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ABSTRACT

The potential application of copper ferrite (CuFe,0O,) as a heterogeneous catalyst in the process of
phenol degradation was investigated using high performance liquid chromatography (HPLC).
CuFe, O, nanoparticles were synthesized by sol-gel auto combustion and co-precipitation methods,
and subsequently were calcined at 500°C and 750°C. The prepared ferrites were characterized for
their morphology, crystallinity, purity, and stability using various techniques such as X-ray diffrac-
tion (XRD), infrared spectroscopy (IR), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), thermogravimetric analysis (TGA), and BET surface area analysis. The sol-gel
derived CuFe,O, particles exhibited spinel phases of higher porosity and crystallinity as well as
higher catalytic activity toward the degradation of phenol. Calcination of CuFe,O, resulted in larger
particles of higher purity and crystallinity, but of lower catalytic activity towards the degradation
of phenol. The catalytic activity of the sol-gel CuFe,O, was compared with the activity of two other
sol-gel prepared ferrite catalysts, zinc ferrite (ZnFe,0O,) and magnesium ferrite (MgFe,O,) cata-
lysts, and with a commercial titanium dioxide (TiO,) catalyst. Among these catalysts, HPLC results
demonstrated that CuFe,O, exhibited the highest catalytic activity towards the degradation of phe-
nol. Furthermore, the effects of several experimental parameters on the degradation rate of phenol
over CuFe O, were investigated including the solution pH, reaction temperature, H,O, concentration,
catalyst loading, H,O, addition mode, stirring, and the presence of UV or sunlight radiations. The
degradation rate was enhanced by increasing the H,0O, concentrations, the CuFe O, catalyst loadings,
or the reaction temperature. A faster and complete removal of phenol was observed under acidic
conditions or under the presence of UV or sunlight radiation. CuFe,O, was successfully regenerated
and reused for five degradation cycles without noticeable loss in its activity.
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1. Introduction ical, plastic, polymer, fiberglass, cosmetics, pharmaceutical,
paints, dyes, leather, adhesives, smelting and metallurgi-
cal industries [1]. Due to its highly toxic, carcinogenic and
endocrine disrupting properties, strict standards have been
placed to control phenol discharges into the water bodies
[2,3]. Phenol and its derivatives constitute the 11th in the 126
chemicals list designated as the primary pollutants by the
Environmental Protection Agency (EPA) in the USA [1]. The

Since the beginning of the industrial revolution, differ-
ent types of pollutants have been introduced to the envi-
ronment. Among these pollutants, phenol is reported as a
refractory pollutant presents in the wastewater discharges of
various industries including petroleum refining, petrochem-
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EPA has set a limit of 0.1 ppm for phenol levels in the waste-
water discharges [1]. Consequently, several techniques have
been developed to remove phenol from industrial waste-
waters which can be divided into biological degradation [4]
and other physico-chemical separation processes including
flocculation [5], adsorption [6] and separation membranes
[7]. The biodegradation processes are adequate for low con-
centrations of phenol, around 50 ppm or lower, and they
are relatively slow which does not allow for high degrees
of removal [3,8]. The classical physico-chemical separation
processes, on the other hand, involve the transfer of phenol
into another phase which in turn requires a post-treatment
process [3,9]. An alternative promising method is the cata-
lytic advanced oxidation processes (AOPs) which degrade a
variety of organic pollutants.

The AOPs are chemical methods based on the genera-
tion of active free radicals, such as hydroxyl radicals (HO®).
The highly active, non-selective hydroxyl radicals are able
to react with all classes of organic pollutants, resulting in
complete mineralization to carbon dioxide and water [9,10].
Hydrogen peroxide (H,O,) is widely used as an effective
source of free hydroxyl radicals due to its complete solubil-
ity in water which eliminates mass transfer resistances [3].
Moreover, H O, is an ecological reactant that does not form
any toxic by-products [3]. However, to enhance the decom-
position of hydrogen peroxide to free hydroxyl radicals, a
source of energy or a catalytic system (homogeneous or het-
erogeneous) is needful. The system which consists of hydro-
gen peroxide in conjunction with iron (IT) ions in water
solution is called Fenton’s reagent [3]. The generation of
hydroxyl radicals from hydrogen peroxide in a Fenton-type
system occurs according to the following reaction [3]:

H,0, + Fe*" — Fe*’'HO - +OH 1)

Fenton-type reactions can be employed to treat a vari-
ety of wastewaters containing different hazardous pollut-
ants such as phenols, pesticides, formaldehydes and plastic
additives [11]. However, homogeneous Fenton systems are
highly pH sensitive and produce large volumes of chemical
wastes which need further treatments [1,3]. Therefore, dif-
ferent heterogeneous Fenton catalysts have been developed
to treat wastewater.

Spinel ferrites are metal oxides which widely used in
various applications due to their unique phsico-chemical
and electrical properties. They are also used as catalysts
in removing organic pollutants [12,13]. For example, Liu
et al. has used nickel ferrites (NiFe,O,) synthesized by the
hydrothermal method for the degradation of rhodamine B
in the presence of oxalic acid [14]. Moreover, Nivethitha et al.
has used zinc and cobalt ferrite nanoparticles for the degra-
dation of methylene blue, crystal violet and alizarin red dyes.
Spinel ferrites have the general formula of MFe,O,, where
M?* represents a divalent metallic ion such as Fe**, Mn**, Ni*,
Co*, and Cu?*". The spinel ferrite unit cell consists of a face
centered cubic lattice of oxygen ions, with the M** and Fe**
ions located in the tetrahedral and octahedral sites of the lat-
tice [15]. The catalytic properties of the spinel ferrites depend
on the redox properties of the transition metal ions (M>*) and
their distribution among the octahedral and tetrahedral sites
[15]. In addition, the synthesis method and the particle size
of the catalyst play a role in determining its catalytic activ-

ity [15]. Different methods have been suggested to prepare
spinel ferrite nanoparticles including combustion, micro-
wave, sol-gel, co-precipitation and solid-state reactions [12].
The sol-gel and co-precipitation methods are the most well-
known techniques for preparing ferrites. The advantages of
these preparation methods are the high productivity, sim-
plicity, clean and green synthesis, and commercially feasible
work-up procedures [16]. The sol-gel method creates porous
nanoparticles after a thermal reaction between metal nitrates
and a reducing agent such as citric acid. Typically, the prepa-
ration procedure involves dissolving the metal nitrates and
the reducing agent in water, stirring and heating until water
evaporates and finally forming a gel. Further heating above
250°C causes exothermic combustion and a rapid evolution
of heat. This creates high crystallinity ferrites with open pore
structures [17]. The co-precipitation method is a low-tem-
perature preparation method for precipitating nanoparticles
from metal salt aqueous solutions. Due to the low prepara-
tion temperature of the co-precipitation method, the pre-
pared ferrites are usually of low crystallinity with additional
amorphous impurity phases. Therefore, additional anneal-
ing at temperatures above 500°C is necessary to increase the
phase purity and crystallinity [18].

