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Abstract: The nickel ferrite-activated carbon samples NiFe;Oas/Activated carbon and NixFes«0a/Fe;03/AC, x = 0.25; 0.5 obtained by co-precipi-
tation followed by thermal treatment in inert atmosphere, were studied for discoloration of Bromocresol Purple (BCP), Bromothymol Blue
(BTB) dyes and their mixture as model contaminants under UV-A light. The prepared materials were investigated by XPS, PXRD and XRF analysis,
FT-IR spectroscopy, SEM, EDX, BET method and TG analysis.

The photocatalyst with composition NixFesx0s-AC, x = 1 has demonstrated the highest photocatalytic activity towards discoloration of the BTB
in comparison with the others tested materials NixFes x0s/Fe203/AC, x = 0.25; 0.5. These results can be explained with the smaller particle sizes,
the mesoporous structure, the higher degree of crystallinity and higher content of hydroxyl groups. This study proved that the obtained nickel
ferrite-activated carbon materials are suitable as photocatalysts for discoloration of the BTB dye. They have demonstrated also relatively high
adsorption ability towards BCP dye.

Keywords: NiFes «Os/Fe.0s/AC, Bromocresol Purple, Bromothymol Blue, mesoporous structure.

stability, non-toxicity, low cost and abundance.[®7]
Hematite has many applications as catalyst, optical
properties, for hydrogen production and in water
purification.[®! Activated carbons (ACs) find application in

INTRODUCTION

N The spinel ferrites with a general formula of MFe;0,,
are known as magnetic nanoparticles with a spinel

structure.[! The spinel crystal structure possesses chemical
and thermal stability and improved photocatalytic proper-
ties. The nickel ferrite is a compound with narrow band gap
(about 1.7 eV) and demonstrated a high photocatalytic
activity under visible light.[23! Nickel ferrite (NiFe;04) pos-
sesses magnetic properties (superparamagnetic, ferrimag-
netic, or paramagnetic) depend on its morphology and
particle size.l!] NiFe,04 find applications in catalysis, solid
oxide fuel cells, magnetic data storage devices.[*>]
Hematite (a-Fe,03) is an n-type semiconductor and has a
band-gap 2.0-2.2 eV. Hematite possesses a chemical

the field of environmental protection due to their excellent
adsorption properties because of their appropriate pore
volume and high surface area.l8] L. F. Velasco et al.[% show
that activated carbon (AC) support (carbon/titania
composite) promotes the photodegradation of phenol. The
presence of the carbon support enhanced the rate of the
process and its chemical and textural properties also have
an impact.l°l

The increasing of water contamination is mainly due
to the human activities leading to the production of
wastewater. Various pollutants such as organic and
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inorganic compounds, cause water pollution. The dyes are
the most complex organic contaminants widely used in the
industries. The overuse of dyes causes the existence of the
organic wastewater in the environment.!'% The photocata-
lytic degradation is an effective technique for the removal
of toxic dyes in a water media.l'!] The excellent anti-corro-
sion and magnetic properties, and large surface area of
these materials make them attractive for the photocatalytic
applications.['2-16] The ferrites can easily to be separated
after photocatalytic processes, due to their magnetic prop-
erties and this leads to lower process costs.[17]

Photocatalytic degradation of Bromothymol Blue
(BTB) in aqueous solutions has been investigated using vari-
ous photocatalysts as TiO,, supported ZnO onto clinoptilolite,
CuO, chitosan/magnetite and graphene/chitosan/ magnetite
nanocomposites, ZnS, CdS and CusS by researchers.[18-21]

S. Belattar et al. have studied the decolorization of
Bromocresol Purple (BCP) using goethite (a-FeOOH) as an
inducer.l?2 S, Mohamed Abu El Hassan Mosa has investi-
gated the removal of Bromocresol Purple dye and Carminic
Acid from polluted water using silver nanoparticle, ferrous
sulfate and H,0,.[23

