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In this present study, a novel method to fabricate bimetallic Fe-Co catalyst supported on waste silica was
investigated for the photo-Fenton-like (PFL) degradation of Methylene Blue (MB) dye. The uniqueness of this work
is on the preparation of the catalyst via fluidized-bed crystallization (FBC) process. Under the optimum conditions of
initial pH of 3.0, 3.0 mM of H,0,, and 1.0 g L' of FBC-derived Fe-Co/SiO- catalyst (fFCS), the maximum response for
the decoloration and mineralization efficiencies of 20 mg L' of MB in 60 min were 100 and 65%, respectively.
Compared to the impregnated Fe-Co/SiO, catalyst, the fFCS catalyst exhibited comparable decoloration and
mineralization efficiencies, and relatively lower metal leaching for both iron and cobalt. Superoxide radical was
unveiled to be the dominant reactive oxygen species in the PFL system over the fFCS catalyst. The catalysts were
characterized by Fourier Transform Infrared spectroscopy, Energy Dispersive X-ray spectroscopy and Scanning
Electron Microscopy. The results show the successful incorporation of iron and cobalt on the surface of the SiO,
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1 Introduction

Advanced oxidation processes (AOPs) have arisen to be
effective methods for the degradation and mineralization
of recalcitrant organic pollutants including dyes, phe-
nols, surfactants, pesticides, pharmaceuticals existing in
industrial wastewaters [1]. These AOPs generate reactive
oxygen species (ROS), for instance, highly oxidative and
non-selective hydroxyl radical («OH, Ey = 2.80 V), less
oxidative hydroperoxyl radical (HO,s, E; = 148 V),
superoxide radical («O,~, Eg = 0.59 V) and singlet oxy-
gen (0,, Eg = 0.65 V) [2, 3]. Refractory organics react
with these organics and consequently their chemical
bonds are annihilated. Accordingly, these recalcitrant
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organic compounds are being translated into intermedi-
ates and smaller degradation products. These intermedi-
ates could be further broken down into carbon dioxide
and water by consecutive oxidative reactions under con-
tinuous generation of ROS and adequate time [4].
Amongst AOPs, the conventional homogeneous Fenton
process is known to be very effectual for the treatment
of refractory organic compounds. However, major disad-
vantages which limit its practical applications comprise:
(i) a narrow operating pH range (pH < 3); (ii) a high
consumption of hydrogen peroxide (H,O,); (iii) the gen-
eration of an excessive amount of iron-containing
sludge; and (iv) relatively high concentrations of iron in
the final effluent requiring costly post-treatment process
[5]. Correspondingly, modified Fenton processes involv-
ing electro-Fenton, photo-Fenton, sono-Fenton, Fenton-
like processes, and incorporative processes (combination
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of each) have been developed to surmount these con-
straints and improve the degradation efficiency. Degrad-
ation of methylene blue (MB) using sonophoto-Fenton
displayed higher degradation rate (0.065 min™) com-
pared to that of HyO, + ultraviolet (UV) light irradiation
(0.030 min!) and H,O, + ultrasound (US) irradiation
(0.015 min™) under similar conditions [6]. Similar re-
sults were achieved with the treatment of Congo Red
(CR) within 2 h at pH 3 [7].

