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Abstract

NiFe:04/8104Ni0 magnetic was nccessfully synthesized using NiFe:04 Si0:z, and NiQ as the core, interlayer, and
shell, respectively. NiFe:04/Si0«/NiQ under UV light irradiation was used for photoecatalytic degradation of methyl
orange dve with different pH, catalyst dose, and initial dve concentration. This composite was characterized by X-
ray Diffraction (XRD), Fourier Transform Infra-Red (FTIR), Scanning Electron Microscopy-Electron Dispersive X-
ray Spectroscopy (SEM-EDs), Vibrating Sample Magnetometer (V5SM), UV-Vis Diffuse Reflectance Spectroscopy
(UV-Vis DRS), and Point of Zero Charge (pHpzc). The results showed that the composite is a superparamagnetic
material with a saturation magnetization value of 44.13 emu/g. It also has a band gap of 2.67 eV with a pHpze of
6.33. The optimum conditions for pntocatalytic degradation were at pH of 4; 0.50 g/LL catalyst dose, and 10 mg/L
initial concentration. NiFe:04/Si0./NiO degradation efficiency to methyl orange dye was 95.76%. The photocata-
Iytic degradation in different concentrations follows the pseudo-first-order, where ne greater the concentration,
the smaller the constant rate (k). After five cyeles of repeated usage, NiFe:04/SiO«/NiO has good catalytic perfor-
mance as well as efficient and favourable of a recyclable photocatalyst
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1. Introduction soap [1,2]. Furthermore, synthetic dyes have a
complex structure with toxic, carcinogenic, and
mutagenic properties [3]. Dyes are easily soluble
in water, difficult to degrade naturally, and has
a long lifespan time in the environment. Dyes
can also block the penetration of light into wa-

g & e e o o ter, thereby inhibit the photosynthesis process
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Dye is an indispensable material in several
industrial activities, such as textiles, food, cos-
metics, pharmaceuticals, leather, paper, and
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and growth of aquatic organisms. The existence
of dyes in the water interferes with aesthetics
[4,5]. Methyl orange is often used in industries
and as a pH indicator in laboratories. It has a
molecular formula, namely CisH14N3SO:sNa,
with a molecular weight of 327.34 g/mol. Fur-
thermore, it is classified as anionic with an azo
group (N=N). The aromatic amine group in its
chemical structure is carcinogenic due to the
production of benzidine compounds through bi-
otransformation [6]. A previous study revealed
that more than 50% of the dyestuffs used in in-
dustry are azo dyes [7].

Various methods have been used to reduce
dyes including ultra-filtration [8], electrochemi-
cal degradation [9], coagulation-flocculation
[10], precipitation [11], ion exchange removal
[12], adsorption [5], and photocatalytic degra-
dation [13]. Among these methods, the
advanced oxidation processes based on reactive
oxygen species (ROS) has attracted researchers
in recent years [14]. This method has ad-
vantages such as the ability to convert pollu-
tants from wastewater into less hazardous
compounds, the process occurs in a short time
and at room temperature. Moreover, it does not
produce secondary toxic products, where organ-
ic pollutants can be mineralized into simpler
and less toxic materials, such as mineral acids,
CO;, and H»0 [15].

Semiconductors can absorb photons equal to
or more than the gap energy, causing the
formation of positive holes and electrons. The
positive hole reacts with water molecules and
produce hydroxyl radicals (+OH). Electrons in
the conduction band are trapped by oxygen to
produce superoxide radicals (*02).
Furthermore, the interaction between hydrox-
yl, superoxide radicals, and dyes adsorbed on
the semiconductor surface produces degrada-
tion products [16]. Several semiconductor mate-
rials can be used for photocatalytic degradation
of dyes, such as TiO2 [17], NiO [18], ZnO [19],
CuO [20], and BiVOs4 [21]. Nickel oxide (N10) is
one of semiconductors, which is a p-type with a
band gap range of 3.6-4.0 eV [22,23]. It has
high conductivity, stability, and catalytic prop-
erties. The material has also been used for the
photodegradation of methylene blue, malachite
green [24], orange II [18], and methyl orange
[25].