Among various ferrites, CuFe,O, has many distinctive
features, and therefore, it is used in different applications.
It showed high reactivity, chemical stability, and dura-
bility in catalytic processes [19-21]. It was used in photo-
catalytic degradation of methylene blue [22] as well as in
converting CO to CO, [23]. Further, CuFe, O, was applied to
initiate the fabrication of 1,4-dihydropyridines, B, y-unsat-
urated ketones [24] and o-aminonitriles [25]. In the present
work, the application of CuFeO, as a catalyst for phenol
remediation was investigated. The CuFe O, powders were
prepared by sol-gel auto combustion and co-precipitation
methods, and were characterized by different techniques
such as X-ray diffraction (XRD), IR, TGA, SEM, TEM and
BET surface area analysis. The prepared CuFe,O, catalysts
were then subjected to heat treatment at 500°C and 750°C.
The catalytic activities of the CuFe,O, catalysts, prepared
via different methods and at different calcination tempera-
tures, towards the degradation of phenol were investigated
and compared. Two other ferrite catalysts, ZnFe,O, and
MgFe,O,, were also prepared and compared to CuFeO,
catalyst. A commercial TiO, catalyst was also used for com-
parison purposes. The influences of several experimental
conditions on the removal of phenol were investigated,
such as the solution pH, reaction temperature, catalyst
loading, H,O, concentration, H,0, addition mode, stirring,
and the presence of UV or sunlight radiation.

2. Materials and methods
2.1. Catalysts preparation

The main catalyst used in this work, copper ferrite
(CuFe,0,), was prepared by two different methods, namely
the sol-gel auto combustion and the co-precipitation meth-
ods. Two other ferrite catalysts (MgFe,O, and ZnFe,O4)
were also prepared via the sol-gel method for the pur-
pose of comparison. Additional comparative studies were
carried out using TiO, (>99%) which was purchased from
Sigma-Aldrich and was used as received.
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In the sol-gel method, the different catalysts were
prepared by mixing a stoichiometric amount of ferric
nitrate powder (Fe(NO,),.9H,0) with the corresponding
metal nitrate salts (Cu(NO ) 3H,0, Mg(NO,),.6H,0 or
Zn(NO,),.6H,0) in measured Volumes of dlstllled water
Citric acid was then added to form a homogeneous solu-
tion. The molar ratio of the ferric nitrate to metal nitrate to
citric acid was 2:1:3. The solution was heated up to 80°C
using a hot plate with continuous magnetic stirring. Then
ammonium hydroxide solution was added to the solution
to adjust the pH value to 8. The obtained mixture was evap-
orated at about 100°C until it became viscous. The mix-
ture was kept overnight at room temperature to obtain a
highly viscous gel which was then heated using a hot plate
to initiate a self-propagating combustion reaction accom-
panied with vigorous evolution of gases. The resulting
ash-like powder was crushed and grinded to form a very
fine powder. Hereafter, this powder is referred to as “as-
preparedCuFe,O,”. Thermal treatments for the as-prepared
samples were carried out at temperatures of 500°C and
750°C in air for 5 h.

In the co-precipitation method, copper ferrite catalysts
were prepared by two different procedures. In the first pro-
cedure, a solution of Fe(NO,),.9H,0 and Cu(NO,),.3H,0
was prepared in a ratio of 2:1 with continuous stirring
followed by rising the temperature to 60°C. In order to
adjust the solution pH in the range of 10-12, drops of 5 M
NaOH solution was added slowly to the solution and then
cooled down to room temperature. The precipitate was fil-
tered and washed well with distilled water, and then dried
in an oven at 120°C. The second procedure was carried
out by mixing 0.05 mole Fe(NO,),.9H,0 with 0.025 mole
Cu(NO,),.3H,0 in 100 ml dlstllled water Afterward, 75 ml
of 4 M NaOH were added to the solution and then heated
up to 90°C for 2 h with stirring. The precipitate was filtered
and washed well with distilled water, and then dried in an
oven at 120°C. All the obtained as-prepared powders from
the above-mentioned two co-precipitation procedures were
further subjected to heat treatments at 500°C and 750°C in
air for 5 h.

2.2. Catalysts characterization

The different as-prepared and calcined catalyst samples
were characterized by X-ray diffractometer to determine
the quality, identity, structure, phase transition, purity, and
crystallite size of the catalysts. XRD data were collected by
PANalytical Powder Diffractometer (X'Pert PRO) using
Cu-Ka radiation (. = 1.5406 A, 40 kV, 40 mA). Diffraction
patterns were collected in the 26 range of 10°-80°, with a step
size of 0.02°. The crystallite sizes of the analyzed catalysts
was obtained using the Debye-Scherrer formula [26]:

K

L= 2
BcosO @

where K is the Scherrer’s constant and is equal to 0.9, A is
the wavelength in nm used in the XRD instrument, B is
the peak width at half maximum, 6 is the diffraction angle
and L is the crystallite size in nm.

The morphologies of the ferrite powders were visual-
ized using scanning electron microscopy (SEM). The SEM

measurements were carried out using FEG QUANTA 250
operating at 30 kV. Transmission electron microscopy
(TEM) images for all the prepared ferrite catalysts were
obtained by FEI Tecnai 20 with an accelerating voltage of
200 kV. The ferrite powders were also characterized by
Nicolet i510 FT-IR spectrometer, using a KBr pelletat room
temperature with a spectral range of 400—4,000 cm™. Ther-
mogravimetric analysis (TGA) was conducted to determine
the weight loss percentage in ~10 mg of the as-prepared fer-
rite powder as a function of temperature. The process was
accomplished when the measured sample was heated up
to 750°C in nitrogen with a heating rate of 15°C/min. BET
surface analyzer (Quanta chrome, Autosorb 06) was used
to determine the specific surface area, pore size and pore
volume of the ferrites. N, physisorption was carried out at
liquid N, temperature (77 K), and the surface area was cal-
culated using the BET method.