Cobalt-based catalysts are proficient semiconductor
fabric for photocatalytic reaction [8]. Furthermore, these
catalysts exhibit excellent catalytic performances for oxi-
dation reactions under acidic and alkaline conditions [8,
9]. Nonetheless, the rapid recombination of electron and
hole, and intense light adsorption suppress the photo-
catalytic efficiency of Co-based catalysts [10]. Addition-
ally, high cobalt leaching has been reported during
treatment which leads to secondary environmental pol-
lution [6]. Nevertheless, the strong interaction of cobalt
with transition metal ions was found to inhibit the leach-
ing of cobalt from Co-based catalysts [11]. Besides, the
Co>*/Co>" redox pair transformation is accelerated and
the surface oxygen vacancy generation is improved when
a second transition metal is incorporated to Co-
containing catalysts [12]. Sun et al. reported that co-
doping of Fe with Co unto alumina-mesoporous silica
support led to reduced Fe and Co leaching in the reac-
tion system. The leached metal concentrations were re-
corded as 21 pg L™ for Fe-Co/MCM-41 while that for
Fe/MCM-41 and Co/MCM-41 were determined as 64
and 79 pg L™, respectively [10]. Thus, co-doping of these
metals is advantageous to ensure catalyst stability [6].
Moreover, Fe—Co catalysts achieved higher degradation
efficiencies compared to their monometallic counter-
parts [13]. In the photodegradation of MB, CR, and
mixed dye (MB + CR), the Fe-Co/Al,O3-MCM-41 cata-
lyst showed superior catalytic performance than the sup-
ported Fe and Co catalysts indicating an enhanced
catalytic activity and performance. Complete degradation
of MB was achieved for the supported bimetallic catalyst
compared with Fe and Co catalyst achieving 89 and 87%
MB degradation, respectively. This superiority in cata-
lytic activity was also evident toward CR degradation
achieving 95% for Fe-Co/Al,03-MCM-41 compared
with that of Fe/Al,O3-MCM-41 reaching about 78% and
Co/Al,O3-MCM-41 with 75% degradation. Significant
synergistic effect was also observed toward the mixed
dye showing 100, 93 and 90% for Al,O3-MCM-41-sup-
ported Fe-Co, Fe and Co catalysts, respectively [14]. CR
was also treated using Fe-Co supported on polyacryl-
amide hydrogel (Fe-Co/PAM) for the activation of
hydrogen peroxide reaching 97% efficiency within 60
min. Fe/PAM and Co/PAM showed inferior catalytic
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activity compared to Fe-Co/PAM achieving 85 and 85%
degradation within 75 min, respectively [13].

In recent years, researchers have been interested in in-
vestigating supported catalysts for the catalytic activation
of hydrogen peroxide, ozone and peroxymonosulfate for
organic pollutant remediation. These catalysts pose ad-
vantages such as easy recovery and potential reusability.
In some cases, it was reported that supported catalysts
exhibit better catalytic activity than the colloidal cata-
lysts [15]. Although nano-sized supported catalysts ex-
hibit improved catalytic activity compared to that of
their bulk structures due to change in electronic config-
uration and sub-surface atomic arrangement, they
present difficulty of separation from the treated streams.
In addition, nano-sized materials might cause secondary
environmental pollution when discharged [16]. Hence,
metallic precipitates are infused unto waste silica seed
via fluidized-bed crystallization (FBC) and consequently
used as catalyst in the photo-Fenton-like (PFL) system.
The bimetallic catalysts synthesized from the FBC tech-
nology would have a possibility of low moisture content
compared to the sludge formed by the traditional pre-
cipitation method containing approximately 70% even
after filter press dehydration [17]. Su et al. discussed that
the solid particles recovered from FBC reactors comprise
only of about 1-5% moisture [18]. This leads to no to lit-
tle cost in post-treatment saving a large amount of
sludge treatment cost. The FBC process can possibly
simultaneously remove Fe and Co and recover them as
bimetallic Fe-Co catalyst. Shih et al. immobilized Mn (II)
as manganese dioxide on FeOOH surface via FBC sys-
tem and utilized the recovered particle to treat arsenic
from aqueous solution [19]. The major advantages of
FBC over the existing synthesis techniques are the avoid-
ance of sludge formation, material recovery, and reduc-
tion of solid wastes. Sludge production is reduced by
75% [20, 21]. Among the current catalyst preparation
technologies, impregnation and adsorption/ion exchange
are the methods on commercial scale for which impreg-
nation is the most commonly used [22, 23]. On the
other hand, plasma technique involved complex pro-
cesses which leads to difficulty of application on an in-
dustrial scale [24]. In addition, reverse micelle (RM)
method used on bench scale poses a more complex
method in which catalysts are difficult to separate from
their constituents. Moreover, catalysts synthesized via
RM displays deactivation problem [25]. Added advan-
tages of FBC technique include low operating cost, low
operating temperature, use of small amount of chemi-
cals, formation of low moisture content particles and
production of more marketable end-product [17].

Herein, a novel approach to fabricate Fe-Co bimetallic
catalyst supported on waste silica (Fe-Co/SiO,) is re-
ported to act as a PFL catalyst to treat MB in aqueous
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solutions. To our knowledge, there have been no reports
on the preparation of Fe-Co/SiO, via FBC process. This
novel technology was utilized as a catalyst synthesis
method without compromising effluent standards. The
catalytic performance of this catalyst was compared with
that of the catalyst synthesized via a common synthesis
technique, incipient wetness impregnation, to determine
its efficacy and feasibility for practical applications.