The disadvantages of Nickel oxide as a cata-
lyst include low adsorption capacity and a wide
band gap. Semiconductors with wide band gap
show low photon absorbing efficiencies, such as
TiO:z with 5% [26] and ZnO with 10% [27]. Oth-
er drawbacks are the recombination of photo-
induced e, the separation of the catalyst after

the photocatalytic degradation process, and the
occurrence of corrosion in an acid or alkaline
environment during the photocatalytic degra-
dation process [28]. Therefore, is it necessary
to increase catalyst and catalytic activity [29].
The modification of catalyst with other com-
pounds can increase the effectiveness of degra-
dation, for example incorporated catalys with
magnetic compounds, separation can be easily
and quickly using permanent magnets without
filtering from aqueous media. The ferrite
materials have the general formula MFe:Os,
where M is a divalent metal, such as Ni, Fe,
Cd, Mg, Cu, Co, and Zn [30]. One of these is
NiFe:04, which has several advantages, includ-
ing high electrical resistivity, chemical and me-
chanical stability, and excellent magnetic prop-
erties [31]. Modification of NiO with NiFe20,
reduces the band gap of composite, where fer-
rite materials often have a band gap of ~2 [32].

To avoid the interaction between NiFez04
and NiO, another compound must be provided
to serve as support [33]. Si0:2 can be used as a
layer to prevent interaction. Another study re-
ported that FesO4 coated with SiO:z and TiOz as
the outer thin layer could degrade methylene
blue and ciprofloxacin dyes by 95% within 90
minutes [34]. Si0z can also protect ferrite com-
pounds from agglomeration [35].

In this study, a core/interlayer/shell mag-
netic composite was synthesized, namely
NiFe:04/8102/NiO. The product was character-
ized using XRD, FTIR, SEM-EDS, VSM, UV-
Vis DRS, and@) pHpze methods. The
NiFe:04/5102/Ni0 was used for photocatalytic
degradation of methyl orange dye under UV ra-
diation. Therefore, this study aims to deter-
mine the effect of pH of a solution, initial dye
concentration, and irradiation time on photo-
catalytic degradation ability, kinetics, and cat-
alysts reusability.

2. Materials and Methods
2.1 Materials

The chemicals used include Ni(NO3z)2.6H:0,
Fe(NOs:):.9H20, NaOH, HCl, NH4OH, methyl
orange dye, tetraethyl orthosilicate (TEOS),
ethanol from Merck, Germany, and distilled
water.

2.2. Synthesis of NiFez04

The synthesis of NiFe:O, was carried out
using the coprecipitation method. A total of
6.58 g Ni(NOg)2>6H20 and 15.62 g
Fe(NO3):-9H=20 were dissolved in 50 mL dis-
tilled water. The mixture was then stirred for
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10 minutes and flowed with N2 gas along with
increasing temperature to 70 °C. NaOH 2 M so-
lution was gradually added to obtain a pH of +
11. The precipitate obtained, NiFe:0i, was
washed using distilled water and ethanol until
neutral [l was achieved. The solid powder sep-
arated from the solution using an external
magnet and dried in an oven at 80 °C for 5
hours. Furthermore, it was calcined at 450 °C
for 2 hours.

2.3. Synthesis of NiFe:04/8i102

NiFe:04/5102 was synthesized using a modi-
fied Stober method. A total of 4 g of NiFe:z04
was placed in a 250 mL Erlenmeyer, followed
by adding 10 mL ethanol. The ultrasonic
process is carried out for 2 hours. Subsequent-
ly, 10.8 mL of 25% ammonia solution was add-
ed, and the following ultrasonic process was
continued for 1 hour. A total of 20 mL TEOS so-
lution was then added gradually and ultrasoni-
cated for + 60 minutes. The precipitate
(NiFe20./8102) was separated using centrifuga-
tion at 8000 rpm for 20 minutes, and was
washed with distilled water an§f§thanol until
it reached a neutral pH. It was then separated
from the solution using an external magnet and
dried in the oven at 80 °C fof hours, followed
by caleination at 450 °C for 2 hours.