Nickel ferrite-based composites are obtained and
investigated by various research groups.[47.824-283031]
NiFe,04 nanostructures have been produced using auto-
combustion sol-gel route and incorporated with activated
carbon as electrode material.l24l Nickel ferrite-activated
carbon nanocomposite synthesized by hydrothermal
method was investigated for selective electrochemical
detection of dopamine by T.K. Aparna et al.2°! S. I. Moussa
et al.?6l have obtained activated carbon/NiFe;0,4 composite
by a precipitation method and applied it for removal of
Cu(ll), and Zn(l1) ions from aqueous solutions. A. C. Frohlich
et al.27l have synthesized NiFe,04/activated carbon mag-
netic composite by hydrothermal method and investigated
it as adsorbent to remove the emerging pharmaceutical
pollutants ibuprofen and ketoprofen from aqueous solu-
tions. S. Bricefio et al.[28] have prepared NiFe,04 supported
on activated carbon from petcoke and studied it magnetic
properties. Superparamagnetic NiFe,04 nanoparticles and
NiFe;04/AC nanocomposite were obtained using the hydro-
thermal and co-precipitation method by M. J. Livani et al.[®
Recently, we have investigated nickel ferrite-activated car-
bon materials as photocatalysts for degradation of
Malachite Green (MG) and Reactive Black 5 (RB5) dyes from
aqueous solutions under UV-light. The results have
revealed that the degree of degradation of MG dye is higher
compared with that of RB5.[29I R. Dridi et al.[l deposited on
glass substrates NiFe,Os/a-Fe,03 films and tested their
photocatalytic activity about the degradation of Methylene
Bleu dye under sunlight. Y. Zhang et al.[”] have been pre-
pared Fe;03 nanorod arrays by solvothermal method and
in-situ  synthesized a hierarchical flower-like nickel

ferrite/hematite  heterojunction via facile solution
qguenched method. The hierarchical magnetic porous y-
Fe,03@NiFe,04 composite with high adsorption efficiency
has been synthesized in air by sol-gel auto-combustion
method by A.l. Borhan et al.?% Y. Zheng et al.[3!] have been
prepared a charcoal-shaped NiFe,04/Fe,03 electro-Fenton
catalyst for degradation of Rhodamine B. NiFe;04 nanopar-
ticles and a NiO@NiFe;O4 composite have been prepared
using hydrothermal method by Y. Zhang et al.32

Nanosized copper ferrite materials CuyFe;_xO4, 0 < x
< 1 with different stoichiometries have been synthesized
and their photocatalytic activity to the decolorization of
Malachite green oxalate under UV irradiation was tested by
K. Zaharieva et al.33! Other research groups have been stud-
ied many composite structures based on nickel ferrite
materials and various transition metal oxides, such as
TiO,,134 Bi,053% etc. Our survey on the available literature
concerning the nickel ferrites reveals that the data about
the influence of different stoichiometry of NiFe,04/AC
powders on their structural and photocatalytic properties
in the presence of model dyes are incomplete and this fact
inspired our present study.

Itis known that wastewaters contain admixture from
various contaminants. For that reason in our study we per-
formed the photocatalytic experiments using separately
BCP or BTB dyes as well as their mixture as model pollu-
tants. The data, observed in the literature concerning the
photocatalytic degradation of BCP and BTB dyes are very
scarce. We think that investigation of these dyes is environ-
mentally important because they could be release into the
waters from manufactures.

The present work deals the preparation and charac-
terization of NiyFes_xO4/AC, x = 1; NiyFes_,O4/Fe;03/AC, x =
0.25; 0.5 composites with different stoichiometries. Vari-
ous physicochemical methods are used to investigate the
effect of stoichiometry, structure, morphology and textural
characteristics on their adsorption capacity and photocata-
lytic ability towards UV-induced discoloration of model
dyes and their mixture.

