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Abstract

Stable magnetically ferrospinels ZnFe>O4 (ZF) and
NioeZnosFe20s (NZF) nanoparticles (NPs) were
successfully synthesized by a sol-gel method and
characterized by XRD, SEM-EDX, UV-vis DRS and
pHzpc technique. The as-prepared materials were
investigated in the heterogeneous Fenton-like
oxidation of Congo red dye. Results indicated that NZF
crystallized in single-phase and exhibited smaller
crystallite size (49 nm vs. 59.24 nm) than that of the
pure ZF. The SEM analysis showed that the materials
are elongated like shape.

NZF catalyst showed a red-shift of absorption bands
and a more narrowed bandgap (2.30 eV vs. 1.65 eV) as
compared to ZF. Urbach energy increased from 0.185
to 0.200 eV resulting in an increase in the Ni-content
indicative of the fact that electrons encounter larger
extent of disorder while transiting across the band gap.
Under optimum conditions of 20 mg L™* CR, 0.23 M
H202, 1 9.L* catalyst, pH = 7.5 and 25 °C, up to =~92%
degradation efficiency could be achieved after 60 min
of treatment. Kinetic studies confirmed that the
heterogeneous Fenton-like processes followed pseudo
first-order kinetics.

Keywords: NigsZnosFe204, Congo red, Heterogeneous
Fenton-like oxidation, Degradation efficiency, Synergy.

Introduction

In recent decade, the wastewater from the textile, dyeing,
leather, pharmaceutical, paper, cosmetic, plastic and
synthetic detergent industries, results in harmful effects to
humans health as well as environment. Thus, wastewater
treatment and recycling should be a major concern. One of
the best and green environmentally friendly processes for the
remediation of contaminated wastewater is advanced
oxidation processes (AOPs).”>% These processes based on
in-situ generation of highly reactive and non-selective
hydroxyl radicals ("OH) are able to mineralize a broad range
of refractory organic contaminants present in wastewater
and groundwater systems,2444:58.72,76,78,97

The generation of 'OH radicals is improved with
conventional AOPs including: ozonation (O3); a
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combination of ozone with UV irradiation (O3/UV) or
hydrogen peroxide (O3/H.05), or both (O3/H20./UV); ozone
combined with catalysts (Os/catalysts); UV/H20;; Fenton,
Fenton-like and photo-Fenton processes (Fe?*/H,0,, Fe®*/
H,0; and Fe?*/H,0,/UV) and UV irradiation, ultrasound and
(or) high electron-beam irradiation and heterogeneous
photocatalysis. In contrast, the non-conventional AOPs are
the  photo-electro-Fenton  and  sono-electro-Fenton
processes_12,26,28,43,45,83

Homogeneous Fenton oxidation is reported as promising
technology for the environmental remediation of various
persistent, recalcitrant and non-biodegradable contaminants
and has been intensively researched for several decades due
to its high efficiency, relatively low cost, ease of application
and mild reaction conditions of temperature and pressure.58
However, the homogeneous Fenton process has significant
drawbacks. Explicitly, (i) a narrow and low pH range (pH=
2-3), (ii) the production of massive amounts of hazardous
iron sludge (iii) iron deactivation by the formation of
complexing reagents such as phosphate ions and (iv)
requirement of additional separation and disposal.®?

Efforts to overcome the disadvantages related to the
implementation of the Fenton type processes, heterogeneous
Fenton and Fenton-like heterogeneous catalysts, generating
hydroxyl free radicals with the aid of hydrogen peroxide,
have been deployed.

The general requirements for heterogeneous Fenton
catalysts are: (i) effectiveness at widespread ranges of pH
and temperature (ii) high efficiency related to contaminant
removal rates and H2O; utilization, (iii) generation of little
iron sludge and (iv) stability over long periods of
application.  However, many of these heterogeneous
catalysts still operate under acidic conditions only and the
generation of hydroxyl radicals is strongly affected by the
hydrogen peroxide (H20,) and ferric iron (Fe3*) spicies
leading to the obvious drop in degradation efficiency.3?

The previous development of Fenton-like catalysts focosed
on either single spinel ferrite materials such as FesOg,
CaFe204, COF6204, MgFezO4, NiFe204, EUFGOs, BiFeO3,
SnFe;04, ZnFe204, MFe;04 (M=Ni, Zn, Cu) or combined
with other compounds as heterosystem including ZnFe;O.-
reduced Graphene Oxide, MCM-41/Magnetite, LiFePOs,
Fe,03/SBA-15,  Fe/ZSM-5.3:36:4851,59,65,6688.89.91.94  Thege
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nanostructured spinel ferrite material containing ferric ions
in the crystal lattice can proceed with the necessary redox
reaction with adsorbed hydrogen peroxide molecules to
generate highly oxidizing hydroxyl free radicals for
oxidative removal of organic pollutants.*®

It has been reported that Zinc ferrite or franklinite (ZnFe2O4)
is a normal spinel structure with Zn?* ions situated at the
tetrahedral (A) sites, whereas Fe*? ions at the octahedral (B)
sites'’ located in a network of oxygen ions with FCC
arrangement.

Recently, ZnFe;O4, with a typical band gap Eg of about 1.9
eV (Amax =653 nm)%,  has potential application as the
Fenton-like heterogeneous catalysts in the oxidation
processes of refractory contaminant. However, due to their
low valence band potential and poor quantum efficiency,
ZnFe,04 cannot be used directly in the photocatalysis
processes.® In view of better, safe and sustainable utilization
of solar energy by photocatalysts, two approaches have been
proposed either for size-controlled synthesis of various
functional nano-materials  such as transition metals
doping®11:32:3463 or for effective photoinduced electron-hole
pair’s separation, including semiconductor combination
with matching band potentials.13.1516:40,4181,87,9

It is worthwhile to note that these catalysts based iron-
containing compounds when used directly in solution, often
give rise to particle agglomeration with severe loss of
effective surface area due to the magnetic interactions.
Moreover, doping with transition metal such as Ni*?, Mn*?,
Co*? and Cu*? into the spinel ZnFe,O4 nanostructures, could
be able to control the particle size, to efficiently avoid
particles from agglomeration and to hence improve the
structural, morphological, magneto-optical and
heterogeneous  Fenton-like  activity. Among the
nanostructured spinel ferrite materials, Nickel-Zinc ferrites
(NixZn1.xFe204) are considered as one of the most versatile
soft ferromagnetic material because of its high resistance,
high saturation magnetization and low eddy current losses.5°

Mixed Ni-Zn ferrite has attracted a great interest due to their
potential applications in microelectronics, magneto-optics,
as microwave device components, catalysts, photo-
catalysts, gas sensors, absorbent materials, information
storage and electronic devices and photoelectrochemical
water splitting and biomedical applications.?":30:31:47.52.75