2.3. Phenol degradation experiments

Different experiments were designed and performed to
investigate the catalytic activity of the prepared ferrite cata-
lysts toward the degradation of phenol in water. In a typical
experiment, the reaction was carried out in an open 250 con-
ical flask containing 100 mL of 200 ppm phenol solution and
a pre-determined volume of 30% H,O,. Unless otherwise
mentioned, 30 mg of a catalyst were added to the mixture
which was kept at the room temperature with continuous
stirring. Samples were withdrawn every 30 min and imme-
diately filtered using a 0.2-pm nylon membrane filters to
remove the suspended catalyst particles. The filtrate was
directly analyzed for phenol concentration using high pres-
sure liquid chromatography (HPLC, Shimadzu) equipped
with a UV detector which was set at 280 nm. The mobile
phase was composed of a mixture of methanol, water, and
acetic acid in a percentage ratio of 35:64:1, respectively.
Volumes of 10 pL of the filtrate were injected via an auto
sampler through a C18 column (Restek, 150 x 4.6 mm) at a
flow rate of 1 mL/min.

The applied HPLC method was accurate and suitable
for tracing the phenol degradation process. The identi-
fication of the reaction intermediate products, such as
hydroquinone and catechol, was also accomplished by the
same HPLC method. From environmental point of view,
the removal of such intermediates from wastewater is an
important concern since they are as harmful as phenol. It is
worth mentioning that in this work and based on the HPLC
results, complete removal of phenol and its intermediates
was achieved under the following reaction conditions:
increasing the reaction time, increasing the reaction tem-
perature, increasing the H O, concentration, lowering the
pH of the reaction solution, or exposing the reaction to UV
or sunlight radiation.

The degradation efficiency of the catalyst was calcu-
lated by applying the following equation:

(G -C)

0

Degradation % = x 100 3)

where C, is the initial phenol concentration and C, is the
residual phenol concentration in the solution at a given

time.
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The degradation process of phenol was modeled using
the following first-order integrated expression [2]:

C
ln[cj =Kt (4)

0

where C is the residual phenol concentration in the solu-
tion in ppm, k is the reaction rate coefficient, t is the time
in minutes, and C, is the initial concentration of phenol in
ppm. The rate constant (k) can be calculated from the slope
of In(C/C,) vs. time.

Moreover, the activation energy of the phenol degrada-
tion reaction was determined using Arrhenius equation [2]:

E

k=Ae T )

where k is the reaction rate constant, A is the pre-exponential
factor, E, is the activation energy, R is the gas constant,
and T is the temperature. The activation energy can be
calculated by substituting two rate constants and the two
corresponding reaction temperatures into the equation:

mhohfl 1 (6)
k, R\T, T,

where kand k, are the reaction rate constants at tempera-
tures T, and T, respectively.

3. Results and discussion
3.1. Catalysts characterization
3.1.1. XRD characterization

XRD measurements were performed for all the as-
prepared and calcined ferrites which were synthesized via
the sol-gel and co-precipitation methods. Fig. 1(A) shows
the XRD patterns of the sol-gel, as-prepared CuFeO,
sample. The XRD pattern of the as-prepared sample is in
agreement with the data for standard CuFe,O, (JCPDS card
77-0,010), and with literature reports [27-29]. The observed
reflection from planes (111), (220), (311), (222), (400), (422),
(511), (440), and (533) for the sol-gel, as-prepared CuFe,O,
confirms that the CuFe,O, was made up of mostly pure
crystallites of spinel ferrite with a cubic phase [30]. The
XRD patterns of the other sol-gel, as-prepared ZnFe, O, and
MgFe O, are illustrated in Fig. 1(B), and they are matching
the diffracted peaks in JCPDS cards 79-1,150 and 71-1,232,
respectively, and in agreement with literature reports
[31-33].

The effect of calcination on the phase structure of the
sol-gel, as-prepared CuFe,O, is clear in Fig. 1(C). Starting
with a cubic structure of the as-prepared sample, calcina-
tion at 500°C or 750°C results in a transition to the tetrago-
nal phase of CuFe O, [34]. The reflections on the tetragonal
crystal lattices are (101), (112), (200), (103), (211), (202), (004),
(220), (312), (105), (303), (321), (224), (400), (413), (422) and
(404). Moreover, increasing the temperature is expected to
increase the size of the crystallites [35]. In order to evalu-
ate such increment, the crystallite size was calculated using
Eq. (2) and found to be 27 and 32 nm for as-prepared and
calcined sol-gel derived samples, respectively.

Fig. 1(D) represents the diffraction patterns of CuFe,O,
prepared by co-precipitation methods I and II. Comparing
the XRD patterns in Figs 1(A) and (D) indicates that the
CuFe,O, prepared by the sol-gel method is of higher purity
and crystallinity. The XRD patterns of the sol-gel derived
samples show all the distinctive peaks that confirm the
presence of cubic or tetragonal ferrite phases. However, the
situation is different for the samples prepared by co-precipi-
tation methods I and II. The diffractograms of these samples
indicate the presence of other iron and copper oxides in the
samples.

The XRD patterns suggest that the formation of spinel
CuFe O, is enhanced by increasing the calcination tempera-
ture to 750°C. This is more obvious from XRD results of the
sol-gel samples (Fig. 1(C)) which suggest that the calcina-
tion may promote the solid-state reaction [36]:

CuO + Fe,0, > CuE,0, @)

3.1.2. FTIR characterization

Ferrites are known to have two vibrational modes which
are related to the variations of the cations and the oxygen ions
in two different sublattices. The highest frequency mode v, at
~600 cm™ is related to the stretching vibration of iron-oxygen
ions in tetrahedral sites, while the lowest absorption band v,
at ~400 cm™ is related to stretching vibration of metal-oxygen
ions in octahedral sites [37]. There are several factors that
affect the position of the peaks in the IR spectrum such as
concentration and mass of the prepared metal oxide, the
distance between the cations and oxygen, and the bonding
forces [38]. The variations in the absorption bands among the
prepared ferrites, as depicted in Fig. 2, can be attributed to the
change in the distance of metal-oxygen bonds in the tetrahe-
dral and octahedral sites, and to the type of the metal Cu, Zn,
or Mg [39]. The values of the highest frequency characteristic
peak v, of the prepared ferrites are summarized in Table 1.