2.4. Synthesis of NiFe:04/S102/Ni0O

The synthesis of NiFe:04/Si04/NiO was car-
ried out based on the modified method by Wang
et al. [36]. A total of 1 g of NiFe:204/5102, 110
mL of distilled water, and ethanol (1:1) were
placed in a blue-cap glass bottle and sonicated
for 80 minutes. After adding 4 g urea, the soni-
fication process was continued for 30 minutes.
Subsequently, 120 mL of 0.1 M Ni(NO3)2.6H=20
was added to the mixture, and sonification was
carried out for 30 minutes. The precipitate
(N1Fe204/S102/N10), was separated from the so-
lution using an external magnet and dried in
an oven at 105 °C for 12 hours. The product
was then washed with distilled water and sepa-
rated using a centrifuge. It was dried in oven at
60 °C for 6 hours and calcined at 400 °C for 2
hours.

2.5. Catalyst Characterizations

NiFez204, NiFezOU’Si, and
NiFe;04/8i104/NiQ were analyzed using X-ray
Diffraction (XRD PANalytical X'Pert PRO),
with Cu-Ka radiation at A = 0.15418 A, 40 kV
Ebltage, and range 20 = 10-90°. Furthermore,
morphology and elemental composition were
analyzed using Scanning Electron Microscopy

equipped with an energy dispersive spectrome-
ter (SEM-EDS JSM 6510). Fourier Transform
Infrared (FTIR, Prestige 21, Shimadzu) used to
determine the functional groups in the wave
number 400-4000 em-!. Meaahile, the Vibra-
tion Sample Magnetometer (VSM Oxford Type
1.2 T) helps to assess the magnetic hysteresis
loop. The absorbance and band gap was deter-
mined using UV-Vis Diffuse Reflectance Spec-
troscopy (UV-Vis DRS) analysis (Orion Aqua-
mate 8000) at a wavelength of 200-§D nm.
The dye concentration was evaluated using a
UV-Vis spectrophotometer (Type Orion Aqua-
mate 8000). Total organic carbon was
evaluated with the Total Organic Carbon Ana-
lyzer (TOC Teledyne Tekmar).

2.6. Point of Zero Charges (pHpzc) Determina-
tion

The determination of pHpzc was based on a
modified procedure of Behzadi et al. [37],
where 0.1 g of NiFe204/5102/NiO was added to
25 mL of 0.1 M NaNOj; solution. The pH value
was adjued to 2-12 using 0.1 M HNOgsolu-
tion and 0.1 M NaOH. The mixture was then
stirred with a shaker for 2 hours and left for 24
houf. Initial and final pH was determined us-
ing a pH meter. Subsequently, pHpzc was eval-
uated from a graph plot of the initial pH of the
solution vs. ApH.

2.7. Photocatalytic Activity

Photocatalytic degradation experiments
were performed using the batch method with
UV radiation of 40 W. T variables used in-
clude effect of pH (2-8), dose (0.25; 0.5; 0.75
and 1.0 g/L) and initial dye concentration (10,
20, 30, and 40 mg/L). The experiment was car-
ried out in a closed reactor at room tempera-
ture. A total of 50 mL methyl orange dye was
placed in the reactor and stirred for 40 minutes
to obtain adsorption-desorption equilibrium,
followed by irradiation for 20, 40, 60, 80, 100,
120, and 140 minutes. The remaining dye after
photocatalytic degradation was determined us-
ing a UV-Vis spectrophotometer. The ratio of
the concentration for each time (C) with the in-
itial concentration (Co) was calculated using
C/Co, while the degradation efficiency was ex-
pressed by Equation (1):

c,-C

o

Degradation Efficiency (%) = x100% &)

2.8. Reusability of NiFe204/Si02/Ni0O

NiFe:04/5102/Ni0 was applied for photo-
catalytic degradation of methyl orange dye un-

Copyright © 2022, ISSN 1978-2993
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der optimum conditidfk. Subsequently, it was
washed with distilled water and dried in an ov-
en for 3 hours at 70 °C. Calcination was then
carried out at 300 °C for + 2 hours to remove or-
ganic substances [38]. NiFe:04/Si02/NiO was
further reused for the process with a total of 5
repetitions.