2 Materials and methods

2.1 Chemicals

All chemicals in this study were of reagent grade and
used as received without further purification. Cobalt sul-
fate heptahydrate (CoSO4+7H,0, 99%) was purchased
from Sigma-Aldrich (China). Hydrogen peroxide (H,O,,
30% w/v) and iron sulfate heptahydrate (CoSO4+7H,0,
99%) were supplied by Panreac (Germany). Sodium hy-
droxide (NaOH, > 97%) was obtained from Fisher
Chemical (UK). Sulfuric acid (HySO4, 98%), ammonium
oxalate monohydrate ((NH,)>Cy04¢7H,0, = 99.5%), and
sodium sulfate (Nay,SOy4 > 99%) were purchased from
Honeywell (Germany). Tert-butyl alcohol ((CHz);COH,
99.5%) and furfuryl alcohol (CsHgO,, 98%) were supplied
by Merck (Germany) and Acros Organics (USA), re-
spectively. Silica support material with 0.5-0.7 mm par-
ticle size was obtained as a waste from Chang-Chun
Petrochemical, Taiwan. For all the experiments, deion-
ized water was supplied by a laboratory-grade RO-
ultrapure water system (resistance > 18.1 Q).

2.2 Preparation of Fe-Co/SiO, catalyst by FBC

The bimetallic catalyst was prepared by FBC, and
C0S04¢7H,0 and FeSO4¢7H,0 were used as metal pre-
cursors. A 280-ml fluidized-bed reactor (FBR) with a
height of 1 m shown in Fig. 1 was used to prepare the
catalyst. 2-mm glass beads were placed inside the FBR
occupying a height of 2 cm to provide a stable settling
bed for the support material and then the SiO, support
was loaded with a static bed height of 10 cm to ensure
uniform incorporation of iron and cobalt on the support
surface. Specific amounts of metal precursors with an Fe
to Co molar feeding ratio of 1:1 and carbonate solution
with carbonate to metal ratio of 1.2:1 were supplied to
the reactor at a constant flow rate of 5 mL min™" using
an input peristaltic pump (Masterflex) to cause the SiO,
bed to be fluidized. Using a recirculation peristaltic
pump (Masterflex), the reaction solutions were reintro-
duced to the bottom of the reactor at a reflux rate of
300 mL min" to maintain at least 50% bed expansion
providing fluidization, and thus, incorporating the iron
and cobalt in the SiO, surface. Catalyst synthesis by FBC
was done at room temperature and was conducted for 4
h ensuring no iron and cobalt residue in the effluent.
The Fe-Co catalyst supported by waste silica synthesized
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via FBC is designated as fFCS. Fe/SiO, (FS) and Co/SiO,
(CS) were fabricated using an analogous procedure for
comparison purposes.

2.3 Preparation of fFCS by impregnation

The contrastive bimetallic catalyst was fabricated by in-
cipient wetness co-impregnation with the same precur-
sors and Fe to Co molar feeding ratio. Before
impregnation, the support material SiO, was oven-dried
at 60 °C overnight. The metal precursors were then dis-
solved in 800 mL of deionized water in a 1-L beaker and
the waste silica was progressively added to the solution
under intense stirring. Subsequently, the solution was
heated at 85-90 °C to vaporize the excess water. Conse-
quently, the material was oven-dried at 60 °C overnight.
The dried material was then calcined at 400 °C for 4 h
in a muffle furnace. The catalyst synthesized by impreg-
nation technique is designated as iFCS.

2.4 PFL degradation of MB dye

A 1.5-L three-phase fBR (3P-FBR) was used to carry out
the PFL degradation experiments at room temperature
under UV-A light illumination as shown in Fig. 2. Three
phases involved in the 3P-FBR are liquid, solid and air in
which excellent contact among the reactants coupled
with high mass and heat transfer rates are achieved. The
cylindrical reactor was made of Pyrex glass comprised of
a diameter of 8 cm and height of 44 c¢cm with a mem-
brane air diffuser at the bottom part. A 36-W mercury
lamp with a wavelength of 365 nm (Philips, Poland) was
positioned at the center of the reactor to achieve uni-
form light irradiation of 1.45 x 10 W cm™ throughout
the 0.06 mM (20 mg LY) MB solution. The initial pH of
the solution was adjusted using H,SO,4 and NaOH. Con-
sequently, the catalyst and H,O, were added sequentially
to start the catalytic reaction. The catalyst added in a 1
L of MB solution was fluidized by introducing air bub-
bles from the bottom of the reactor unto the system
with the aid of an aeration pump at 6 x 10° m® min™
flow rate. Samples were drawn from the reactor at speci-
fied time interval and filtered using a 0.22 pm syringe fil-
ter. The chemical reaction was quenched by adding a
few drops of 1 M NaOH to the sample to raise the pH
to about 9.0 before analysis.