EXPERIMENTAL

Synthesis of the Nickel Ferrite/Activated
Carbon Materials

The NixFes—x04/AC, x = 1; NiyFes_04/Fe,03/AC, x = 0.5; 0.25
(labeled as N1, N2 and N3) materials with different stoichi-
ometry were prepared by the co-precipitation procedure.
The initial aqueous solutions of 0.03 M Ni(NOs); - 6H,0
(VWR Prolabo BDH chemicals) and Fe(NOs)s-9H,0 (Alfa
Aesar) were mixed in 1:2, 1:5 and 1:11 volume ratios to
prepare samples N1, N2 and N3, respectively. Then 2 g of
activated carbon (AC) from peach stones (provided by
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Laboratory for "Chemistry of Solid Fuels" at the Institute of
Organic Chemistry with Centre of Phytochemistry, Bulgar-
ian Academy of Sciences, Bulgaria and the synthesis was
described in ref.3¢]) were added to the already prepared
solutions mixtures. Water solution of sodium hydroxide
(0.3 M, Valerus Co) was added slowly drop by drop into the
mixture during continuous stirring. The precipitant was
added to pH = 12.5 and after that the mixture was continu-
ously stirred for one more hour. The obtained precipitates
were centrifuged and washed with distilled water until neu-
tral reaction medium was reached (pH = 7), after that were
dried at 110 °C for 3 hour in air medium. The calcination
was carried out at 400 °C for 210 minutes in inert nitrogen
atmosphere. The yields of produced samples N1, N2 and N3
are 80 %, 82 % and 82 %, respectively.

Physicochemical Characterization

The powder X-ray diffraction analysis was performed on a
X-ray powder diffractometer "Empyrean" within the range
of 26 values between 6° and 100° using Co Ka radiation
(A =0.17902 nm) at 40 kV. The structural parameters were
calculated using the Powder Cell software.37]

The X-ray fluorescence analyses were carried out by
WDXRF (Wave-dispersive x-ray fluorescence) Spectrometer
Rigaku Supermini 200.

The surface composition and electronic structure
were investigated by X-ray photoelectron spectroscopy
(XPS). The measurements were carried out on AXIS Supra
electron- spectrometer (Kratos Analitycal Ltd.) using achro-
matic AlKa radiation with a photon energy of 1486.6 eV and
charge neutralisation system. The binding energies (BE)
were determined with an accuracy of +0.1 eV. The chemical
compositions in the depth of the films were determined
monitoring the areas and binding energies of O1s, Ni2p and
Fe2p photoelectron peaks. Using the commercial data-pro-
cessing software of Kratos Analytical Ltd. the concentra-
tions of the different chemical elements (in atomic %) were
calculated by normalizing the areas of the photoelectron
peaks to their relative sensitivity factors.

Fourier-transform infrared spectra were collected on
Bruker-Vector 22 apparatus in the range of 400-4000 cm™1,
using KBr pellets.

The morphology of the synthesized nickel ferrite-AC
samples was investigated using scanning electron micro-
scope (apparatus JEOL JEM-200CX) at accelerating voltage:
80 keV.

Thermogravimetric analyses (TG) were performed in
inert atmosphere on TGA-4000 Perkin Elmer instrument
(temperature range 40-800 °C, heating rate of 10 °C / min).
The express BET method was applied to measure the spe-
cific surface area, based on low-temperature adsorption of
nitrogen. The relative error of the method is about 8 %.

The specific surface area and the pore size distribution
measurements were carried out on an automated appa-
ratus NOVA Win—CFR Quantachrom—Gas Sorption
System. The surface area was calculated using the BET
equation, whereupon the pore size distribution and the
average pore diameter were evaluated by the DFT method
assuming a cylindrical model of the pores. The total pore
volume was estimated in accordance with the rule of
Gurvich at relative pressure of 0.96. Prior to the measure-
ments, the samples were degassed at 100 °C for 1 hour.

Photocatalytic Measurements

The photocatalytic discoloration of Bromocresol Purple
(BCP), Bromothymol Blue (BTB) dyes and their mixture in
ratio 1:1 as model pollutants with initial concentration of
aqueous solution of the dye - 7 ppm has been investigated.
The synthesized NixFes—«O4/AC, x = 1; NiFes-,O4/Fe,03/AC,
x=0.5; 0.25 as photocatalysts were used. The UV-A illumina-
tion lamp with maximum emission at 365 nm; 18 W and illu-
mination intensity 2.6 mW cm-2was used. The photocatalytic
tests were performed in the presence of 1 M HCl acid at
pH =3 and 0.015 M solution of H,0,. It was proved that the
pH value of the model solution has almost no effect on the
degradation of BTB dye.[!81 W, Baran et al.38 established that
Bromocresol purple dye degrades better in acidic medium
than in alkaline conditions. The photocatalytic measure-
ments were carried out in semi-batch slurry reactor
equipped with two frits blowing tiny bubbles of air in order
to saturate the solution in dissolved oxygen using 0.15 g pho-
tocatalyst and 150 mL of dye solution under constant stirring
rate (400 rpm). The tested systems, the dye solution and
photocatalyst were stirred in the dark for about 30 min
before switching on the UV irradiation for 2 hours in order to
reach adsorption-desorption equilibrium state. The investi-
gations of the photocatalytic abilities of Ni,Fes—,O4/AC, x = 1;
NixFes—O4/Fe,03/AC, x = 0.5; 0.25 materials were carried out
by taking aliquot samples of the suspension out of the reac-
tion vessel after regular time intervals. After that the centrif-
ugation was performed in order to separate photocatalytic
sample from the aliquot solution before the UV-Vis spectro-
photometric evaluation of the dye concentration, based on
previous calibration. Then the photocatalyst powder,
together with the aliquot solution, was returned back into
the reaction vessel, which ensured operation under constant
volume and amount of the photocatalytic powder. The reac-
tion course was monitored by UV-Vis absorbance spectro-
photometer UV-1600PC in the wavelength range from 200 to
800 NnM (Amax = 590 nm for BCP and Anax = 440 nm for BTB).
The apparent rate constants (kqpp) Were calculated assuming
a pseudo-first-order kinetic reaction:

CO —
In[?] _tkapp (1)
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where Co and C are respectively initial concentration before
turning on the illumination and residual concentration of
the dye solution after illumination in the course of given
time interval.

The adsorption capacity of the materials was
calculated using the formula (2):

(Cc, - CV
m

Q= (2)

where Gy is initial dye concentration, Cis dye concentration
after 60 min, V is solution volume, and m is sample mass.

RESULTS AND DISCUSSION

The Powder X-ray diffraction patterns of the synthesized
NixFesx04/AC, x = 1; NiyFes-,O4/Fe;03/AC, x = 0.5; 0.25 (N1,
N2 and N3) materials and AC are displayed on the Figure 1.
The presence of stoichiometric and non-stoichiometric
spinel nickel ferrite phase (ICDD-PDF file — 10-0325; PDF file
- 73-0603) was established. The hematite phase (PDF file —
89-0599) was also registered in NiFes-404/Fe;03/AC, x =
0.5; 0.25 samples N2 and N3. Also was registered peak,
corresponding to the carbon phase (PDF file — 56-0160) in
materials N1, N2 and N3. The decrease of the intensity of
carbon peaks for samples N1-N3 due to the decrease in
graphitization degree proves formation of composites
between activated carbon and metal oxides.3%41 The
calculated average crystallite size, lattice microstrain
parameter and unit cell parameter of the spinel ferrite and
hematite phases are presented in Table 1. The mean
crystallite size of spinel ferrite phase and hematite is about
13.3-14.76 nm and 26.74-29.21nm, respectively.

XPS analysis have been carried out to determine the
chemical state and surface composition of the
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Figure 1. PXRD patterns of prepared NiFe;—«04/AC, x = 1;
NixFes—x04/Fe203/AC, x=0.5; 0.25 (N1, N2 and N3) materials
and AC.

NixFes-x04/AC, x = 1; NixFes_xO4/Fe203/AC, x = 0.5; 0.25 (N1,
N2 and N3) powders. The data show that spectra of O, Ni
and Fe were registered on the sample surface. The O1s
peaks are wide and asymmetric and could be deconvoluted
into several components. The first one at ~530.3 eV is
assigned to lattice oxygen in Fe;03 and the chemical bond
of NixFe;—x04.111 The second one at ~531.9 eV is attributed
to iron in conjunction with OH groups. The last two peaks
could be attributed to carbon in carbon-oxygen surface
adsorbed particles, coming from surface contamination
(Figure 2) and water. The low intensity peak at 855.2 eV
corresponds to NiFe,04 crystalline phasel*?! (Figure 2). The

Table 1. Calculated values of average crystallite size (D),
lattice strain (€) and unite cell parameter (a) of NixFes—xO4
(x = 1,0.5;0.25) and Fe;03 phases of the NisFes-O4 /AC,
x = 1; NisFes—,O4 /Fe203/AC, x = 0.5; 0.25 (N1, N2 and N3)
samples.