The general formula of Ni-Zn ferrite is [Fe1-«**Zn«?*]® [Nis-
Fe1nct]®04 in - which the tetrahedral (A) sites of the
lattice structure are occupied by [Fei1«3*Zny?*] ions and the
octahedral sites (B) are occupied by [Ni1«?*Fe1+3*] ions in
the spinel formula AB2O4. Up to now, various synthetic
methods have been developed to prepare Ni-Zn ferrite
nanoscale particle such as solvothermal, coprecipitation,
hydrothermal, citrate precursor, sol-gel, self-propagating

high-temperature method and microwave combustion
method.18:53-55,82,85,93
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However, the above methods have some disadvantages such
as high-energy consuming, need of complicated equipment,
requirement of a strong base, higher processing temperature
and also require rather long reaction time caused by the
multiple steps to complete the crystallization of final
product. Recently, sol-gel method has gained much
importance for the preparation of such functional nano-
ferrites.®373 Generally speaking it gives inorganic high
purity materials at mild synthesis conditions.?*

On the other hand, the use of the Fenton-like heterogeneous
catalysis in the oxidation of organic as pollutant using Ni-
doped ZnFe;O4 nano-catalysts prepared by sol-gel route is
less explored.

Therefore, in the present study, two types of ferrite
materials: ZnFe;O4 (symbolized by ZF) and Nio.sZno.4Fe204
(symbolized by NZF) were successively synthesized by a
simple sol-gel method. The as-prepared Nickel-Zinc ferrite
catalysts were in detail characterized by X-ray diffraction
(XRD), Scanning electron microscopy (SEM) and UV-vis
diffuse reflectance (UV-vis-DRS) technique. The impact of
Ni-content (x) on the structure, morphology and optic
properties of NZF was studied. The heterogeneous Fenton-
like activity of NZF catalysts were investigated in the
oxidation of Congo red azo dye, as a probe pollutant, from
aqueous solution along with H2O».

We have also explored systematically the effects of the
operational parameters such as initial pH solution, H2O-
concentration, initial dye concentration, catalyst dosage,
temperature of the system and inorganic salt. The
degradation reactions were correlated with the pseudo-first-
order kinetic model. On the basis of their structural,
morphological and optical features, a possible mechanism of
the increased heterogeneous Fenton-like activity of NZF
catalyst was elucidated in details.

Material and Methods

FeSO4 7H20 (99.99%, Sigma Aldrich), Zn (COQ), 6H,0
(99.99%, Sigma Aldrich), NiCl, 6H,O (99.99, Sigma
Aldrich) and Citric acid (99.99%, Sigma Aldrich). Congo
red; 1-naphthalene sulfonic acid, 3, 30-(4,40-biphenylenebis
(azo)) bis (4-amino-) disodium salt) is a benzidine-based
anionic diazo dye, that is, a dye with two azo groups
(C32H24N606S2.2Na). Distilled water was used for
preparation of various solutions. The molecular structure and
physicochemical properties of Congo red dye are presented
in table 1.

Polycriystalline spinel ferrite with formula Nig.Zno.4Fe204
(is denoted as NZF) was prepared via the citrate method by
dissolving stoichiometric amounts of FeSO4 7H.0, Zn
(COO0), 6H,0 and NiCl, 6H,0 with the molar ratio of Ni*?:
Zn%*: Fe3* = x:1-x:2 in distilled water and adding them to an
aqueous solution of citric acid (a molar ratio of the metals to
citric acid (M:CA of 1:2) under continuous stirring.
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Table 1
Chemical structure and physicochemical properties of Congo red dye

Molecular structure Chemicals properties
% , Molecular formula Ca2H22N6Na206S2
s Absorption wavelength (nm) | 497
D\N’% 'Z, S~ Chemical class Diazo dye
9{';3.%* \l\ Molecular weight (g.moL™!) 696.665
Molecular surface area (A?) 557.6
Density (g.cm-2) at 25°C 0.995
Dye class used for food Azo
Melting point >360°C
Color Blue (pH=3.0) to
Blue red (pH=5)
pKa 341
The mixture was then stirred until the obtained solution The heterogeneous Fenton—like experiments were

became brown red and was kept under stirring at room
temperature for 24 hours and the precipitate was finally
collected, washed with deionized water and ethanol for three
times and was then dried at 80 °C for 24 h. Finally, the
precursor was consequently milled and calcined at T=900 °C
for 4 hours with the heating rate of 10 °C. For comparison
purpose, ZN (stands for ZnFe»>O4) was also prepared in the
similar route by calcination ZN particles at T=1000 °C for 4
hours.

The crystal structures of  ZF and NZF samples were
analyzed by Bruker D8 Advance XRD with Cu-Ka radiation
(A= 0.154178 nm) for 26 over 10°-80° and a scanning rate
of 10°/min. The average crystallite size of the synthesized
catalysts is calculated from the full-width-half-maximum
(FWHM) of the diffraction peaks using Scherrer equation
(Eqg. 1):#

0.9
DRX = [351—n0 (1)
where dxro, A, p and 20 are the average crystallite size of the
phase under exploration, the X-ray wavelength (1.5406 A),
the full-width at half maximum FWHM of the peaks in
radians and Bragg angle in radians.

The size and the morphologies of the sample were examined
using Jeol JSM 6360 LV Scanning Electron Microscope.
UV-vis spectrophotometer (Perckin Elmer Lambda 650)
equipped with an integrating sphere to determine the UV—
vis diffuse reflection spectra in the wavelength range 200—
900 nm. The band gap energy of the samples can be
determined from Kubelka-Munk (K-M) model.** The
residual pollutant concentrations during degradation were
monitored with UV mini-1240  Spectrophotometer
(Shimadzu UV mini-1240) using 1 cm optical pathway cells.
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performed in 400 mL glass beaker. For the reaction
experiment, 0.1 g of catalyst (i.e. ZF and NZF) was added to
200 mL of CR dye aqueous solution at an initial
concentration of 20 mg.L! followed by adjusting pH
between 7 and 8. Before oxidation, the suspension was
magnetically stirred for 60 min in the dark until the
adsorption equilibrium was reached. After that, an aliquot of
hydrogen peroxide (H202) with H.O2/H>,O volume ratio
ranging from 2.5 to 30 was added to the solution to initiate
the reaction.

At given intervals, 5 ml aliquots were collected and filtered.
The filtrates were finally monitored using a UV-vis
spectrophotometer (Shimadzu UV mini-1240) at the
maximum absorption band of CR (A max=497 hm). The data
obtained from the catalytic degradation of CR experiments
were then used to calculate the efficiency of the catalyst n’
(%) of the substrate (Eq. 2):

¢-C
W00 = [ 100

1

(2)

where Cjis dye initial concentration (mg-L™*) and Cs is dye
residual concentration after certain time intervals (mg L™).

According to the Planck’s Law, the absorption wavelength A
is related to the band gap Eq of the material (Eq. 3):

1239
E, = 7

®3)

The following Langmuir—Hinshelwood model was used to
study the kinetics of the process (Eqg. 4):

Co

In-2 = Kyppt 0
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where kqpp is the apparent pseudo-first order rate constant,
Co and C are respectively the concentration at t=0 and t. The
plot of In Co/C against t should give straight lines whose
slopes are equal to Kapp.