The effects of different reaction parameters were also
assessed in this work. Specifically, the initial pH (pH;)
was adjusted between 2.0 and 9.0. In addition, The H,O,
dosage and catalyst loading was set from 0.5 to 10 mM
and 0.25 to 2.0 g L, respectively. To evaluate the cata-
lytic performance of iFCS compared with that of fFBC,
same procedure was applied as mentioned above. The
decoloration of MB was calculated using the following
equation:
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where MB; and MBy are the initial and residual concen-
tration after treatment, respectively.

The MB decoloration rate was fitted with the pseudo-
first order kinetic model. The rate constant for the deco-
loration of MB dye was determined from:

In ( 1\1\//[[1]31) =kt (2)

where MB; and MBy, are the initial and residual concen-
tration at operating time t, respectively, and k is the ap-
parent pseudo-first order rate constant. Additionally, the

mineralization efficiency of MB is given by the following
equation:

Mineralization efficiency (%TOC,)

TOCR
= ( - TOCi> x 100 (3)

where TOC; and TOCy are the initial and residual total
organic carbon content after treatment, respectively.

2.5 Evaluation of active species

Tert-butyl alcohol (TBA), furfuryl alcohol (FFA), ammo-
nium oxalate monohydrate (AO), and sodium sulfate
(SS) were used as hydroxyl radical, superoxide radical,
hole and electron pair scavengers, respectively. Briefly, a
specific amount of the chosen radical scavengers was
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added to the MB solution. Before illumination, the solu-
tion was stirred intensively until it reached homogeneity.
The PFL catalytic degradation steps are similar with the
procedure described in the previous section (Section
2.4). The scavenging efficiency was estimated as follows
[26]:

!
Scavenging efficiency (%) = (1—&) x 100  (4)
Kppr,

where krs and kppy, are the pseudo first-order rate con-
stants for the decoloration of MB in the presence and
absence of radical scavengers.

2.6 Analytical methods

Absorbance of MB dye at 664 nm and absorbance of re-
sidual H,O, at 405 nm were analyzed using a diode array
UV-Vis spectrophotometer (Agilent 8453, USA). Residual
H,0, was determined by Titanium Sulfate Method. H,O,
efficiency refers to the percentage of H;O, remaining in
the reaction system as described by Eq. (5). The TOC con-
tent was determined using TOC analyzer (Siever 900
Innovox, General Electric Company, USA). Iron and co-
balt residues were measured by using inductively coupled
plasma mass spectrometry (JY 2000-2, HORIDA).

H
H, 0, efficiency (%) = ER x 100 (5)

where Hy and H; are the residual and initial H,O5 con-
centrations in mM, respectively.

2.7 Catalyst Characterization

Fourier transform infrared spectroscopy (FTIR, Thermo
Scientific Nicolet 6700, USA) was used to determine the
surface compound. Scanning electron microscope (SEM,
JSM-6700 F, JEOL) at 10 kV and 7 mA integrated with
an energy dispersive spectroscopy (EDS, INCA400, OX-
FORD) was employed to observe the morphological fea-
tures and the elemental composition of the catalysts.