The observation of additional absorption peaks in the
range of 1,000-1,750 cm™ for the co-precipitation derived
samples may suggest incomplete chemical reactions or
complexation processes between metal ions. However,
similar IR spectra were observed for ferrites in the literature
[40-43]. The peaks at around 1,640 and 3,500 cm™ are
attributed to HO bending mode and stretching mode of
H,O molecules, respectively [37,44].

3.1.3. TGA characterization

The thermal stability of the as-prepared, sol-gel and
co-precipitation ferrite samples at elevated temperatures
was investigated by TGA. The TGA curves of the different
prepared ferrites are presented in Fig. 3, which show the
mass losses in the temperature range between 25°C and
750°C. The total weight loss of each sample prepared by the
sol-gel method, CuFe,O,, MgFe,O, or ZnFe,0,, was about
2%. The surface water molecules can be expected to evapo-
rate when the temperature reached about 120°C, after which
subsequent decomposition of hydroxides, oxides or organic
residuals may occur. Above 500°C, no loss in weight was
detected which suggested the generation of stable ferrite
phases [32,45].
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Fig. 1. XRD patterns of ferrite samples: (A) Sol-gel, as-prepared CuFe,O,, (B) sol-gel method: as-prepared ZnFe,O,and as-pre-
pared MgFe,O,, (C) sol-gel, CuFe,0O, samples: as-prepared, calcined at 500°C, and calcined at 750°C, (D) as-prepared CuFe,O, by
co-precipitation methods I and II, (E) co-precipitation method I, CuFe,O, samples: as-prepared, calcined at 500°C, and calcined at
750°C, (F) co-precipitation method II, CuFe,O, samples: as-prepared, calcined at 500°C, and calcined at 750°C.
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Fig. 2. FTIR spectra of ferrite samples: (A) sol-gel method: as-prepared ZnFe,O, and as-prepared MgFe,O,, (B) sol-gel; CuFe,O, sam-
ples: as-prepared, calcined at 500°C, and calcined at 750°C, (C) co-precipitation method I; CuFe,O, samples: as-prepared, calcined at
500°C, and calcined at 750°C, (D) co-precipitation method II; CuFe,O, samples: as-prepared, calcined at 500°C, and calcined at 750°C.

Table 1

The characteristic IR absorption band for the Zn, Mg, and Cu
ferrites prepared by various methods and annealed at different
temperatures

Type of sample V. (cm™)
Sol-gel, as-prepared CuFe,0O, 577
Sol-gel CuFe,O, calcined at 500°C 571
Sol-gel CuFe,O, calcined at 750°C 575
Co-precipitaion I, as-prepared CuFe,O, 599

Co-precipitaion I, CuFe,O, calcined at 500°C 572
Co-precipitaion I, CuFe,O, calcined at 750°C 562
Co-precipitaion II, as-prepared CuFe,0O, Not detected
Co-precipitaion II, CuFe,0, calcined at 500°C 551
Co-precipitaion II, CuFe,O, calcined at 750°C 645
Sol-gel, as-prepared ZnFe,0, 543
Sol-gel, as-prepared MgFe O, 566

3.1.4. SEM and BET characterization

The SEM images of the different ferrite samples are
depicted in Fig. 4. The first image (A) represents the as-
prepared CuFe,O, sample prepared by the sol-gel method.
It shows porous, sponge-like particles. The formation of
these pores might be due to the liberation of the entrapped
gases during the combustion of the gel. The average pore
diameter is determined by BET analysis, and it is equal to
15.8 nm, and the surface area is 25.18 m?/g. The effect of
calcination on the morphology of the sol-gel CuFeO, is
illustrated in SEM images (A), (D) and (E). Comparing the
images of the sol-gel as-prepared sample with that of the
calcined samples clearly indicates that the number and size
of the pores were decreased with increasing the calcination
temperature up to 750°C.

Fig. 4(B) displays the SEM image of the as-prepared
CuFe,O, sample synthesized by co-precipitation method L
The image indicates that the particles are arranged as flakes.
Moreover, agglomeration and elongation of the particles are



274 N. Hamdan et al. / Desalination and Water Treatment 69 (2017) 268-283

102
g (A)
] 100 -
o
=
20
(]
s 98 -
96 T T T
25 225 425 625
Temperature (°C)
102
e (©)
a 100 -
o
=
20 98
Q -
=
96 T T T
25 225 425 625

Temperature (°C)

102
_ (B)
< 100 -~
3 \
Lo
=
.80
v 98 -
=
96 T T T
25 225 425 625
Temperature (°C)
102
100 - (D)
S
a 98 -
°
® 96 -
()
=
9% -
92 T T
25 225 425 625

Temperature (°C)

Fig. 3. TGA plots of different as-prepared ferrites: (A) CuFe,O, prepared by sol-gel, (B) ZnFe,O, prepared by sol-gel, (C) MgFe,O,
prepared by sol-gel, and (D) CuFe,O, prepared by co-precipitation L.

observed. The BET analysis revealed that the average pore
diameter is 2.8 nm, and the surface area is 41.7 m?/g. On
the other hand, a rugged surface of as-prepared CuFeO,
synthesized by co-precipitation method II as shown in
image (C).

Image (F) shows a porous, rough surface of the sol-gel,
as-prepared ZnFe,O,. The surface area was measured using
the BET analysis and found to be 80.9 m?/g with pore size
of 2.3 nm. Fig. 4(G) displays the SEM image of the sol-gel,
as-prepared MgFe O,, with a surface area of 79 m*/g and
pore size of 8.5 nm. Comparing images (A), (F), and (G)
clearly indicates that the morphology of the different ferrites
(CuFe,O,, ZnFe,0O,, and MgFe,0,) prepared by the same
method (sol-gel) varies with the chemical composition, in
agreement with the literature [46].