The half-life of dye degradation at various process
parameters was raised from eq. 5:

0.693

tl/Z = K (5)

app

where ty; (half-life time) is defined as the amount of time
required for the heterogeneous oxidation of 50% of CR dye.

Results and Discussion

Structural and FT-IR Analysis: Typical XRD patterns of
spinel ZF and NZF samples are depicted in fig. 1. The
diffraction peaks are the reflections corresponding to the hkl
planes (111), (220), (311), (222), (400), (422) and (511).
These diffraction peaks confirm the formation of cubic
spinel structure of crystal (space group Fd-3m and JCPDS
CARD 01-1108). There is no other peak which indicates that
the samples crystallize in single-phase cubic structure. It can
be seen from the compiled results, as illustrated in fig. 1 and
table 2, that the decrease in intensity of peaks associated
with the shift of their positionsto higher values of 26, were
observed in the XRD patterns of NZF, indicative of the
decrease in the lattice parameter for the cubic NZF sample
with Ni-content (x=0.6). Based on the Scherrer’s equation
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prominent reflection peak. The calculated average crystallite
size of both samples is tabulated in table 2.

It was found that the crystallite size of undoped ZF is 59.24
nmand it was decreased to 49.00 nm with increasing the Ni-
dopant (NZF). It is usually known that crystallite size (dxrp)
of a sample is inversely proportional to the FWHM,
indicating that a broader peak represents smaller
nanoparticle sizes.3” The main reason responsible for the
increased crystallite size of NZF sample could be explained
by the Ni-content (x=0.6). It can significantly affect the
decrease of ZF crystallinity in NZF material by acting as a
grain growth inhibitor of ZF.5” The lattice constants “a” of
the samples, calculated from their corresponding XRD
pattern data using Fullprof program, are displayed in table
2.

From the observed results, it was found that lattice
parameter values decreased from 8.4404 A (ZF NPs) to
8.3857 A (NZF NPs ) with increase in the Ni-dopant (
x=0.6), in accordance with gradual substitution of Zn?* ions
of larger ionic radius (0.83 A) in ZF spinel by smaller ionic
radius (0.74 A) of Ni?*ionsin N-doped ZF ( NZF)&0.70.71.78
and decrease in the concentration of O vacancies, which
leads to lattice contraction. The lattice parameter “a” is in
good agreement with the standard JCPDS value of 8.441 A
(JCPDS No. 22-1012). The X-ray density (D: ) was
calculated using the equation (Eq. 6):

(Eg. 1), the average crystallite size (d xrp) Was calculated (= 23 M, (6)
from the FWHM using the broadening of the hkl = 311, as oy N
. Table 2
Crystallographic parameters of the spinel ZF and NZF nano-catalysts
Abbr. Catalysts Ni- 20 a FWHM dxrp Dt SSA
content (degree) (A) (radians) (nm) (g.cm?®) | (m2.g?)
ZF ZnFez04 0 35.2380 8.4404 0.1407 59.24 5.325 19.02
NZF Nio.6Zno.4Fe204 0,6 35.4754 8.3857 0.1664 49.00 5.338 22.94
Abbr.: Abbreviation
) —7F
- e —— NZF
5 s =)
g 8 _ <
2 IS N}
@ — g g
< — N ~
2 3 <
£ 4 = | ..
[
_. \ l A l A L
10 2I0 3I0 4IO 5IO 6IO
2 Tetha (°)

Fig. 1: X-ray diffraction patterns of ZF and NZF nano-catalysts
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where Z is the number of chemical species in the unit cell of
spinel lattice (z=8), Mc is the molecular weight of the sample
(g mol™), aexp is the experimental lattice parameter of the
ferrite (A) and N is Avogadro’s number (6.022 x 102 mol ).
The X-ray density (Dy) depends on the lattice constant and
molecular weight of the sample. The X-ray density Dt as a
function of Ni-content (x) is reported in table 2. It can be
seen from the table 2 that the X-ray density (Dy) increases
from 5.325 to 5.338 g.cm™ as the Ni-content (x) varies from
x=0to x=0.6.

Assuming that the particles have spherical shape and
uniform size, the specific surface area average particle size
can be estimated by Brunauer, Emmett and Teller (BET)
formula (Eq. 7):

6

S. =
® DthRD

(7)

where dxrp (nm) is the average particle sizes of magnetically
ferrospinels and Dy is their corresponding X-ray density. It
can be observed from table 2 that the specific surface area
increases from 19.02 m2.g* (ZF NPs) to 22.94 m?.g* (NZF
NPs) as the Ni-content (x) increases from x=0 to x= 0.6, in
perfect harmony with an inhibition of crystallite nucleation
and retardation of crystallite growth processes (to prevent
the construction to larger clusters).

Morphological and Elementary Analysis: The
morphologies and structures of the magnetically ferrospinel

POl AL ) il
snta
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NZF NPs were investigated using SEM images (Fig. 2).
Typical low-resolution SEM images as seen in fig. 2a-b,
clearly reveals that NZF consisted of large randomly shaped
aggregates of smaller individual ultrafine NPs. Groups of
ultrafine particles assemble into bigger particles with size up
to 500 nm. 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.

Fig. 2c displayed EDX analysis pattern of NZF nano-catalyst
only. The relative atomic abundance of Fe, Zn, Ni and O
elements present in the uppermost surface and bulk layers of
NZF are reported in table 3.

These results revealed that NZF nano-catalyst was
successfully prepared and the surface O/Fe ratio (2.6) is
slight higher to the bulk O/Fe ratio that is 2, indicating that
the samples have intrinsic defect (as mentioned in XRD
analysis), which are usually presented in impurity and
dopant-controlled regimes of slightly sub-stoichiometric
pure or transition metal doped metal oxides such as TiOg,
WO;3 and CeO,. Basically, intrinsic oxygen vacancy defects
in NZF NPs sample provide much more surface active sites
for the adsorption of organic contaminants. A finding is
crucial for the adsorption and the heterogeneous Fenton-like
degradation process by providing large contact surface areas
with the organic contaminants and offering high percentages
of reactive sites surface atoms for catalyzation for the
adsorption.