3 Results and discussion

3.1 Catalytic performance of fFCS and iFCS

To assess the feasibility of FBC as a novel technique to
prepare bimetallic Fe-Co catalyst for industrial and en-
gineering applications, contrastive bimetallic Fe-Co cata-
lyst was synthesized via incipient wetness impregnation
and their catalytic performances are displayed in Fig. 3.
The decoloration rate of MB using iFCS was extremely
fast achieving almost complete decoloration (99%)
within 15 min which may be ascribed to the quick H,O,
consumption in the PFL reaction system as seen in Fig.
3a. Meanwhile, the mineralization efficiencies for both
catalysts utilized are almost similar reaching 65 and 62%
for fFCS and iFCS, respectively (Fig. 3b). Fe-Cu sup-
ported on ZSM-5 prepared by hydrothermal and ion-
exchange methods showed different degradation efficien-
cies toward Rhodamine 6G dye [27]. Catalytic perform-
ance of bimetallic catalysts is typically in relation with
the catalyst preparation method. At present, methods
utilized in the chemical industry are limited because of
raw materials cost, and storage, transportation, and
large-scale production limitations [28]. In this present
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work, it can be divulged that the photocatalytic activity
and performance of the iFCS catalyst prepared via FBC
is comparable with that of a common synthesis method,
incipient wetness impregnation. Thus, fFCS was further
investigated not only considering the comparable MB
decoloration and mineralization efficiencies but also the
synthesis time and operating temperature of the catalyst
preparation process. The impregnation technique used
in this study was operated for 12 h at 85-90 °C to
vaporize the excess water which shows longer synthesis
time and higher operating temperature compared to that
of the FBC technique (4 h under room temperature).

3.2 Catalyst characterization

FTIR analysis was employed to demonstrate the success-
ful incorporation of Fe and Co unto the waste silica scaf-
fold. As presented in Fig. 4a, the absorption peaks
centered at 453, 814 and 1082 cm™' are ascribed to the
Si-O-Si bending, asymmetric and symmetric stretching

vibrations, respectively [6]. The band positions of fFCS
are almost similar with that of SiO, which suggests that
the metal oxide incorporation on the surface of SiO,
had no significant effect on the Si-O-Si bond as shown
in Fig. 4a and b. The band peaks at 1622 and 3400-3402
ecm™ describe the deformation vibration of adsorbed
H,O and the O-H stretching of both adsorbed H,O mol-
ecules and H-bonded surface silanol groups in the SiO,
matrix. Additionally, characteristic peaks from 400 to
700 cm™ indicated in Fig. 4b and c refer to magnetite,
Fe30,4 in agreement with the illustrated peaks in this
range as the main band representing the iron oxide ex-
istence [29]. For fFCS, a characteristic band at 619 cm™
is ascribed to the Fe—O stretching vibrations [30]. The
FTIR spectrum of Co30, indicates characteristic absorp-
tion bands at 605 and 690 cm™ for iFCS and fFCS, re-
spectively. It was reported that the bands at very near
values of 607 and 694 cm™ refers to the infrared
spectrum of the Co30, spinel. Jirdtovd et al. affirmed the
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Fig. 4 FTIR spectra of (a) SiO, support, (b) as-prepared fFCS and (c) as-prepared iFCS

appearance of Co;0, at the band of 694 cm™ for the
spectrum of Co-RF-1 sample [31]. EDS analysis also
indicated the incorporation of Fe and Co unto the
SiO, surface as shown in Fig. 5. fFCS catalyst exhib-
ited 21.8% Fe and 21.3% Co content (Fig. 5a) while
iFCS contains 14.3% Fe and 11.3% Co (Fig. 5b) which
resulted to the molar ratio of Fe to Co to be about
0.39:0.38 and 0.26:0.19, respectively. These results
clearly affirmed the successful fabrication of fFCS and
iFCS catalysts showing the effective incorporation of
the metal oxides on the waste silica surface. More-
over, the surface of fFCS exhibits a smoother surface
(Fig. 6¢, d) compared to the SiO, surface (Fig. 6a, b)
which possibly indicates the successful incorporation
of iron and cobalt into the SiO, framework. Contrari-
wise, the morphological feature of iFCS became rather
rougher than the fFCS catalyst surface which also
possibly reveals clusters of metal oxides outside the
SiO, structures (Fig. 6e, f).

3.3 Catalytic activity of fFCS

The catalytic performance of the FBC-derived cata-
lyst was investigated by the photocatalytic degrad-
ation of MB solution under UV-A light irradiation
and the results are indicated in Fig. 7. In the ab-
sence of H,O, and Fe-Co/SiO, catalyst, simply 16%
MB degradation efficiency with the decoloration rate
attaining 0.0016 min" was reached under UV-A light
irradiation within 60 min of reaction as shown in
Fig. 3a. This indicates that the photolysis degrad-
ation was very weak. Photocatalysis removed 20% of
MB dye in the reaction system with a decoloration
rate of 0.0021 min". While only 6% MB was de-
graded using only Fe-Co/SiO, which shows weak ad-
sorption ability. Using the H,O, system, MB was
removed by 15%. The UV-A light and H,O, process
was also performed to accomplish outstanding deco-
loration efficiency. Using UV-A/H,O, system, 34%
MB was degraded within 60 min. H,O, in
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Fig. 5 EDS analysis of (a) as-prepared fFCS and (b) as-prepared iFCS