3.1.5. TEM characterization

Fig. 5 presents the TEM images of different ferrite
samples. The particle sizes of the as-prepared sol-gel and
as-prepared co-precipitation derived CuFe,0, samples
were 25 and 7 nm, respectively. Such differences in the par-
ticle sizes reveal the effect of the preparation method on the
size of the particles. Additionally, the TEM images illus-
trate that the size of the particles is affected by the chemical

composition of the prepared ferrite, where the particle sizes
of CuFe,O, and MgFe O, are 25 and 80 nm, respectively.
Moreover, the increase in particle size upon calcination was
clearly noticed in the TEM analysis. The particle sizes of the
different prepared ferrites are listed in the Table 2.

3.2. Phenol degradation reactions
3.2.1. Catalytic activity

To get an initial insight into the phenol degradation
process, three experiments were carried out at room
temperature as described in Section 2.3. An experi-
ment examined the degradation reaction using the sol-
gel, as-prepared CuFe,O, catalyst only (without H,O,),
while another experiment employed H,O, only (without
CuFe,O, catalyst). The third experiment investigated the
degradation reaction using both H O, and CuFe,O,. The
results are displayed in Fig. 6 which clearly shows that
the degradation of phenol occurred when both H,0, and
CuFe,O, were used in the reaction mixture. In this degra-
dation process, H,0, acts as the source of hydroxyl rad-
icals which are responsible for attacking and degrading
phenol. The production of such radicals is induced by the
CuFe,O, catalyst. It is worth noting that no phenol removal
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Fig. 4. SEM images of ferrite samples: (A) sol-gel, as-prepared CuFe,0O,, (B) co-precipitation method I, as-prepared CuFe,O,,
(C) co-precipitation method II, as-prepared CuFe,O,, (D) sol-gel, calcined at 500°C CuFe,O,, (E) sol-gel, calcined at 750°C CuFe,0O,,
(F) sol-gel, as-prepared ZnFe,O,, (G) sol-gel, as-prepared MgFe,O,.

Fig. 5. TEM images of ferrite samples: (A) sol-gel, as-prepared CuFe,O,, (B) sol-gel, calcined at 500°C CuFe,O,, (C) sol-gel, calcined at 500°C
CuFe,O,, (D) co-precipitation I, as-prepared CuFe,O,, (E) co-precipitation II,as-prepared CuFe,O,, and (F) sol-gel, as-prepared MgFe,O,.

274 274
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Table 2
TEM particle size results of different ferrite samples

Sample name Particle ~ Average
size range particle
(nm) size (nm)
Sol-gel, as-prepared CuFe,O, 10-35 25
Sol-gel CuFe,O, calcined at 500°C 20-45 36.5
Sol-gel CuFe,O, calcined at 750°C 25-45 36
Co-precipitaion I, as-prepared CuFe,0,  5-10 7.5

Co-precipitaion I, CuFe,O, calcined at 500°C  5-15 7.5
Co-precipitaion I, CuFe,O, calcined at 750°C  5-25 15

Co-precipitaion I, as-prepared CuFe,O, 5-8 6.5
Co-precipitaion II, CuFe,O, calcined at ~ 15-40 27.5
500°C
Co-precipitaion II, CuFe O, calcined at ~ 20-45 32.5
750°C
Sol-gel, as-prepared MgFe O, 10-150 80
1 $ s g
0.8 -
0.6 -
d
o
0.4
=& CuFe,0, (No H,0,)
=&~ H,0,(No CuFe,0,)
0.2 1 CuFe,0, and H,0,
0
0 50 100 150 200 250 300

Time (min)

Fig. 6. Phenol removal in the presence of CuFe,O, only, H,O,only,
or both CuFe,O,and H,0O, (30 mg sol-gel, as-prepared CuFe,O,
catalyst, 1 M H,O,, 25°C, no pH adjustment, no UV or sunlight).
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was observed when using CuFe O, only (without H,0,).
This indicates that phenol does not directly react or adsorb
onto the CuFe,O, surface.

When using both H O, and CuFe O, in the reaction mix-
ture, H,O, can be activated on the CuFe,0, surface and gener-
ates hydroxyl radicals which react with phenol in water. Such
reaction can remove a hydrogen atom from the phenol ring and
produce new radicals which may react again with H O, [47]:

HO' + phOH — phO" + H,0 ®)

phO" + H,0, — oxidized products — CO, + H,O 9)

Accordingly, the degradation of phenol was mainly
caused by the CuFe,O, catalyst in the presence of H,0,.
The rate of the phenol degradation reaction followed a
first-order kinetics with respect to phenol concentration

as shown in Fig. 7. According to Eq. (4), the reaction rate
constant was found to be 3.3 x 10° min™.

3.2.2. Effect of different catalysts

The catalytic activity of the sol-gel, as-prepared CuFe,O,
towards phenol degradation was compared with the other
sol-gel, as-prepared catalysts (ZnFe,O, and MgFe,O,) and
with the commercial TiO, catalyst. The results are shown in
Fig. 8. The CuFe O, catalyst clearly exhibited the highest cat-
alytic activity compared to the ZnFe O,, MgFe,O, and TiO,
catalysts. About 65% of phenol was removed after 300 min
when CuFe,0, was used and the total removal of phenol
was achieved after 8 h. However, after 300 min only 15% of
phenol was removed when MgFe O, or TiO, were used, and
only 2% of phenol was removed when ZnFe,O, was used.
Such variations in the catalytic activities among the used
catalysts can be attributed to different electronic, chemical
or structural properties of the different catalysts. Interest-

0 T T T T T
*
0.2 P
*
-0.4 *
i)
S 06 y = -0.003x
2 R?=0.955
£
-0.8 ¢
1 *
-1.2
0 50 100 150 200 250 300
Time (min)

Fig. 7. First-order kinetics of phenol degradation in aqueous
solution over sol-gel, as-prepared CuFe,O, catalyst (30 mg
catalyst, 1 M H,0O,, 25°C).
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Fig. 8. Catalytic activities of sol-gel, as-prepared ferrites
(CuFe,0O,, ZnFe,0O, and MgFe,0,) and commercial TiO, (30 mg
catalyst, 0.5 M H,0,, 25°C, no pH adjustment, no UV or sunlight).
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ingly, the catalytic activity of the CuFe,O, is significantly
than that of TiO, which is considered as one of the most
used catalysts in many industrial processes. All the degra-
dation reactions followed a first-order kinetics as indicated
in Table 3. The high catalytic activity of copper containing
ferrites has been reported in the literature for reactions such
as oxidation of organic dyes, decomposition of alcohols and
benzoylation of aromatics [15,48-50]. The high activity of
copper can be attributed to the presence of the redox pair
Cu*/Cu?* at the catalyst surface where both can react with
H,O, producing hydroxyl radicals [15].