Fig. 2: Micrography SEM for NZF nano-catalyst: (a-b) Low-resolution (c) EDX spectrum of NZF nano-catalyst
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Table 3
The atomic abundance (surface and bulk) of elements measured for the ZNF nano-catalyst

Elements |  Mass (%) Atome (%) Surface O/Fe ratio
@) 33.41 64.33 2.62
Fe 44.59 24.59
Ni 13.32 6.99
Zn 8.68 4.09

Absorbance (a,u,)

o
o

200 300 400

500

600 700 800 900

Wavelength (nm)

Fig. 3: DRS spectra of ZF and NZF nano-catalysts

Ultraviolet-Visible Analysis: The optical absorption
properties of the spinel ZF and NZF nano-catalysts were
investigated by UV-Vis-DRS. As depicted in fig. 3, the
pristine ZF sample shows a high absorption band in 200-600
nm region which is typical to ferrite based Nano systems
which may have orbital contributions from 3d4-4s1, 3d5 and
4S.2%77 7F and NZF nano-catalysts exhibit a well-defined
absorbance edges in the visible region at 600 nm and 780 nm
respectively which give the first notation that both catalysts
can be efficiently used as a visible light responsive photo-
catalyst. The band structure is generally defined by taking
the O2p orbital as the VB and the Fe3d orbital as the CB.
The absorption of ferrospinels in the visible light region is
due to the electron excitation from O2p into the Fe3d level.

Compared with the absorbance edges of ZF, the absorption
edge of NZF nano-catalyst have red shifted, which might be
ascribed to the increase the crystalline defects and thus
additional band gap energy levels between the VB and CB.
These localized levels (oxygen vacancies) in the
photocatalyst allow the excitation of electrons from the VB
to CB with the absorption of relatively low energy photons.

Moreover, presence of two absorption edges in UV-vis-DRS
spectrum of NZF has been correlated to two crystallite
phases belonging to NZF catalyst®!. The energy band gap
(Eg) was then calculated from the plot of the modified K-M
function as in the equation (Eq. 8):
ahv'/™ = B(hv — Ey) ©))
where a, h, v, Eg and [ are the linear absorption coefficient,
Planck’s constant, light frequency, band gap energy of the
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material and a constant involving property of the bands
respectively. The exponent of n is the power factor of the
transition mode which is dependent upon the nature of the
material, whether it is crystalline or amorphous. The band
gap values were calculated using the Tauc plotting of (ahv)?
vs. hv and (ahv)Y2 vs. hv for indirect and direct transitions
respectively by extrapolating the straight line of these plots
to (ahv)? =0 and (ahv)Y? =0 as indicated in fig. 4 and fig. 5,
respectively.

The estimated band gap values for ZF and NZF are listed in
table 4. To verify the optical band transition mode, whether
it is direct or indirect for our present ZF and NZF nano-
catalysts, one can use eq. 9 which can be rearranged as
follows’:

Ln(ahv) = Lnf + nLn(hv - Eg) 9
Hence, plotting of Ln (ahv) vs. Ln (hv-EQ), gives a straight
line whose slope determines the power factor (n) (Fig. 6),
indicating that the empirical equations of this linear
relationship are given by the following expressions eg. 10
and eq. 11:

For ZF; Ln(ahv) =4.73 + 1.99Ln(hv—E,); n=2 (10)

For NZF; Ln(ahv) = 0.53 + 0.88Ln(hv — E;);n = 0.88  (11)
The calculated values of the transition power factor (n) of ZF
and NZF matrix are found to be 2 and 0.5 respectively as
tabulated in table 4. Thus, for non-crystalline and crystalline
materials, indirect and direct transitions are effective for ZF
and NZF nano-catalyst according to Tauc's relation’®.
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Based on the above reported results (Table 4) for indirect
transition, the band gap of 2.30 eV was obtained for ZF
while the value of 1.65 eV was found for direct transition
corresponding to NZF. Comparison of these values with the
reported values for bulk ZnFe;O4 (1.9 eV) confirms blue
shift for obtained band gap potentials of both ZF and NZF
nano-catalysts due to quantum confinement effect and the
reduction of structural defects. However, the abundant
surface and interface defects in the agglomerated
nanoparticles were supposed to be responsible for the red-
shift of absorption edge of NZF as compared with the
corresponding value for the pristine ZF (2.30 eV).3%50

The width of the localized states available in the optical
energy gap of the films affects the optical band gap structure
and optical transitions and it is called Urbach tail, which is

Res. J. Chem. Environ.

related directly to a similar exponential tail for the density of
states of either one of the two band edges. According to
Urbach effect’®, an increase of doping concentration would
induce the formation of band tails in the band gap which is
expressed by eq. 12:

hv
o = ageku (12)

where oo is a constant, hv is the photon energy and Eu is the
Urbach energy, which refers to the optical transition between
occupied states in the VB tail and the CB edge. Urbach
energy is estimated by plotting Ln(a) vs. hv and fitting the
linear portion of the curve with a straight line. The reciprocal
of the slope of this linear region yields the value of Eu. These
values are reported in table 5 and fig. 7.

Table 4
Approximated allowed indirect and direct band gaps of ZF and NZF nano-catalysts
n Band gap energies; Eg (eV)
ZF NZF
1/2 1.90 1.65
2 2.30 1.95

2500

2000

1500

(ahv)?

1000

Eg (NZF)=1.95 eV

500

-
T —7ZF
—NzF

Eg (ZF)=2.30 eV

hv (eV)

Fig. 4: (ahv)? versus hv ploting of ZF and NZF nano-catalysts

8,8

6,8

(ahv)2

4,8

28 Eg (NZF)=1.65 eV

—ZzF
——NZF

Eg (ZF)=1.90 eV

hv

(eV)

Fig. 5: (ahv)Y2 versus hv ploting of ZF and NZF nano-catalysts
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From this plot it is evident that Eu increases with
increasing the Ni-content x from 0 to 0.6, an increase of the
disorder appears from 0.185 to 0.200 eV with increasing the
Ni-content x from 0 to 0.6 indicative of the fact that electrons
encounter larger extent of disorder while transiting across
the band gap. This highlights that the behavior of optical
energy gap is matching with the behavior of Urbach energy.
This increase is due to increased acceptor levels of
interstitial oxygen atoms. The obtained results were found to
be in good agreement with those of literature3.
Furthermore, the valence and conduction band edge energy®
of a semiconductor can be assessed through the following
empirical formulae eg. 13 and eq. 14:

Eyg = X — E. + 0.5E, (13)
Ecg = Ec — Ee (14)
where x is the absolute electronegativity of the

semiconductor, which is the geometric mean of the
electronegativity of the constituent atoms. Herein, the
electronegativity of an atom is the arithmetic mean of the
atomic electron affinity and the first ionization energy; E. is
the energy of free electrons on the hydrogen scale (about 4.5
eV), Eq is the band gap of the semiconductor; Ecg is the
conduction band potential and Evg is the valence band
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potential. The X values for ZF and NZF are 5.437 and 5.177
eV respectively. Thus, the Evs of ZF and NZF are estimated
to be 2.087 and 1.502 eV and their corresponding Ecg are -
0.213 and -0.148 eV (vs. NHE).