3. Results and Discussion

3.1. Characterization of NiFe:04, NiFe204/810;,
and NiFeﬂDy’ﬁO;iNiO

The XRD spectra of NiFe204, NiFe204/S10z,
and NiFe:04/8i02/NiO are presented in Figure
1. NiFe:04 XRD spectra showed a peak at 20 =
30.29°; 35,68°; 43.39° 53.93° 57.45°; 63.04°;
and 79.61°. The 20 angle was in line with
JCPDS No. 54-0964 (standard card NiFez04),
namely 30.1°; 35.3° 43.0% 53.7° 56.5° and
62.4° from the plane of 220, 311, 400, 422, 511,
440. Furthermore, the peak of NiFe:04/Si0z ap-
peared at the same angle, but decreased in in-
tensity, namely 30.26°; 35.67° 43,35° 53.89°;
57.38% and 63.23°. Coating with SiOz showed a
new peak with low intensity and wide at 20 of
23° which is a characteristic of its amorphous
nature [39]. The XRD characterization of
NiFe:04/8102/Ni0O showed the similar, namely
30.27°; 35.72°; 43. 38, 53.85°; 57.46°, and
63.21°. The addition of the peak was observed
at an angle of 37.18° (111), and it also occurred
in the spectra of NiO. Some of them also over-
lapped with those of NiFe 04, such as 43.38°
(200) and 63.21° (220). NiO also has the same
peak, but it has a higher intensity than
NiFe:04Ehd NiFe;04/SiO.. The calculation re-
sults of the crystal size of NiFe:04 using the
Debye-Scherrer equation was 63.23 nm, while
values of 53.56 nm and 48.53 nm were obtained

-
3
2o | 311
£ (003} 220) | (400) (440)
g (511)
g (a22)
=
S
.(311;
(a) | )
M (400)
(220) (511)
\ ﬂ (422) ) |
10 30 50 70 90
26 (deg)
g

Figure 1. XRD pattern of (a) NiFe:04, (b)
NiFe:204/Si0z, and (¢) NiFe204/Si02/NiO

4
for giFithfSiOz and NiFe:04/Si02/NiO. The
coating of NiFez0s with 5i0zled to a decrease
in crystal size because the material can pre-
verflits agglomeration.

The FTIR spectra of NiFe204, NiFe:04/8102,
and NiFe2048102/Ni0 observed at wave num-
bers 400-4000 cm-! are presented in Figure 2.
The results showed that all materials have
boad fak at wavenumbers 3400 cm ! and 1600
em!, indicating the presence of O-H groups
from the water adsorbed by the catalyst [40].
The wave number of 400-700 em! are charac-
teristics of stretching vibration metal-oxides,
such as Fe—-O and Ni-O. Fe-O stretching vi-
brations from NiFe:04 appeared at all peaks,
namely 580.57 cm-l, 590.65 cm-!, and 588.23
cm-l, Strong peak asymmetry of Si—0O-Si oc-
curred at wave numbers of 1085.12 em for
NiFe204/8i02 and 1022.92 em! for
NiFe:04/5102/Ni0. In  NiFe204/510z, the
Si—O-H vibrational bond was observed at
958.12 cm ! due to the interaction of Si0: with
water molecules. This peak did not occur in
NiFe:04/5105/Ni0. Shi et al. [41] reported that
a spinel structure of Ni*—0 bond was observed
in the area around 470 c¢m-l, in this study it
was observed at 453.30 at 453.30 c¢m-! for
NiFe:04/8i02 and 459.69 cm' for
NiFe:04/510/Ni0.

The morphological differences between
NiFe:0s and NiFe204/S10z are presented in
Figure 3. NiFe204 was heterogeneous and large
in size, while the surface of NiFe.04510,
shows the presence of coating particles.
NiFe:04/5102/Ni0O morphology was more homo-
geneous with almost the same particle size.
Figure 4 shows the elemental mapping of
NiFe204/5105/NiO. Elements of Ni and O
appear to spread on the catalyst's surface. This

()

o m

()

|

Transmittance (%)

H

Fe-0—¥
.