Sample Phase D/nm ex103/au. a/A
N1 NixFes-«Oa (x = 1) 133 2.59 8.31
NixFes-»Os (x = 0.5) 14.74 2.75 8.33

N2 Fe203 26.74 2.06 5.01
NiFes-»0s (x =0.25)  14.76 2.77 8.34

N3 Fe203 29.21 2.21 5.01
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Figure 2. Deconvolution of O1s spectra (a) and Fe2p (b)
and Ni2p (c) core level spectra NisFes—xO4/AC, x = 1;
NixFes—x04/Fe203/AC, x=0.5; 0.25 (N1, N2 and N3) powders.

Croat. Chem. Acta 2023, 96(1), 9-20

DOI: 10.5562/3947



ROATICA
CT
A

K. ZAHARIEVA et al.: Photocatalytic UV-Induced Approach ... 13

spectra of iron corresponds to Fe;Os, NixFes—«O4, and
FeOOH with binding energy at ~710.2 eV, 711.1 eV and
712.6 eV (Figure 2). The XPS results for the chemical com-
position of the powders, given in Table 2 revealed that the
sample N2 possess the highest content of Niions. This does
not correlate with the initial Ni content, due to the fact, that
the XPS is surface analysis method (the signal is taken from
the surface at a depth of 3-10 nm). The differences in com-
position between the evaluated by XPS and the initial com-
position, according to the experimental procedure could be
due to the accumulation of Niions on surface.

It was established that the sample N1 possesses the
largest content of surface OH groups (see Table 2). The
surface composition of prepared NisFes—«0s/AC, x = 1;
NixFes—xO4/Fe,03/AC, x = 0.5; 0.25 (N1, N2 and N3) materials
established by XPS analyses is presented in Table 2.

The XRF study determined the content of Ni (32.9
mass %) and Fe (61.7 mass %) for sample N1; Ni (17.6
mass %) and Fe (76.5 mass %) for sample N2; Ni (8.4 mass

Table 2. Concentration of the elements on the surface in at.
% by XPS.

sample O [at.%] Ni[at.%]  Fe[at.%]  Ototal/Ohydroxyl groups
N1 82.3 7.3 104 3.6
N2 78.2 8.4 13.4 3.9
N3 71.9 5.5 22.6 5.1
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Figure 3. FT-IR spectra of prepared NixFes_,04/Fe,03/AC, x =
0.25; 0.5 and NiyFes-04/AC, x =1 (N3, N2 and N1) samples.

%) and Fe (85.9 mass %) for sample N3. The results from
XRF analyses established that the obtained elemental
compositions corresponding well with the initial stoichio-
metric compositions of the prepared samples.

The FT-IR spectra of synthesized samples recorded in
the range 400-4000 cm™! are shown in Figure 3. The
presence of absorption peaks below 700 cm= are indic-
ation for all ferrites.[*3] The bands about 3425-3443 cm-!
corresponding to O—H stretching mode of hydroxyl groups
and adsorbed water.144 The absorption bands around 574~
593 cm~1 are associated with the stretching vibration of the
tetrahedral metal-oxygen bond and 410-477 cm™! corre-
sponding to the metal-oxygen vibrations in octahedral
sites.[#345] The band around 1500-1600 cm-! could be
attributed to the aromatic C=C ring stretching for activated
carbon.[*®l The band at 1150 cm! can also be associated
with C—0 symmetric and asymmetric stretching vibration
(~C—-0—C-ring).[47]

The SEM photographs revealed that the sample N3
possesses ferrite particles with different — irregular shape.
The dominate particles size of sample N3 is above 20
micrometers (Figure 4), while the sample N2 possesses
smaller particles having size up to 10 micrometer. The
porous structure of the activated carbon was also clearly
visible. As can be seen, some ferrite particles are situated
in the pores and on the surface of activated carbon. The
ferrite material with the highest content of nickel ions
NixFes_»O4/AC, x = 1 (N1) possess the particles with the
smaller size in comparison with the other two samples -
NixFes—xO4/Fe,03/AC, x = 0.5, 0.25 (N2 and N3). It has to be
noted, that the considerable share of small sized ferrite
particles enter into the activated carbon pores. Another

Figure 4. SEM pictures of synthesized nickel ferrite-activated
carbon powders: NiyFe3—404/AC, x = 1; NiyFes_404/Fe,03/AC,
x = 0.5; 0.25 (N1, N2 and N3) samples at different
magnifications: A) 1000 and B) 5000x.