The pH of zero point charge or pH zpc: Zeta potential (i.e.
the isoelectric point, or IEP), an indicator of any dispersion
stability, is influenced by the surface chemistry which can
be changed by any number of means including a change in
the pH, salt concentration, surfactant concentration and other
formulation options. An isoelectric point measurements
study how pH influences zeta potential. The pH zpc of NZF
NPs catalyst was determined by the pH drift method. The pH
of a solution of 0.01 M NaCl was adjusted between pH 4 and
pH 10 by adding either HCI or NaOH. Then, 0.15 g of NZF
NPs powder was added to 50 mL of the solution and the final
pH (pHs) was measured after 48 hours.

The pHzec is defined as the point where the electrical charge
density on the surface of the nanoparticles is zero. The ApH
versus pHi plot for NZF is illustrated in fig. 8. The pHzpc of
NZF NPs was determined to be 6.75, which is consistent
with reported value of pH 6.4 implying that they are
positively charged under acidic and neutral pH conditions
(<6.75) but become negatively charged at pH values above
6.75.

Table 5
N, % Amax, EQ, EU, Evg and Ecg for ZF and NZF nano-catalysts

Abbr. Catalysts n 1 A Eg Eu E’%s E%vs

(eV) (nm) (eV) (eV) (eV) (eV)

ZF ZnFe;04 2 5.437 539 2.30 0.185 -0.213 2.087

NZF Nio.sZnoaFe204 | 1/2 5.177 751.51 1.65 0.200 -0.148 1.502

Abbr.: Abbreviation
48 ¢
y (ZF) = 1.9868x + 4.73 y (NZF) = 0.877x + 0.5265 - ZF
R2 = 0.9704 R2 = 0.9956 « NZF

Ln(a hv)

Ln(hv-Eg)
Fig. 6: Representation of Ln (a hv) against Ln (hv-Eg) for ZF and NZF nano-catalysts
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Heterogeneous Fento-like oxidation of Congo red azo
dye: Fig. 9 illustrated UV-visible spectra of CR in aqueous
solution at various pH solutions. In aqueous medium, CR
exhibited an absorption band at 497 nm (n—m*) and 347 nm
(n —7*) transition associated with the azo group. As seen in
fig. 9, the CR monomers have nearly constant absorption
bands and absorbance intensities over a range of pH values
of 6 tol2, while they are most sensitive to the pH solution
under acidic medium (pH<6). The main band of CR
monomeric species ( 497 nm) gradually shifted to the longer
wavelengths, almost reaching 595.5 and 537.5 nm at pH 2
and 4 respectively. The bathochromic shifts (J-bands)
compared to the monomeric species are attributed to the
partially self-association of CR monomers in solution owing
to strong intermolecular van der Waals-like attractive forces
between the CR molecules?.

This can occur because of a change in environmental
conditions such as a change in solvent polarity will result in
solvatochromism. Solvatochromism is the ability of a
chemical substance to change color due to a change in
solvent polarity. Negative solvatochromism corresponds to
hypsochromic shift. Positive solvatochromism corresponds
to bathochromic shift with increasing solvent polarity. The
sign of the solvatochromism depends on the difference in
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dipole moment of the molecule of the dye between its ground
state and excited state. For that reason, the heterogeneous
Fenton-like oxidation conditions were conducted only
within neutral and alkali pH range.

The pH of the wastewater is one of the vital parameter that
determines the efficiency of heterogeneous Fenton-like
process. Homogeneous Fenton process is efficient in pH
range 2-4. However, heterogeneous Fenton type processes
could be effectively operated at milder pH conditions. Thus,
the experiments were conducted over a range of pH values
from 7.5 to 12 at a fixed dye concentration (20 mg.L?),
catalyst dosage (1 g.L* of NZF) and H;O concentration
(0.23 M).

As reported in fig. 10 and table 6, the degradation efficiency
dramatically decreased from 92.07 to 31.60 % with parallel
increase in pH from 7.5 to 10 and then it became constant
beyond pH=10, almost reaching 32.89 % at pH=12. The
optimum pH value was found to be 7.5 in which the reaction
rate was the fastest and the maximum conversion (92.07%)
was achieved within 60 min. To explain the relationship
between the layer charge density and the sorption-desorption
and subsequently the heterogeneous oxidation reactions, so-
called Surface Complexation Model (SCM) was
developed?.

y (NZF)= 5.3811x - 8,6406
2 R2 = 0.9827

Ln (o)

—ZF
——NZF

"y (ZF)=5.21x - 9,98
R2=0.9973

2,1 23 25

hv (eV)

Fig. 7: Ln(e) versus hv ploting ZF and NZF nano-catalysts
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Fig. 8: The pHzpc of NZF nano-catalyst
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In the 2-pK approach, we assume that most of the
semiconductor oxides are amphoteric in nature, can
associate or dissociate proton in aqueous solution. The
pHzpc (the pH of zero point charge) of NZF nano-catalyst
was 6.75. As a matter of fact, NZF nano-catalyst contains
three surface species (Eq. 15):

=Fe'-H;0*, =Fe'"-OH and =Fe"-Or (15)

The catalyst surface has a net positive charge at pH < pH zpc,
according to the following reaction (Eq. 16):
=Fe''' + H,O — =Fe'"'-H;0* pH < pH zc (16)

Nio.sZno.sFe204 surface becomes negatively charged for pH
> pH zec given by the following reaction (Eq. 17):

=Fe'' + H,0 — =Fe" O+ OH™  pH > pH zec 17
Congo red (CR) is an anionic azo dye that has two functional

groups i.e. sulfonic acid group -R-(SO3)~ and amino group —
R-NH,. The pKa value of CR azo dye is 4. At lower pH

08
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values (pH<4), CR displays J-bands (J aggregate) in its
absorption spectrum. However, at higher pH values (pH> 4),
CR molecule can be completely dissociated to the chlorite
ions Na* and the sulfonic acid group -R—(SO3)~, thus
becomes negative charged in water.

At pH =7.5, negatively charged groups =Fe'"' O was
available at the catalyst surface due to the presence of OH~
at the surface of NZF catalyst. These negatively charged
groups are not able to adsorb the sulfonic acid species —-R—
(SO3z) = which show also negative charges, resulting in
greater electrostatic repulsion (Eq. 18).

=Fel O~ + = (SO3) -R—(NH3)2; — =Fell O~ + 27(503) —
R—(NHa)2 (18)

Moreover, the adsorption of H2O; species on the catalyst
would decrease as the catalyst was covered with OH™, thus
affecting the reaction between catalytic species. However,
these findings were in dissimilar tendency to the reported
value of 51.81 % of CR removal in the presence of NZF as
displayed in table 6.

o
>

Absorbance (u.a)
o
=

0,2

0

+ pH=2
= pH=4
pH=6
~ pH=8
- pH=10

pH=12

200 300 400

500 600 700 800

Wavelength (nm)

Fig. 9: Effect of pH on the UV-visible spectra of CR azo dye in aqueous solution
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Fig. 10: Effect of pH solution on the heterogeneous oxidation of CR ([NZF]=1g.L*, [CR]=20 mg.L*,
[H202]=0.23 M and, T=25 °C)
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Based on the experimental results and a review of the
literature?®86, the heterogeneous Fenton-like catalytic
mechanisms of NZF could be divided into two aspects:

1. The contribution of Na* ions in the adsorption process
could not be ignored. Indeed, Na* can act as a cation bridge
between the negatively charged 2-(SO3) ~-R—(NHj3); and the
negative charges of the =Fe!"' -O~, possibly forming a
complex [=Fe" -O~ - Na+ --27(SO03)-R—(NH3)2],
facilitating greater dye adsorption (Eq. 19).