T T T T T

4000 3600 3200 2800 2400 2000 1800 1200 800 400
Wavenumber (em™)

Figure 2. FTIR spectra of (a) NiFe:0. (h)
NiFe204/8103z, and (¢) NiFe:04/5102/NiO
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2
indicates that NiO has been gstrihuted on the
surface of NiFe:04/Si0z Table 1 shows tE3
analysis results of the constituent elements of
aiF8204, NiFe:04/810z, and NiFe:04/8102/NiQ
using EDS. NiFe:04 is composed of elements,
Ni, Fe, and O. The addition of Si indicates that
510z has successfully coated NiFezOs. The in-

The magnetic properties of NiFesOq,
NiFe:04/5102, and NiFe:04/5102/NiO are pre-
sented in Figure 5. NiFe:04 has a saturation
magnetization value of 50.37 emu/g, which was
greater than the value obtained after synthesis
using solution combustion of 47.32 emu/g [42].
The bulk saturation value was 56 emu/g [43].

crease in the percentage of Ni in The saturation magnetization of NiFe:04 was

NiFe204/S102/Ni0O shows indicates the addition greater than NiFe204/5i0:2: and
of Ni from NiO.
(a)
2400
2100 <
1500 Tz
IH I B =
s
2 no-g
&
900 4
600
3004
4 - 0 T T T T
SEI 206V  WD10mm -y ) 0.00 3.00 600 900 1200 1500 1860 2100
kv
4500
4000 +-|
3500
000 <
2500 -1
20005
1500
1000 =14
500
: Ch T T T
%3,000 Spm L — 0.00 30 o 12.00 15.00 18.00 21.00
eV
(©
z
|
a
T T T
12.00 15.00 15.00 21.00

WD10mm  §530

x3,000 Spm

Figure 3. Morphology and EDS spectra of (a) NiFe:O4, (b) NiFe:04/8i0sz, and (¢) NiFe204/S102/NiO
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NiFe204/Si02/NiO by 46.37 emu/g and 44.13
emu/g, respectively. The magnetic properties
decreased due to NiFe:0s4 coating with non-
magnetic Si0z, which isolated NiFe:0s from
the magnetic field. Another study reported that
the saturation magnetization value decreased
as follows: CoFe20: > CoFe:04810: =
CoFez04/8102/Ti0: [44]. Magnetic properties
are influenced by crystal size. The larger the
crystal size, the greater the saturation magnet-
ization [45]. In this study, the largest crystal
size was obtained from NiFe:z0,.

0.5

— NiFe,0,
— NiFe,0,/8i0,
—— NiFe,0,/8i0,/Ni0

Saturation magnetization (emu/g)

Field (tesla)

Figure 5. Magnetic profrties of NiFe:Os,
NiFe:04/510:z, and NiFez:04/Si02/Ni10

10 pm

Figure 4. Elemental mapping of NiFe:04/8102/NiO

The amount of energy absorbed by the cata-
lyst depends on the optical band gap energy,
namely the difference between the valence and
conduction bands. The decrease in the gap (Ey)
by the doping process prevents electron-hole
pair recombination (e/h') and increases
photocataly@EJactivity [46]. The optical E, was
determined using the following equation [41]:

ahv = A(hv - Egn (2)

where, a is the absorption coefficient, h is
Planck's constant, and n is the light frequency.
The value of n was ¥ for direct semiconductors,
while a value of 2 was obtained for indirect
variants. NiO is a catalyst that is classified as
a direct semiconductor. 4 in the Equation (2) 1s
the proportionality constant, and E; is the opti-
cal band gap.