DOI: 10.5562/cca3947
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part of these particles remains on the surface of activated
carbon. The all samples possess inhomogeneity and the
wide range of particle sizes, especially in N3.

On the Figure 5 are shown the EDX spectra and
chemical composition of synthesized NixFes-04/AC, x = 1;
NixFes-x04/Fe,03/AC, x=0.5; 0.25 (N1, N2 and N3) samples.
The EDX spectra indicate the presence of Ni, Fe, O and C
peaks without other elemental contaminations.

The TG curves of the synthesized samples N1-N3 are
shown on Figure 6. The weight loss up to 300 °C is
attributed to the dehydration of physically and chemically
adsorbed water. The weight loss up to 600 °C due to the
small quantity of unreacted ions vaporize in their oxide
forms.[#8] The decomposition of activated carbon starts at
temperatures above 600 °C.[8] The total weight losses were
determined to be 24.9 %; 21.8 %; 21.7 % for the samples
N1; N2 and N3.

On Figures 7A-10A are presented the adsorption
isotherms of the activated carbon and NiyFes_,O4/Fe,03/AC,
x = 0.25; 0.5 and NisFes_x04/AC, x = 1 (N3, N2 and N1).
According to the UPAC classification, the isotherms of the
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Figure 5. EDX spectra and chemical composition of
synthesized NiFes—404/AC, x = 1; NisFes—04/Fe,03/AC, x =
0.5; 0.25 (N1, N2 and N3) samples.

first three samples approach type I, in which the pores are
formed between flat plates and are characteristic of
layered structures (such as activated carbon), which are
weakly interconnected and with different widths. There is
no difference in the type of isotherms of samples N3 and
N2 compared to that of the initial activated carbon. The
hysteresis region is of the H4 type. In the N1 sample there
is a change in the type of adsorption isotherm, namely here

Sample weight, %

70

65

T T T T T T T T
100 200 300 400 500 600 700 800

Sample T, °C

Figure 6. TG curves of synthesized NisFes_,0a/AC, x = 1;
NixFes—x04/Fe203/AC, x =0.5; 0.25 (N1, N2 and N3) samples.
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Figure 7. A) The nitrogen adsorption-desorption isotherms
and B) pore size distribution of activated carbon.
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we are already talking about type VI with hysteresis loop H4
which closes at relative pressures P / Py < 0.5. Broadened
hysteresis is an indication not only for the presence of
micropores, but also for the increased share of the fine
mesopores. A biporous structure was observed, which
consists of pores with a size of 3-4 nm and a relatively
larger proportion of fine mesopores with sizes from 5 to 10
nm, while the total pore volume remains relatively constant
(Table 3). The distribution of the pores of the initial
activated carbon associated with an increase in the relative
proportion of fine mesopores in the N1 sample is changed,
which could be due to the destruction of the carbon texture
after thermal treatment (Figure. 7B-10B). The larger
amount of metal ions leads to the filling of the pores and
the displacement of the maximum number of the
Table 3. Textural characteristics of the nickel ferrite-
activated carbon materials: specific surface area (Sger), total
pore volume (V,) and average pore diameter (Dp).

Pore diameter, nm

Figure 8. A) The nitrogen adsorption-desorption isotherms
and B) pore size distribution of synthesized NixFes-404/AC,
x=1(N1) sample.
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Figure 9. A) The nitrogen adsorption-desorption isotherms
and B) pore size distribution of synthesized
NixFes—xO4/Fe203/AC, x = 0.5 (N2) sample.

Sample Seer/ m?gt Vp/cmigt Dp/nm
N3 359 0.306 3.4
N2 337 0.3 3.4
N1 265 0.3 4.4
AC 712 0.43 2.4

A
200
desorb O/D ./
150 (‘;/”of"/
eoee Ve

o @A)«O/O/O’OMQ{.
o= 100
§
>

50

%o 02 04 0,6 038 10
Relative pressure, P/P;
B
N3

0,15 -
§_ 0,10
2
5
5
S 005
=l

‘ l/—"/ .i L]
0,00 I_-'P’. \'----.;
5 10 15 20

Pore diameter, nm

Figure 10. A) The nitrogen adsorption-desorption isotherms
and B) pore size distribution of synthesized
NixFes—xO4/Fe,03/AC, x = 0.25 (N3) sample.
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mesopores. The experimental data about the texture
characteristics are presented in the Table 3. It is clear, that
even at low concentrations of metal ions, a significant
reduction of the specific surface is observable (sample N3).
This is an indication that a process of blocking of the fine
mesopores also occurs during the formation of the
crystalline phase.