—Fell -0+ Na*+ 2 (SOs)z-R—(NHg); — [=Fe!" -0~ - Na*
--7(SO3)-R—(NHz).] (19)

This can be confirmed by the role of cation-nr bonding
between the protonated amino group of oxytetracycline
(OTC) and the graphene & electrons of multiwalled carbon
nanotubes (MWCNTS) in the presence of CaCl.¥. They
suggested that Ca?* ions may simultaneously bind with the
negatively charged OTC and interact either with the negative
charges or the graphene m-electrons of the MWCNTS via
cation-t bonding, leading to lower desorption (higher
adsorption) of OTC.

2. The hydrogen peroxide may favor the more negatively
charged oxide surface through establishment of strong
complexes with compounds possessing weak base sites such
as =Fe'' -O7#4, Initially, H,0, was chemically absorbed on
the surface of NZF catalyst and the NZF-H,O, complex was
then created as depicted in eq. 20. Moreover, the complexed
Fe3*/Fe?* could decrease the Fe®*/Fe** redox potential
significantly. Therefore, the Fe3*/Fe?* cycle was greatly
boosted and more reactive oxygen species such as *OH and
02~ /HOz" were then produced via radical mechanism
according to the Haber—Weiss mechanism (Eqg. 21 to Eq. 23)
which is primary responsible for the efficient degradation of
CR at pH=7.5. Thus, the degradation efficiency of NZF
towards the CR species increased greatly at pH=7.5.

= Fe'"' sites + H,0, — =Fe'"' sites H,0> (20)
=Fe'" sites H,0, — =Fe' sites + HO, + H* (21)
=Fe'"' sites + HO," — =Fe!'' sites + O, + H* (22)
=Fe'l sites + H,0, — =Fe!" sites + "OH + OH~ (23)

However, the degradation efficiency was dramatically
reduced to 31.60 and 32.89 % at pH =10 and 12,
respectively. As pH was increased, both NZF surfaces and
CR molecules became more negatively charged,;
consequently, interacting more strongly with Na* atom,
leading to the adsorption. Despite adding H.O, to dye
solutions, the reduction of CR proceeded very slowly.

According to the previous discussed results, the main
reasons for this underperformance could be as follows: (i)
the availability of OH-groups at alkaline pH and the
adsorption of H»O; on the catalyst would decrease as the
catalyst was attached with the positively charged Na*, thus
affecting the reaction between catalytic species and H20:
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(Eg. 24). (ii) H202 is unstable at higher pH (alkaline
solution) and its auto decomposition produces H>O and O;
molecules and lose its oxidation capability (Eq. 25). (iii) the
activity of the Fenton reagent was reduced at higher pH
values due to the sharp decrease of reaction rate which
probably can be attributed to the formation of relatively
inactive ferryl ions (FeO?*) (Eqg. 26) and (iv) a high-valent
iron species (Fe'V=%) might be generated in alkaline
solutions, which is less reactive than hydroxyl radicals
("OH) (Eq. 27).

Hence, the activity of the heterogeneous Fenton reagent was
reduced at higher pH values owing to the sharp decrease of
reaction rate.

[EFe™ O~ -- Na* - 2(SO3) ~R—(NH3)2] + H20, _, [=Fe'"

O™ -- Na* -- 2(S03) 2-R—(NHz),] + H202 (24)
2H,0; — O3 + 2H,0 (25)
=Fe"O~ +Na*— =Fe"O~ +Na* (26)
= Fe'' + H,0, — =FeV=0 + H,0 (27)

As a result, the heterogeneous Fenton type processes could
be effectively operated at milder pH conditions and the
maximum 92.07 % degradation efficiency pH was obtained
at pH 7.4 within 60 min. Based on our results, additional
research will be carried out at a pH of 7.5.

The rate constant values, Kapp (Min™!) and the half-life time
ti2 were calculated from the slopes of the straight-line
portion of the first-order plots In (C/Co) as a function of the
exposure time at various pH solutions and the results are
displayed in table 6.

The peroxide hydrogen is critical parameter for the
degradation of the CR dye during Fenton oxidation. The
impact of H,O, concentration on the degradation of CR azo
dye during Heterogeneous Fenton-like oxidation was
investigated in the range of H.O2 concentration from 0.03 to
0.35 M at a fixed dye concentration of 20 mg/L, catalyst
loading of 0.1 g/L, pH solution of 7.5 and 25 °C. The impact
of H2O> concentration on the degradation efficiency of NZF
towards CR is depicted in fig. 11. Obviously, one can see
from table 6 that the heterogeneous Fenton-like reaction is
relatively sensitive to the H.O, concentration.

It has been observed that degradation efficiency slowly
increased from 54.67 to 59.09 % with the increase in the
H>0O, concentration from 0.03 to 0.12 M at a reaction time
of 60 min. However, the dye degradation efficiency was
hastily raised beyond H»O. concentration of 0.12 M
achieving the efficiencies of 90.39 and 92.72 % at 0.17 and
0.23M of H»O, respectively. Further increase in HxO-
concentration (i.e. 0.35 M), the degradation efficiency was
dramatically reduced, almost reaching 57.54 %.

At low concentrations (i.e. H.O, = 0.03-0.12 M), the
decomposition of dissolved H,O; on the catalyst surface of
NZF was rather low, producing less hydroxyl radicals ("(OH)
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which reduced the rate of oxidation and slightly decreased
the degradation efficiency?®.

However, with further H.O; concentration increase beyond
of 0.12 M, the degradation efficiency of NZF catalyst
significantly declined, almost achieving 57.54 % at H.0-
concentration of 0.35 M. This phenomenon could be
explained by the three possible reasons. First, the generation
of hydroperoxyl radicals (HO;"), which act as scavengers of
hydroxyl radicals ("OH) (Eg. 28). Second, "OH radicals
exhibited much lower oxidation capabilities and did not
contribute to the CR degradation (Eq. 29) which resulted in
a decrease in the degradation efficiency. Third, the radical—
radical reaction (Eg. 30) may occur in competition to
radical-organic reactions, thus leading to the more
consumption of *OH, which would not be consumed by the
dye. Based on our obtained results, 0.23 M of H,0, was used
in subsequent experiments.

H,0, +'OH —H,0 + HO", (28)
HO*; +'OH —H>0 +0; (29)
*'OH +'OH —H;0; (30)

Kinetic data of the heterogeneous oxidation of CR azo dye
at various H.O» concentrations were analyzed using the
pseudo-first-order kinetic model and the results are listed in
table 6.

