylene blue concentration from 25 to 100 mg/L.
Figure 4 shows that the photocatalytic degradation decreased with increasing initial concentration of
methylene blue. For instance, when the initial concentration of methylene blue was increased from 25 to 100
mg/L, the photocatalytic degradation decreased from 68 % to 22 %, after 60 min of visible light irradiation.
This observation can be explained as follows: the generation of electrons and holes is the same for a given
dosage of photocatalyst and intensity of the incident radiation. At higher initial concentrations, methylene
blue molecules can absorb some of the incident visible light. This will decrease the amount of the visible
light photons that will drive the photocatalytic process (Jaafar ez a/., 2012, Konstantinou and Albanis, 2004).

Photocatalytic degradation of the dye was fitted to the Langmuir—Hinshelwood kinetic model which
accounts for the photochemical reactions taking place at the interface of solid photocatalyst-liquid substrate
solution. The model considers a multi-step reaction mechanism comprising adsorption, photochemical
reaction and desorption. The linearized form of the model is given by Eq. 2 (Ounnar ez a/., 20106, Jaafar ez
al., 2012).

1 1 1
—= - @

rn kKK,C, k.
where 1o is the initial reaction rate, Cy is the initial concentration of methylene blue, 4, is the intrinsic
photocatalytic reaction rate constant (mgl~'min~") and K. is the adsorption equilibrium constant. The initial
reaction rates were derived from Figure 4 at various initial concentrations of the dye. As shown in Figure 5,
the kinetic data nicely fitted the Langmuir—Hinshelwood kinetic model with R2 of 0.970. The calculated
values of &,and K. are 0.005 mgl-'min~! and 0.111 Img~!, respectively. Photochemical reaction is the rate
determining step of the process because the value of £,is smaller than that of K.

Photocatalytic treatment of textile effluent using ZnFe;O4and 30 wt % ZnFe,04/a-Al,O3

The properties of the raw treated textile effluent used in the work are presented in Table 1. Also
presented in the Table are the properties of the treated textile effluent via photolysis as well as photocatalysis
with ZnFe>O4 and 30 wt% ZnFe;O4/a-ALO3. Due to the complicated natutre of most industrial wastewaters,
the organic content of the effluents is measured using lump parameters such as chemical oxygen demand
(COD) (Danwittayakul ez al, 2015). Irradiation of textile effluent for 60 minutes in the absence of
photocatalysts (photolysis) resulted in the COD removal of only 12 % (from 784 to 688 mg/1), this indicates
that the organic load of the textile effluent irradiated without photocatalyst did not undergo much change,
and the small COD removal observed was due to the photochemical oxidation of vatrious organic
compounds present in the wastewater. When the same textile wastewater was exposed to visible light
irradiation in the presence of ZnFe;O4 and 30 wt% ZnFerO4/a-Al O3 for 60 minutes, 27% (from 784 to
576mg/1) and 47% (from 784 to 416 mg/1) COD removal was achieved, respectively. This shows that 30
wt% ZnFe;O4/a-Al2O3 has better photocatalytic performance than the bare ZnFe;O, for the treatment of
the textile effluent.

Conductivity and TDS indirectly measure the amount of inorganic species (such as dissolved salts) in
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the effluent. As seen in Table 1. Upon photolysis of the effluent, smaller changes were observed in the
properties of the effluent when compared with photocatalysis. This observation can be attributed to more
efficient degradation of the organic and inorganic pollutants present in the effluent via photocatalysis. The
decrease in the effluent’s pH is due to release of CO: during photocatalytic degradation of organic pollutants
(Konstantinou and Albanis, 2004). The observed reduction of the effluent’s conductivity and TDS can be
attributed to photocatalytic decomposition of inorganic and organometallic dyes and other pollutants
present in the effluent.

Conclusions

The crystallinity of the synthesized ZnFe>Oy4 is very low. The size of ZnFexO, particles is smaller than
that of the a-ALOjsupport. ZnFe Oy particles are dispersed on the surface of the a-AlOj3 support. a-ALO3
support improves the photocatalytic activity of ZnFeO4under visible light irradiation, and the optimum
loading of ZnFeO4 on a-AlO3is 30 wt %. Photocatalytic degradation of methylene blue dye using 30 wt
% 7ZnFeO4/a-ALO; obeys the Langmuir—Hinshelwood kinetic model (R2=0.970). The intrinsic
photocatalytic reaction rate constant is 0.005 mgl.-'min~1, and the adsorption equilibrium constant is 0.111
Lmg~!. Photocatalytic treatment of real textile wastewater resulted in more effective (when compared to
photolytic treatment) in the reduction of wastewater’s, COD, pH, conductivity and TDS.
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