The analysis of optical properties using UV-
Vis DRS is shown in Figure 6. The wavelength
obtained in this study from 200-800 nm. Band
gap value is obtained from the curve of (ahu)?
vs hvu (photon energy). The NiFe:04 band gap
was 1.81 eV, which was lower than
NiFe;04/810; and NiFe.04/510,/NiO by 2.21 eV
and 2.67 eV, respectively. Another study re-
ported that semiconductor doping using ferrite
compounds reduced the band gap. For example,
the band gap for ZnO decreased by 3.12 eV to
1.71 eV after doping by NiFe:204 [46].

Table 1. Elemental composition of NiFe:04, NiFe:04/8103z, and NiFe:04/8102/Ni0O

Materials Ni (%) Fe(%) 0(%) Si(%)
NiFe20, 24.99 46.63 27.36 ;

NiFe:04/Si0s 12.88 23.30 4823 13.96

NiFe:04/Si0/NiO 30.83 16.70 41.47 10.25

Copyright © 2022, ISSN 1978-2993
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3.2. Photocatalytic Degradation of Methyl Or-
ange Dye

Photocatalytic degradation using
NiFe204/S102/Ni0O on methyl orange dye car-
ried out through the batch method by analyz-
ing the effect of pH, catalyst dose, and dye con-
centration on dye removal with an irradiation
time of 0-140 minutes (interval 20 minutes).
Figure 7a shows a graph of the initial pH Ver-
sus ApH plot to obtain pHpze with a value of
6.33. The material surface has a negative and
positive charge when pHpze < pH and pHpzc >
pH, respectively [47]. Figure 7b shows the ef-
fect of pH on the amount of degraded methyl

(a) —_ NiFe,0,
—— NiFe,0,/8i0,
—— NiFe,0,/8i0,/Ni0

M

200 300

Absorbance (a.u)

400 50D 600 700 800
Wavelength (nm)

orange dye, which had a 50 mL volume and 20
mg/L concentration of metyl orange dye. The
methyl orange dye had a pH in a range of 3.1-
4.5 [48]. At pH < pHpze, NiFe204/810/Ni0O is
positively charged, while methyl orange dye is
anionic (negatively charged), causing an attrac-
tion between them.

A control was carried out without irradia-
tion for 40 minutes to create adsorption-
desorption equilibrium, and the C/Cy curve
shows a sloping trend. Meanwhile, it decreased
sharply wigh irradiation, indicating rapid deg-
radation. The same phenomenon occurred in
the photocatalytic degradation of rhodamine B

100

90 | (b)

80

0

60 — NiFe,0,
£ — NiFe,0,/8i0,
= 50 = NiFe,0,/8i04/Ni0
I

40

a0

20

10

0

1 16 2 25 3 85 4 45 5 55 6 65 7 75 8
Energy (eV)

Figure 6. Spectra of (a) UV-Vis DRS and (b) Band gap energies of NiFe:04, NiFez04/Si02 and

NiFe:04/5104/NiO

8 8 10 11 12 18

Initial pH

——025gL ——05gl ©
% —+0.75gL. —=—10glL

CiCo

Dark Light

-40 -20 o 20 40 60 80 100 120 140 160
Irradiation time (min)}

! —+—pH2 —»—pH3 —e—pH4
pH5 —e—pHE —»—pH7

(b)

CiCo

Dark

40 -20 o 20 40 60 BD 100 120 140 160
Irradiation Time (min)

e 10 mg/L, ——20 mg/L,
—+— 30 me/L, —+— 40 mg/L (d)

ClCo

-40  -20 0 20 40 60 80 100 120 140 160
Irradiation time (min)

Figure 7. (a) pHpze NiFe:04/Si02/NiO, and photocatalytic degradation curve of methyl orange dye as a
function of (b) pH, (¢) Initial concentration, and (d) NiFe;04/Si04/NiO doses
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dye using y-Fe:0:@Si02@TiOz The addition of
catalyst for one hour without irradiation
showed that the def@adation percentage was
less than 10% [49]. In this study, the highest
degradation efficiency was at pH of 4. The
higher the pH, the more the hydroxide ions
(OH-), which causes competition between the
dye and hydroxide ions. Another study reported
that the highest degradation efficiency for me-
thyl orange dye occurred at a pH of 4 using
CoFe:04/5102/Ti0;z [35].