The purpose of the experiments was to investigate the effect
of initial dye concentrations on degradation efficiency of
ZNF/H0O, catalytic system towards CR dye. The
experiments were performed at H,O, concentration of
0.23M, NZF catalyst dose of 1 g/L, pH 7.5, 25°C and various
CR concentrations ranging from 10 to 50 mg/ L. As shown
in fig. 12, the oxidation Kkinetic of the CR via the
heterogeneous Fenton-like process (NZF/H;O; system)
decreased with time and then achieved equilibrium after 60
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min. The degradation efficiency considerably rises from
52.46 to 92.07% as the initiall CR concentration was
increased from 10 to 20 mg/L and then noticeably decreased
t0 19.17 % for 50 mg/L. Optimum concentration of CR dye
removal (up to = 92.07%) was obtained at 20 mg/L.

At low initial concentration (i.e. 10 g/L), the rate of
oxidation of CR (52.46 %) was slightly low owing to the
self-scavenging effect of “OH by excess Fe?* in the NZF,
subsequently the lifetime of "OH radicals and the probability
of collision between CR molecules and "OH radicals were
reduced!. Furthermore, an increase in CR concentration up
to 20 mg.L?, the degradation efficiency of NZF catalyst
obviously increases to 92.1%. For given catalyst dosage
(m/v ration =0.23 M) and duration of oxidation (60 min), the
available “OH radicals on the catalyst surface are sufficient
to immediately react with CR molecules and consequently
result in an enhancement in the rate of oxidation of CR.

However, at higher amount of molecules (i.e. 30-50 mg/L)
in the suspension, gradually CR molecules were adsorbed on
the surface of the NZF catalyst which have an inhibitive
effect on the reaction of CR molecules with "“OH radicals due
to the lesser driving force of concentration gradient between
CR and NZF catalyst and the deactivation of iron active sites
of the catalyst, resulting in an inadequate production of ‘OH
radicals for the CR degradation. Besides, the free and
available *OH radicals compete with the active sites on the
surface of NZF for the target CR molecules (Eg. 31 and Eq.
32). It is important to highlight that a lower oxidant
H.0./CR dye molar ratio was unfavorable in the NZF
heterogeneous Fenton-like system, which may be due to the
limited generation rate of ‘OH radicals in the solution.
Therefore, 20 g/L of CR was selected as the dye
concentration for the following experiments.

=Fe2* + ‘'OH — =Fe3* + OH" (31)
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Fig. 11: Effect of H,O, concentration on the heterogeneous oxidation of CR
([NZF]=0.1 g.L},[CR]=20 mg.L™, pH=7.5 and T=25 °C)
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=Fe?* + "OOH— =Fe*" + OOH~ (32)
Fig. 13 depicts the time dependence of Ln (C/Co) as a
function of initial concentrations. The linear plots of Ln
(C/Co) vs. t, indicate a typical first-order reaction. The
kinetics parameters: the rate constants Kapp and the half-life
time, ty> were obtained from the linear regression (Table 6).

The effect of the catalyst dosage on the degradation of CR
was studied by varying the catalyst dosage m/v from 0.25 to
1.5 g.L! while keeping constant all the other operating
parameters; initial CR concentration 20 mg.L?, H.O:
concentration of 0.23 M, pH 7.5 and 25°C. As shown in fig.
14, at low catalyst dosages (i.e. m/v = 0.50 g.L?), the
degradation efficiency of 14.07 % was obtained in 60 min of
exposure oxidation time. By increasing dosage of catalyst
from 0.5 to 1.5 g.L?, the efficiency increased from 14.07 %
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(miv=0.5 g.L!) to 92.07 % (m/v=1 g.L') and thereafter
decreases almost reaching 15.32% (m/v=1.5 g/L).
Therefore, the degradation of CR was significantly affected
by the dosage of catalyst. The optimum dosage was observed
at 1 g/ L of catalyst and 92.07% degradation was achieved
within 60 min.

An increase in catalyst dosage from 0.5 to 1g/L would lead
to more production of the available iron active sites on the
surface of the catalyst for activation of H,O, to generate
more free reactive hydroxyl radicals ("OH), thus enhancing
the degradation efficiency of CR. However, when catalyst
dosage further increased beyond 1 g/L, the degradation
efficiency of CR was gradually decreased. The results can
be attributed to increase in the rate of decomposition of H,O,
to O owing to thermodynamic and mass transfer limitation.
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Fig. 12: Effect of initial CR concentration on the heterogeneous oxidation of CR
(INZF]=1 g.L %, [H202]=0.23M, pH=7.5 and T=25 °C)
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Fig. 13: Pseudo-first-order kinetics for heterogeneous oxidation of the CR at various initial CR concentrations
(INZF]=1 g.L%, [H20,]=0.23M, pH=7.5 and T=25 °C)
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Moreover, the scavenging effect of "OH radicals by the
excess Fe (1) ions on the surface of the catalyst (Eq. 33 and
Eqg. 34) and the tendency toward agglomeration of NZF NPs
are probably the primary factors responsible for the
reduction of the oxidation rate 5. Thus, a nearly complete
degradation was achieved at the optimum catalyst dosage of
1 g/L for 60 min of the heterogeneous Fenton like reaction.
Thus, 1g/L of NZF was selected as the catalyst dosage for
the subsequent experiments.

=Fell sites + 'OH — =Felll sites + OH"~
=Fell sites + *OOH =Felll sites + OOH"

(33)
(34)

The kinetic data of the heterogeneous Fenton-like oxidation
of CR using NZF as various doses were carried out under
pseudo-first order model conditions. The plots of In (C/Cy)
versus time were drown as shown in the inset of fig. 15. The
straight lines of these curves (until to 60 min) indicate that
the heterogeneous oxidation at different CR dye
concentration is pseudo-first order. The kinetic data from
pseudo-first-order model Kinetics are tabulated in table 6.

To understand the effect of temperature, the heterogeneous
oxidation studies were investigated by varying the
temperatures from 25 to 60 °C at the optimum conditions:
20 mgL*! of CR, 1g/L"t NZF catalyst, 0.23 M of H,O and
pH 7.5. Fig. 16 depicts the plot of heterogeneous oxidation
of CR as a function of reaction time at various temperatures.
It should be noted that that a higher temperature enhances
the rate of formation of the *OH radicals according to the
Arrhenius law, but also favors the decomposition of
hydrogen peroxide into oxygen and water which reduces the
efficiency of the heterogeneous Fenton process.

In addition, gradually increase in the temperature, the rate of
diffusion of the adsorbate molecules across the external
boundary layer and in the internal pores of the adsorbent
particle were increased owing to the decrease in the viscosity
of the solution?!.