3.2.3. Effect of preparation method

The influence of the CuFe O, preparation method, sol-
gel or co-precipitation, on the degradation of phenol was
investigated. Fig. 9 demonstrates that the sol-gel as-prepared
CuFe,O, catalyst was the most active catalyst compared to
the catalysts synthesized by co-precipitation methods I and
II. After 5 h, for example, the phenol removal was about
65%, 45%, and 10%, for sol-gel, co-precipitation I, and co-
precipitation II derived samples, respectively. The highest
activity of sol-gel derived sample may be due to the high
purity ferrite phase formed by this method, as confirmed by
XRD measurements (Fig. 1(A)). Additionally, the different
preparation methods lead to different surface morphologies
and pore structures, as indicated by SEM images (Fig. 4). The
sol-gel CuFe O, catalyst exhibited more pores, which may
facilitate the generation of OH radicals that are responsible

Table 3
Reaction rate constants of phenol degradation using different
catalysts

Type of catalyst k (min™) R?
CuFe,0, 2.7 x10° 0.9825
MgFe,0, 5.0 x 10 0.9935
TiO, 2.0 x 10 0.9326
1 B:
N
0.8 -
0.6
g
)
04 —— sol-gel
—{fli— co-precipitation | >
02 | co-precipitation Il
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Fig. 9. Catalytic activities of as-prepared CuFe,O, catalysts
synthesized by sol-gel and co-precipitation I & II methods
(30 mg catalyst, 0.5 M H,O,, 25°C, no pH adjustment, no UV or
sunlight).

for phenol degradation. The reaction rate constants using
the different CuFe,O, catalysts are provided in Table 4.

3.2.4. Effect of calcination temperature

Fig. 10 reveals that the catalytic efficiency of the sol-gel
CuFe,O, catalysts decreased as the calcination tempera-
ture increased. Thermal treatments at 500°C or 750°C of the
sol-gel as-prepared CuFe,O, resulted in larger particles with
less pores, as shown in the SEM images. This may reduce the
interactions between the catalyst and reactants, and conse-
quently limiting the catalytic activity of the calcined CuFe,O,.
The reaction rate coefficients are represented in Table 5.

3.2.5. Effect of catalyst loading

The influence of the sol-gel, as-prepared CuFe O, catalyst
loading on the degradation of phenol is depicted in Fig. 11.

Table 4
Reaction rate constantsof phenol degradationusing CuFe,O,
catalysts prepared via different methods

Preparation method k (min™) R?
Sol-gel 2.7 x 107 0.9825
Co-precipitation I 19 x 107 0.9083

—@— calcined at 750 °C
—o— calcined at 500 °C
0.2 as-prepared

0 50 100 150 200 250 300
Time (min)

Fig. 10. Catalytic activities of CuFe,O, catalysts prepared by
sol-gel: as-prepared, calcined at 500°C, and calcined at 750°C
(60 mg catalyst, 0.5 M H,O,, 25°C, no pH adjustment, no UV or
sunlight).

Table 5
Reaction rate constants of phenol degradation using sol-gel
CuFeO, calcined at different temperatures

Annealing temperature (°C) k (min™) R?

As-prepared 5.6 x 107 0.9630
Calcined at 500°C 3.3x10°° 0.9515
Calcined at 750°C 31 x107° 0.9565
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0 50 100 150 200 250 300
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Fig. 11. The effect of sol-gel, as-prepared CuFe,O, loading on
the degradation of phenol (0.5 M H,0,, 25°C, no pH adjustment,
no UV or sunlight).

Generally, a higher catalyst loading is expected to enhance
the degradation of H,O, and the generation of OH radicals,
and consequently enhancing the degradation of phenol.
However, increasing the catalyst loading and the amount
of hydroxyl radicals may result in a scavenging effect in
which H,O, react with OH radicals instead of reacting with
phenol [51]. The competition reaction between OH radicals
and phenol will slow down the degradation process of phe-
nol. As indicated by Fig. 11, using 90 mg of CuFe,O, slightly
enhanced the degradation of phenol as compared to the reac-
tion with 60 mg of CuFe,O,. In both cases, the removal per-
centage of phenol after 24 h was 100%. Another explanation
can be the agglomeration of the catalyst particles as the load-
ing increases and consequently reducing the available active
sites on the catalyst surface [52]. The reactions followed a first
order kinetics, and the rate constants are presented in Table 6.

3.2.6. Effect of reaction temperature

The phenol degradation efficiency by the sol-gel, as-
prepared CuFe,O, catalyst at different reaction temperatures
is presented in Fig. 12. As can be observed, the degradation
of phenol was increased by increasing the reaction tempera-
ture. Phenol was completely removed after 30 min at 50°C and
after 90 min at 40°C. While for the reaction conducted at room
temperature, complete removal phenol from the solution was
observed after 24 h. This can be attributed to the fact that at
elevated temperatures more vigorous collisions between mol-
ecules occur, and therefore a faster degradation process is
expected [53]. However, raising the temperature up to a cer-

Table 6
Reaction rate constants of phenol degradation using different
loadings of the sol-gel, as-prepared CuFe,O, catalyst

Catalyst loading (mg) k (min™) R?

30 2.7 x 1073 0.9825
60 5.6 x 107° 0.9630
90 7.6 x 1073 0.9382

0.8

0.6 -

C/Co

0.4 == T=25°C
—4— T=40°C
~@—- T=50°C
0.2 A
0 4
0 50 100 150 200 250 30¢
Time (min)

Fig. 12. Effect of temperature on the degradation of phenol using
sol-gel, as-prepared CuFe,O, (30 mg catalyst, 0.5 M H,O,, no pH
adjustment, no UV or sunlight).

tain level might deplete the removal of phenol due to the incre-
ment in the decomposition rate of H O, to O, and H,0 [51,54].

The reaction rate constants (k) were determined at 298
and 313 k and found to be 0.0027 and 0.0272 min™, respec-
tively. The activation energy E_was then calculated accord-
ing to Eq. (6) and found to be 120 kJ/mol.