The effect of catalyst dose on the photocata-
lytic degradation of methyl orange was ana-
lyzed using different catalyst concentrations
from 0.25 to 1.0 g/L. The results obtained are
presented in Figure 7c. At 0-40 minutes, the
percentage of dye degradation increased drasti-
cally from a dose of 0.25 to 1.0 g/L. However,
there was no increase after 120 minutes. The
higher the catalyst dose, the more active sites
(hydroxyl free radicals) are available, which
leads to more degradation. The solution be-
comes cloudy and opaque when excess catalyst
is added, reducing light transmission to the dye
[48]. Alkaykh et al. [50] reported that at high
doses of catalyst, molecular activation was in-
hibited due to collisions between catalysts,
which reduced the Blaction rate. The optimum
dose obtained was 0.5 g/l with a degradation
efficiency of 86.56%.

Figure 7d shows that the greater the con-
centration of the dye, the smaller the degraded
substance. Furthermore, the higher the concen-
tration, the more it can interact with the active
surface of the catalyst, but this condition pre-
vents the penetration of light [35]. The smallest
value of C/Co was obtained from 10 mg/L of me-
thyl orange with degradation efficiency of
95.76%. In this study, UV light was used as an
irradiation source with a constant intensity.
The effectiveness of photocatalytic degradation
can be increased by optimizing the use of
energy consumption, which is the most suitable
intensity for the photocatalytic degradation
process [51]. Table 2 shows the comparison of

several photocatalyst for the methyl orange dye
degradation, where NiFe:045102/Ni0 had a
better degradation efficiency than others.

The photocatalytic degradation mechanism
of the dye methyl orange dye (MO) is described
as follows [54]:

NiFe:04/8102/NiO + hv — NiFe204/8102/Ni0O

(ecs” + hve*) (3)
ecg +0z— +0: (4)
hve* + H:0 — -OH + H* (5)
*0z +H" — +OH: (6)
*0: + D — -HO:+ OH (7
«OH, + Ha0 — H,0, + +OH ®)
H.,0; — 2-0OH (9

MO-NiFe:04/8102/NiO + +OH/+ 02 —
NiFez04/5104/Ni0O + COz + H20
+ other product (10)

The first reaction is the adsorption of MO
on the surface of the catalyst. Conduction band
electrons (ece’) and valence bond holes (hvet)
are photogenerated when NiFe:04/S102/Ni0O is
exposed to UV irradiation which is greater
than the band gap energy. The adsorbed hy-
droxyl ions and oxygen on the catalyst with the
MO form hydrogen bonds. MO on the catalyst
surface will be attacked by +OH and -O:",
resulting in decolorization [46,54].

Total organic carbon analysis can determine
the mineralization level of dyes obtained from
photocatalytic degradation. The level was not
fully achieved, but it indicates the occurrence
of the mineralization process [55]. For exam-
ple, the TOC removal for phenol using
CoFe204/8102/Ti0=2 in 120 minutes was 87%,
and the TOC removal of paraquat after 180
minutes using N-doped TiO:@SiO:@Fez04 was
84.71% [35,55]. In this study, the initial and
after-degradation TOC values were determined
under optimum conditions: pH of 4, 0.5 g/l
photocatalkt dose, methyl orange dye concen-
tration of 10 mg/L, and irradiation time of 120
minutes. The TOC removal value obtained was
87.60%. These results indicated that the dye

Table 2. Comparison of several photocatalysts for the methyl orange dye degradation

Catalyst pH I(’g"[;i)b C‘mf;’;ﬁ“"“ 2;::";3 Efficiency (%) Reff.
NiO 2 20 10 30 90 24
FesO4/Si0o/TiO: . 025 30 300 90.2 39
MnO2/CeO: 26 10 10 60 90 52
Chitosan-Zn-Mg 3 0.15 10 120 74.05 4
TiOs 3 : 15 240 93 53
NiFe:0/Si02/NiO 4 050 10 120 95.76 In this work
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had been decomposed into minerals, such as
H:0 and CO3z, and the remnants have been con-
verted into other organic materials.