The all results, obtained from XPS, PXRD and XRF
analysis, FT-IR spectroscopy, SEM, EDX, TG analysis,
nitrogen adsorption-desorption isotherms and BET method
about phase composition, elemental composition,
structure, morphology, thermal behavior and textural
characteristics of synthesized NixFes—,O4/AC, x = 1 and
NixFes-xO4/Fe,03/AC, x = 0.25; 0.5 photocatalyst are in
agreement.

The photocatalytic discoloration of Bromocresol
Purple (BCP), Bromothymol Blue (BTB) dyes and their
mixture (volume ratio 1 : 1) were performed using the as-
synthesized NiyFes_,O4/AC, x = 1; NiyFes_04/Fe;03/AC, x =
0.5; 0.25 powders. Figures 11 and 12 present the
concentration changes C / Co of BCP and BTB model dyes
and their mixture as a function of the time of UV
illumination. The photocatalytic tests have revealed that in

v

v v v v
N\ BCP UV irradiation

0,8 Y

—=—N1
—e—N3

064 —4—N2
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0,44
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Figure 11. The concentration ratio C/Co of Bromocresol
Purple (BCP), Bromothymol Blue (BTB) dyes with the course
of the time of UV illumination using prepared
photocatalysts.

the course of the photocatalytic reaction the nickel ferrite-
activated carbon photocatalyst NisFes-404/AC, x = 1 (N1)
leads to the higher degree of discoloration of the BTB dye
and their mixture than that of the other two investigated
NixFes_xO4/Fe;03/AC (x = 0.5; 0.25) materials (N2 and N3).
All of the investigated nickel ferrite-activated carbon
samples have manifested higher photocatalytic efficiency
towards BTB degradation. The higher adsorption capacities
after 60 minutes time interval, towards BCP dye compared
to that of the BTB dye was established (Table 4).
Consequently the prepared powders nickel ferrite-
activated carbon would be appropriate as adsorbents for
BCP dye. The photocatalytic investigations using pure
activated carbon demonstrated very low photocatalytic
activity towards discoloration of BCP (24 %), BTB (19 %) and
their mixture (20 %) in comparison with the prepared
composite materials NiyFe3—04/AC, x = 1; NiyFe3_O4/Fe;03/AC,
x = 0.5; 0.25. The pure NiFe;04 and Fe;Os discolor BCP
(68 %; 35 %), BTB (62 %; 31 %) dyes and their mixture (65
%; 28 %) after 120 minutes UV illumination, respectively.
They demonstrate lower photocatalytic ability for discolor-
ation of BCP, BTB and their mixture compared to synthesized
composite samples NiyFes—04/AC, x = 1; NixFes_O4/Fe205/AC,

mixture
06, J (BCP) uv irrdiation
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o
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Figure 12. The concentration ratio C/Co of Bromocresol
Purple (BCP) and Bromothymol Blue (BTB) dyes mixture
with the course of the time of UV illumination using
prepared photocatalysts. The values C/C were evaluated
using the corresponding values of the adsorption peaks at
590 nm for BCP dye and 440 nm for BTB dye.
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x =0.5; 0.25. Probably the enhanced adsorption of the dye
onto the activated carbon phase followed a transfer
through an inter phase to the nickel ferrite phase are
responsible for the increased photocatalytic activity of the
synthesized composites. Similar synergistic effect in
titanium dioxide photocatalyst loaded onto activated
carbon support has shown by another research groups.[49

The increased photocatalytic ability of tested nickel
ferrite-activated carbon materials with decreasing a
particle size of the investigated samples was established.
The similar results were obtained by N. Xu et al.l59
Surprisingly, the increased specific surface area of the
samples with decreasing content of nickel ions, does not
result in an increased photocatalytic reaction rate of the
studied dyes. Similar results were observed for TiO;
photocatalytic particles by O. Sheikhnejad-Bishe et al.[51]
The authors have proposed that the imperfect
crystallization and the irregular structure are responsible
for decreased efficiency of the photocatalyst. Another
explanation of these interesting observations could be the
filling of the pores of activated carbon with small ferrite
particles. These studies show that the investigated nickel
ferrite-activated carbon materials are promising
photocatalysts due to the high catalytic ability for
degradation of Bromothymol Blue dye.