3.2.7. Effect of initial pH

A sequence of pH adjustments of phenol solutions
was conducted using 0.1 M HCI or 0.1 M NaOH to study
the influence of pH on the phenol degradation. The pH is
expected to affect the stability of hydrogen peroxide, the
stability of the catalyst, and the phenol degradation mech-
anism [55]. Fig. 13 shows the effect of the initial pH of the
solution on the degradation of phenol. Obviously, more
phenol removal was achieved under acidic conditions, in

0.8

0.6 -
-]
o
~
o
0.4
=>=pH=10.07
pH=8.46
0.2 =H=pH=6.4
~—pH=4.4
—4—pH=2.6
0 *— T T T T
0 50 100 150 200 250 300
Time (min)

Fig. 13. Effect of initial pH on the degradation of phenol using
sol-gel, as-prepared CuFe,0O, (30 mg catalyst, 0.5 M H,0,, 25°C,
no UV or sunlight).
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agreement with the literature [56,57]. At a pH of 2.6, phenol
was completely removed within 30 min, but more time was
required to remove phenol at high pH values. However,
extremely acidic pH solutions can cause the metals to leach
out from the catalyst to the solution, and consequently act-
ing as a homogenous catalyst. Under alkaline conditions,
H,O, can be decomposed into O, and H,O instead of free
hydroxyl radicals which reduce the degradation of phe-
nol [1]. The reactions follow first-order kinetics as can be
deduced from Table 7.

3.2.8. Effect of H,O, concentration and addition mode

Phenol degradation was investigated at different ini-
tial concentrations of H O,. Fig. 14 shows that reactions
at higher H,0, concentrations promote a faster phenol
removal. A higher H O, concentration may result in a higher
production of hydroxyl radicals which in turn facilitates the
degradation of phenol [56]. However, further increase of
H,O, concentration may induce other reactions which neg-
atively influence the phenol removal efficiency. An excess
amount of H,0, may increase the chance for OH radicals to
react with H O, and produce the less active HO, radicals in
a process called self-quenching [52,58]. A complete removal
of phenol for each of the tested H,O, concentrations was
achieved after 24 h at room temperature. The reaction rate
constants are displayed in Table 8.

Table 7
Reaction rate constants of phenol degradation under various
initial pH values

pH % Phenol remained k (min™) R?
after 300 min
44 22% 6.8 x 10°° 0.9882
6.4 43% 2.7 x 1073 0.9825
8.46 60% 19 x 1073 0.9690
10.07 83% 7.0 x 10~ 0.9954

C/Co

thihke

1.25 M H,0,

0 50 100 150 200 250 300
Time (min)

Fig. 14. Effect of H,O, concentration on the degradation of
phenol using sol-gel, as-prepared CuFe,O, (30 mg catalyst, 25°C,
no pH adjustment, no UV or sunlight).

Table 8
Reaction rate constants of phenol degradation under several
H,O, concentrations

H,0O, concentration (M) k (min™) R?

1.25 51 %1073 0.9818
1 3.3x107° 0.9558
0.5 2.7 x 107 0.9825
0.25 2.0 x 107 0.9886
0.1 1.6 x 103 0.9413
0.05 4.0x10* 0.9982

Two addition modes of H,O, to the reaction mixture
were examined for the degradation of phenol. One mode
was achieved by adding 5 mL of H,O, continuously to the
reaction mixture with a feeding rate equal to 0.14 mL/min
using a peristaltic pump. The second mode was carried out
by entirely adding 5 mL of H,O, as a single-shot at the begin-
ning of the reaction. Fig. 15(A) indicates that the removal
efficiency is higher for the continuous addition of H,O,
compare to the single-shot addition. The percent phenol
removed in both reactions after 210 min is around 45% for
the single-shot addition mode and 59% for the continuous
addition mode. In the single-shot addition mode, starting
with a high concentration of H,0, at the beginning of the
reaction may promoted the self-quenching effect of OH rad-
icals giving lower chance for phenol to be attacked by the
OH radicals. In contrast, the continuous addition of H,0, in
small amounts will decrease its scavenging effect and in this
case the produced OH radicals will have higher chance to
attack and degrade phenol.

In order to test the influence of the feeding rate of H,O,
on the degradation process, two different feeding rates of
0.14 and 0.07 mL/min were examined in the continuous
mode under the same reaction conditions. The removal of
phenol at both flow rates after 250 min was around 14%
and 16%, respectively, as revealed in Fig. 15(B). Apparently,
changing the feeding rate doesn’t considerably affect the
degradation efficiency of phenol. Table 9 represents the rate
constant values of the reactions of different addition modes
of H,0, and different flow rates.

3.2.9. Effect of UV radiation and stirring

To further study the degradation process of phenol,
the effect of UV radiation was investigated. Two reaction
mixtures were subjected to UV radiation (using a UV lamp,
UVGL-58 Handheld) at a wavelength of 254 nm. One reac-
tion mixture was stirred and the other one was kept without
stirring, and the results are presented in Fig. 16. For com-
parison purposes, two additional reactions (with and with-
out stirring) were carried out without being subjected to UV
radiation, and the results are displayed in Fig. 17. Compar-
ing Figs. 16 and 17 clearly indicates that the degradation of
phenol is enhanced under UV radiation. After 300 min, the
phenol removal without UV radiation was only 50% with
stirring and 77% without stirring conditions, whereas phe-
nol removal under UV radiation reached 85% with stirring
and 100% without stirring conditions.
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Fig. 15. Removal of phenol using sol-gel, as-prepared CuFe,O,: (A)
effect of H )0, addition mode and (B) effect of H,0, addition flow
rate (30 mg catalyst, 25°C, no pH adjustment, no UV or sunlight).

Table 9
Reaction rate constants of phenol degradation under different
H,0, addition modes and flow rates

k (min™) R?
Addition mode
Single-shot 2.7 %107 0.9825
Continuous 39 x 107 0.9942
Flow rate (mL/min)
0.14 39 %1073 0.9942
0.07 3.2 %107 0.9626

Fig. 17 represents the effect of stirring on the degradation
reaction of phenol without UV radiation. Interestingly, the
results suggest that the phenol degradation with no stirring
is higher than the one carried out with stirring (at 300 rpm).
This may be attributed to lower interactions of H,0, with
the catalyst surface under stirring conditions which leads to
a lower decomposition of H,O, into OH radicals.