3.3. Photocatalytic Degradation Kinetics

Photocatalytic degradation can be illustrat-
ed g pseudo-first-order [56], and the equa-
tion is as follows:

In Co/C: = kt (3

where, Co and C: are the initial concentration
and concentration of dye at the time (mg/L), &
is the rate const§B} (min1), and ¢ is the irradia-
tion time (min). The initial concentration of the
dye has a fundamental effect on the degrada-
tion rate, where the kinetic rate constant de-
creases as the concentration increases [57]. Fig-
ure 8 shows a pseudo-first-order graph with
varying methyl orange dye levels of 10, 20, 30,
and 40 mg/L. The correlation coefficient (R?)
value indicates the suitability of photocatalytic
degradation, which was close to 1. Further-
more, the k& values obtained were 0.0212, 0.0157,
0.0112 and 0.0083 min-'. Li ef al. [56] reported
that the degradation rate of semiconductors
was predicted to follow the Langmuir—

= 10 mg/L
2.5 * 20 mg/L
* 30 mg/L
= 40 mg/L
2 . .
=
95
S ’
|
.
1
. .
0.5
1) T T
o 20 an &0 80 1001 120 140

Irradiation time (min)

Figure 8. The photocatalytic degradation
kinetics of NiFe:04/Si0/NiO in different
methyl orange dye concentrations

00

Degradation efficiency (%)
s Z ]

b2
=}

=)
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Figure 9. Reusability of NiFe:04/Si02/NiO for
photocatalytic degradation of methyl orange dye

12

H.i.nshelwood type of kineties and first-order
decomposition, assuming the degradation oc-
curs directly on the surface of the catalyst. An-
other study reported that the kineties con-
stants obtained for methyl orange dye using
TiO: decreased as the concentration increased
(0.015, 0.025, and 0.035 g/L), namely 0.00278 >
0.0023 > 0.00173 min-! [53].

3.4. Photocatalyst Reusability

Evaluation of the stability and ability of
NiFe:04/8102/Ni0O used is presented in Figure
9. After its usage in the photocatalytic degra-
dation process, it was separated from the solu-
tion using a permanent magnet. This catalyst
was cleaned with deionization water and then
caleined. Subsequently, it was reused for pho-
tocatalytic degradation of methyl orange dye.
Five cycles showed a change in its ability from
98.51 to 95.36%. These results showed the ade-
guate performance of NiFe:04/5102/NiO as a
photocatalyst.

The FTIR spectra of NiFe:04/Si02/Ni0O
before and after being used as a catalyst
showed similar spectra as shown in Figure 10.
This indicates that the catalyst has high
stability under UV light irradiation. The
functional groups of the catalyst before and
after use were the same, although there was a
slight change in intensity.

4. Conclusion

In this study, a core/interlayer/shell mag-
netic composite was succesflilly synthesized,
namely NiFe,04/Si02/NiO, with a saturation
magnetization value of 44.13 emu/g and a band
gap of 2.67 eV. The EDS results confirmed that
the product consisted of Ni, Fe, O, and Si,
which indicated that the synthesis was suc-

(b)

(a)

Transmittance (%)

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (em™)

Figure 10. FTIR spectra of NiFe:04/Si02/NiQ

(a) before and (b) after reused five cycles for

photocatalytic degradation
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cessful. Photocatalytic degradation of methyl
orange dye by NEFe:04/SiOyNiO under UV
irradiation at pH 4, 0.5 g/LL dose od catalyst,
and 10 mg/L concentration of methyl orange
@e for 120 minutes irradiation, has a
degradation efficiency of 95.76%. The indicated
that the mineralization of methyl orange dye
by the effectiveness of the TOC was 87.60%.
Experimental data showed that the
photocatalytic degradation kinetics according a
pseudo-first-order. NiFez04/5102/NiO has high
stability and catalytic activity it was used in
five cycles. Along with its low cost, high photo-
catalytic activity, stability, and easy separation
by external magnet, the NiFe:04/8102/NiO has
broad prospects in large-scale wastewater
treatment.
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