As it can be seen from the Table 4 the photocatalytic
activity does not follow the changes of the adsorption
capacity. Several research groups have also found that
there was no relationship between the dye adsorption and
the photocatalytic efficiency of TiO, nanoparticles.[5253! |t
has also to be noted that the tested photocatalysts
preserved relatively well their photocatalytic activity after
three photocatalytic runs, which indicates their good long-
term stability.

Several factors could be responsible for the
enhanced activity of NixFes_,O4/AC, x = 1 (N1): It is known
that the smaller size prevents electron-hole pairs
recombination and ensures larger number of active sites

Table 4. Apparent rate constants (k) of photocatalytic
discoloration of BCP and BTB dyes in aqueous solution
under UV light using synthesized photocatalysts and
adsorption capacities (mg/g) of the NisFes,O4/AC, x = 1;
NixFes-«Oa/Fe,03/AC, x = 0.5; 0.25 (N1, N2 and N3) after 60
minutes.

Dye BCP BTB BCP BTB
Sample kx 1073/ min™? Adsorption capacities / mg g™

N1 313 20.9 0.129 0.116

N2 25.6 17.9 0.127 0.089

N3 253 10.9 0.113 0.105

for adsorption. The powder NixFes_,O4/AC, x = 1 (N1)
possesses the smallest particle sizes in comparison to the
other samples (according to SEM analyses). In addition it
was proved for titania photocatalyst, that the
recombination pathway could be different for the samples
with different particles size.54 The stoichiometric nickel
ferrite-activated carbon NiFe,04/AC sample (N1) possesses
a larger number of active sites available for adsorption of
reactive species, due to the larger pore diameter in
comparison to the samples N2 and N3, which causes
enhanced reaction rate for dye degradation. Bacsa et al.
have been revealed the presence of mesopores ensure
effective adsorption of the pollutant on the catalyst.[>5]
Similar conclusions concerning the dependence between
the pore volume distribution and the photocatalytic activity
have been made also by other research groups.[°657]
Additional factor, which could influence the photocatalytic
activity is the size and number of aggregates. The presence
of large number of aggregates in sample N3 decreases the
penetration of the light and limits the light scattering. For
this reason the sample N3 exhibits lower photocatalytic
activity towards both of the dyes in comparison to the
other two samples.58! The reaction rate and the
mechanism of the photocatalytic process depend also on
the amount of surface hydroxyl groups (OH).[5%60] The
increased amount of hydroxyl groups leads to higher
photocatalytic activity TiO, samples.[61-63] Very recently our
research group has been established that this is valid also
for ZnO and TiO, hydrothermally prepared powders.[6465]
By means XPS analyses we have observed for catalyst N1
higher content of surface OH groups, which corresponds
with the well-evolved surface and higher number of
mesopores init. The sample N1, which possesses the higher
degree of crystallinity (according to PXRD analysis)
compared to the others tested photocatalysts N2 and N3.
The increased crystallinity of the samples i.e. the decreased
amount of bulk defects leads to lower recombination of
electron-hole pairs, thus increasing the photocatalytic
efficiency of sample N1.[51.66]

CONCLUSIONS

The enhanced photocatalytic activity NixFes-x04/AC, x = 1
powders than that of the others tested materials
NixFes_»O4/Fe203/AC, x = 0.5; 0.25 about photocatalytic
discoloration of BTB from aqueous solutions under UV
irradiation was demonstrated. All of the prepared materials
possess the predominantly mesopores structure. The
enhanced photocatalytic ability of NisFes_,O4/AC, x = 1 is
due to the higher amount of surface hydroxyl groups,
higher degree of crystallinity, smallest particle size and
increased relative proportion of fine mesopores in
comparison with the other two photocatalysts. The
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synthesized separable magnetic materials NixFe;-O4/AC, x =
1; NixFes—«04/Fe203/AC, x = 0.5; 0.25 photocatalytic powders
manifested high photocatalytic ability towards discoloration
of BTB and enhanced adsorption properties to BCP dye.
Especially the sample NiyFes-xO4/AC, x = 1 could be promising
for low cost purification of polluted waste waters.
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