Under UV radiation (Fig. 16), more phenol degradation
was achieved with no stirring condition compared to the stir-
ring condition. The stirring of the reaction mixture made it
more turbid which may reduce the penetration of the UV radi-
ation into the reaction mixture. As a result, less OH radicals
were generated and less degradation of phenol was obtained.

== UV and strirring
0.8 —i— UV without stirring
0.6 -
o
(8]
~
)
04 -
0.2 -
0 T T T
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Time (min)

Fig. 16. Effect of UV radiation on the degradation of phenol
under different stirring conditions (30 mg catalyst, 25°C, 0.5 M
H,0,, no pH adjustment).
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Fig. 17. Effect of stirring on the degradation of phenol (30 mg
catalyst, 0.5 H,O,, 25°C, no pH adjustment, no UV or sunlight).
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As a photocatalyst, it is expected that UV radiation
enhances the activity of CuFe,O, towards the decomposi-
tion of H,0, and phenol (a photo-Fenton process). This can
be simplified as the photo reduction of ferric ions (Fe*) to
ferrous ions (Fe?*) as in the following equation [52]:

Fe(OH)*" + hvFe? - HO (10)

These ferrous ions (Fe**) will consequently react with
H,O, and generate OH radicals according to Eq. (1). More-
over, when CuFe,O, interact with UV radiation, the elec-
trons in the valence band will be excited into the conduction
band producing photo generated holes. The produced
electron-hole pairs enable the oxidation and reduction
reactions that degrade phenol molecules. In addition,
water molecules react with the photo generated holes and
generate OH radicals which can also contribute to the deg-
radation of phenol [12]. In addition, the direct photolysis
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of H,0, by UV irradiation can contribute to the formation
of OH radicals, and hence to the degradation of phenol
according to the following reaction [59]:

H,0, + Hv2 - HO (11)

3.2.10. Effect of sunlight

To study the effect of sunlight on the catalytic activ-
ity of sol-gel as-prepared CuFe,O,, a mixture of 100 ml of
phenol and 30 mg of the catalyst was kept under sunlight.
One drop of H,0, was added to the reaction mixture every
15 min. For comparison, the same experiment was carried
out under the same conditions by using the other prepared
sol-gel ferrite catalysts (ZnFe,O, and MgFe,O,), and the
commercial TiO,. As illustrated in Fig. 18, the activity of the
catalysts towards phenol degradation found to be: ZnFe O,
<MgFe,O, < TiO, < CuFeO,.

Fig. 19 compares the photo degradation of phenol
under UV radiation and under sunlight using the sol-gel,
as-prepared CuFe O,. The figure reveals that after 160 min
the removal of phenol reached 100% under sunlight com-
pared to only 55% under UV radiation. The higher perfor-
mance of CuFe,O, under sunlight can be related to wider
spectrum and variety of wavelengths provided by sunlight.
For example, sunlight consists of 46% visible light, 49%
infrared radiation and only 5% UV radiation [12]. Econom-
ically, this is important since sunlight is readily available
and costless in contrast to the expensive UV radiation.

Titanium dioxide was further tested for phenol degra-
dation under sunlight and without sunlight. Fig. 20 clearly
shows that the catalytic activity of TiO,was high only under
sunlight. Interestingly, the sol-gel as-prepared CuFeO,
catalyst was active with or without radiation, unlike TiO,
which needs sunlight to be an active catalyst.

3.3. Regeneration of copper ferrite catalyst

The sol-gel as-prepared CuFe,0O, catalyst was recov-
ered after the reaction by filtration and then dried over-
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Fig. 18. Effect of the sunlight on the degradation of phenol using
different catalysts (30 mg catalyst, one drop H,O, every 15 min,
no pH adjustment).
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Fig. 19. Effect of the sunlight or UV radiation on the degradation
of phenol using sol-gel, as-prepared CuFe,O, (30 mg catalyst,
one drop H,0, every 15 min, no pH adjustment).
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Fig. 20. Effect of sunlight on the activity of TiO, toward phenol
degradation (30 mg catalyst, one drop H,O, every 15 min under
sunlight or 0.5 M H,0, if no sunlight, no pH adjustment).
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Fig. 21. Effect of regeneration and repeated cycles of the sol-gel
CuFe,O, catalyst on removal of phenol (30 mg catalyst, 0.5 H,O,,
25°C, no pH adjustment, no UV or sunlight).
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night in an oven at 130°C in order to be used in the next
reaction. The CuFe,O, catalyst was regenerated and reused
five cycles without significant loss in its catalytic activity as
shown in Fig. 21. This is a major requirement in industrial
applications since the catalyst can be easily regenerated and
successfully reused in successive reactions. Complete phe-
nol removal was achieved in all cycles after 24 h at room
temperature using the regenerated CuFe,O,.

4. Conclusions

Copper ferrites (CuFe,O,) nanoparticles were suc-
cessfully prepared by sol-gel auto combustion and co-
precipitation methods. The catalytic properties of the
CuFe,O, nanoparticles were investigated in the Fenton
reaction for the degradation of phenol in aqueous solu-
tions. CuFe O, catalysts synthesized via the sol-gel route
were characterized by higher porosity, purity, crystallinity
and catalytic activity compared to the CuFeO, catalysts
obtained by the co-precipitation method. CuFe O, catalysts
were found to lose their catalytic activity towards phenol
degradation when calcined at elevated temperatures. The
CuFe O, catalyst showed the highest activity towards phe-
nol degradation among other catalysts, with the following
order: CuFe,0O, > TiO, > MgFe O, > ZnFe,0O,. The phenol
degradation process using sol-gel, as-prepared CuFeO,
catalysts was investigated under different experimental
condition such as the solution pH, reaction temperature,
H,O, concentration, catalyst loading, H,O, addition mode,
stirring, and the presence of UV or sunlight radiations. The
degradation rate was enhanced by increasing the H,O, con-
centrations or increasing the CuFe,O, catalyst loadings.
Moreover, complete removal of phenol and its intermediate
products was achieved at high reaction temperatures, acidic
pH, or presence of UV or sunlight radiation. The CuFeO,
catalyst was successfully regenerated and reused effectively
up to five cycles without significant loss in its catalytic
activity. The CuFe,O, catalyst can be a potential catalyst in
treating industrial wastewater.
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