30 40 50 60

Time (min)
Fig. 14: Effect of NZF catalyst dosage on the heterogeneous oxidation of
CR ([CR]=20 mg.L™?, [H20,]=0.23 M, pH=7.5 ,T=25 °C)
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Indeed, once the temperature was increased from 25 to 60
°C, the heterogeneous oxidation of CR by NZF/H;0;
process drastically declined from 92.07 to 29.45%. Three
possible reasons explain this behavior. First, it could be
attributed to the decreased oxygen solubility in water*. The
second reason is the non-stability of HO. at high
temperature more than 25°C (room temperature), which
affects the degradation efficiency of the catalyst through its
auto-decomposition to give H,O and O, (Eq. 35).5?

However, considering the degradation efficiency and
thermal energy supply in the form of temperature heat, 25
°C was selected as optimal operating temperature for further
experiments.

2H,0, — O, + 2H,0 (35)
In this study, the pseudo-first order model was used to
describe the heterogeneous Fenton-like process (NZF/H20-
system) at various temperatures of system. The plot of In
(C/Co) against time (t) is a straight line as illustrated in fig.
17. This suggests that the heterogeneous oxidation of CR dye
at different temperature follows a pseudo first-order rate law.
The data obtained for the kinetics experiment are shown in
table 6.

The dissolved inorganic anions exist in water and in dye-
containing industrial wastewater. These substances may
compete for the active sites on the catalyst surface or
deactivate the catalyst. Thus, the degradation rates of the
target dye decrease. Hydroxyl radicals are non-selective
and high reactive radicals with an oxidation potential which
are relatively high as compared to common oxidizing agents
like (H202, O3, O2 ...). These "OH radicals react with non-
target compounds present in the background water matrix
such as dye auxiliaries present in the dye bath. They cause
higher "OH radicals demand to achieve desired degree of
degradation, or complete inhibition of advanced degradation
rate and efficiency?.
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Fig. 15: Pseudo-first-order kinetics for heterogeneous oxidation of the CR at various catalyst dosage of NZF (JCR]=20
mg.L?, [H202]=0.23 M, pH=7.5 ,T=25 °C)
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Fig. 16: Effect of temperature on the heterogeneous oxidation of CR temperature
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Fig. 17: Pseudo-first-order kinetics for heterogeneous oxidation of CR at various temperature
(INZF]=1g.L %, [CR]=20 mg.L, [H.0,]=0.23 M and pH=7.5)
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Effect of the inorganic salt (i.e. Na,COz) on the degradation
of CR using NZF as a heterogeneous Fenton-like nano-
catalyst was also investigated in the concentration range
from 0 to 10 g.L!, while maintaining constant all the other

Rate constant and the half-life time values of degradation of CR by NZF catalyst as a function of different

operating parameters: 20 mg.L! of CR, 1g.L' of NZF
catalyst, 0.23 M of HyO0; pH 7.5 and 25 °C. The
experimental data are shown in fig. 18 and results are

displayed in table 6.

Table 6

investigated parameters

Investigated parameters Value n'(%) K x 10 (min) tiz (min)
pH of solution 7.5 92.07 3.8 49.15
10 31.60 0.78 8.92
12 32.89 0.81 8.56
0.03 54.67 1.52 4.560
0.06 56.09 1.52 4.56
0.12 59.94 1.84 3.77
H>O; concentration (M) 0.17 90.39 3.07 2.26
0.23 92.07 3.8 49.15
0.35 57.54 1.99 3.48
10 52.46 14 495
Dye concentration (mg. L) 20 92.07 3.8 49.15
30 56.86 1.67 415
50 19.17 0.41 16.91
0.25 15.32 - -
) 0.5 14.07 0.29 23.91
Catalyst dose (g.L.7) 0.75 20.13 0.43 16.12
1 92.07 3.8 49.15
15 15.32 1.54 4.50
25 92.07 3.8 49.15
40 40.82 1.00 51.34
Temperature of system (°C) 60 29.45 0.66 52.11
0 92.07 3.8 49.15
Inorganic salt (g.L™) 2.5 1.27 - -
5 3.6 - -
10 32.52 - -
ZF 2.50) - -
Operating conditions ZF/H,0; 5 - -
NZF 51.810 152 4.56
NZF/H,0, 92.07 3.8 49.15
*: adsorption
14 l
0,8 -
0,6 -
S
S
0,4 A
0g/L
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59/L
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o I
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Fig. 18: Effect of Na,COj3 on the heterogeneous oxidation of CR

(INZF]=1 g.L, [CR]=20 mg.L%, [H202]=0.23 M and pH=7.5 and T=25 °C)
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Anionic species studied had inhibitory effect in the
NZF/H,0, system. The discrepancy in degradation
efficiency observed for the whole Na,COs concentrations
can be explained on the basis of two aspects. First, CO3>
anions compete with anionic form of CR dye for positively
charged active sites at pH 7.5 available on the NZF surface
(Eg. 36 and Eq. 37). Second, CO3?>~ anions react with “OH
radicals, through its scavenging effects, to form the
corresponding radicals such as COs™ (Eq. 38).

=Fell-H3;0* +~ (SO3) z—R—(NH2)2—>[EFC|”-H3O--- (SO3)2

R—(NH2)2] (36)
=Fe-H;0* + CO3* —[=Fe'"'-H30----- COs] (37)
'OH + CO3~ —OH™ +COs (38)

Although, the reactivity of the produced COsz™~ anionic
radicals may be considered, they are less reactive than OH
due to their lower oxidation potentials®.

The degradation efficiencies of NZF catalyst toward CR in
various conditions such as NZF catalyst only (adsorption
system) and NZF/H,O; catalyst system (heterogeneous
Fenton-like process employing iron-based catalyst)
compared with that of the pristine ZF were investigated. As
shown in table 6, up to ~54% of CR was degraded after 60
min with NZF catalyst only. However, the mixture of
magnetic NZF and H,O; leads to a high degradation rate (up
to =92 %) which was attributed to synergetic effect of iron-
based catalyst, which resulted in increased production of
hydroxyl radicals and direct oxidation of CR species
indicating that NZF is a heterogeneous Fenton-like
catalyst*6.

Conclusion

In this study, ZnFe;Os (ZF) and NiosZnosFe,Os (NZF)
stable magnetically nano-ferrospinel particles were
successfully synthesized by a facile sol-gel method for
heterogeneous Fenton-like oxidation of azo dye (i.e. Congo
red) from the industrial aqueous media. The prepared
materials were characterized by XRD, SEM and UV-vis-
DRS. Single phase product formation was confirmed by
XRD and SEM. From XRD and UV-vis-DRS results, it is
highlighted that average crystallite size and band gap energy
are decreased owing to nickel ion substitution.

NZF exhibited high catalytic efficiency (up to ~92%) to
reduce CR within 60 min under optimum conditions of 20
mg L CR, 0.23 M H20,, 1 g L! catalyst, pH = 7.5 and 25
°C. The heterogeneous Fenton-like oxidations Kinetics were
correlated with pseudo first-order reaction. A plausible
mechanism of the increased heterogeneous Fenton-like
activity in NZF/H»O, process was proposed.
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