combination with light illumination leads to en-
hanced catalytic activity which is caused by the gen-
eration of hydroxyl radicals [32]. Fenton-like process
achieved 69% decoloration efficiency showing an ap-
preciable activity with the use of the heterogeneous
catalyst even under dark condition. Furthermore, it
was found that the PFL system using Fe-Co/SiO,
catalyst achieved 99% attaining a k value of 0.065
min" within 60 min of operation time which showed
that the catalyst used presented a good catalytic ac-
tivity and could respond to H,O, to generate +OH
radicals to degrade MB. UV light illumination en-
hances Fe®* to Fe®* reduction in the solution and
more «OH radicals are generated during the degrad-
ation process. The generated Fe®* reacts again with
H,0O, leading to production of new «OH radicals [4].
Likewise, H,O, is decomposed to generate additional
+OH radicals under UV light irradiation via photolysis
[4]. The pseudo-first order rate constants of MB
decoloration are presented in Fig. 7b. The

decoloration rates obtained for different processes
were consistent with the results obtained from the
MB decoloration. The decoloration efficiency of MB
followed this sequence: UV + H,O, + FCS > H,O, + FCS
> UV + H,O, > UV + FCS > UV > H,O, > FCS. More-
over, the enhancement of the photocatalytic MB degrad-
ation efficiency in the reaction system was brought about
by the incorporative effect of photocatalysis and simultan-
eous Fenton-like process [7]. Significantly, the decolora-
tion rate of the synergistic process is about 31-fold that of
PC process alone and 4-fold that of Fenton-like process
alone which could be attributed to the combined influence
of both processes. From Fig. 7b, it is observable that the
apparent decoloration rate of the PFL process was greatly
enhanced compared to the single processes. The contribu-
tory effects of the photocatalytic process and the Fenton-
like reaction to the PFL process were explored using the
synergy index described as the ratio of the PFL catalytic
rate constant to the sum of the rate constants of the single
processes given by the Eq. (6) [7]:
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Fig. 6 SEM images of (a, b) SiO, support, (c, d) as-prepared fFCS and (e, f) as-prepared iFCS (left: 500 pym; right: 50.0 um)

J

kper, ( 6)

S index =
ynergy index Kec & ket

where kppr, kpc and kg are the apparent decoloration
rates of PFL, photocatalysis and Fenton-like processes in
min™, respectively. The synergy index value for the MB
decoloration by PFL process under UV-A irradiation is
3.8 which indicates a good synergy between photocataly-
sis and Fenton-like processes (greater than 1.0). This
may be ascribed to (i) the increase in active species
needed in the decoloration process generated due to
UV-A light irradiation, (ii) the improved transfer of ac-
tive species from the liquid to the solid interface, and
(iii) the activation of the catalyst with H,O, generating
required active species in the reaction system.

3.4 Enhanced catalytic performance of fFCS

The degradation of MB via H,O, activation with FBC-
synthesized FS, CS and Fe-Co/SiO, was further compre-
hensively assessed (Fig. 8). FS and CS could substantially

degrade MB by 92 and 89%, respectively, as indicated in
Fig. 8a. The catalytic activity of FCS is comparable to
that that of FS even though the active cobalt is halved
due to iron replacement in the catalyst suggesting a syn-
ergistic effect of Fe and Co in terms of MB decoloration.
In terms of mineralization (Fig. 8b), the addition of Fe
into Co increased its mineralization efficiency reducing
the initial TOC content of 21 mg L™ by 56%. Even
though higher amount of H,O, to treat the MB pollu-
tant was consumed (Fig. 8c), FCS showed greater stabil-
ity in terms of Fe and Co leaching in the system (Fig.
8d). The leaching of Fe and Co by FCS was reduced by
24 and 62% compared to FS and CS, respectively, imply-
ing the inhibitory effect of adding Fe into Co and vice
versa. Farias et al. affirms the problem of metal leaching
of cobalt-based catalysts during the degradation process
and secondary environmental pollution is possible [33].
It was reported that the inhibition of cobalt leaching
from cobalt-based catalysts could be aided by the strong
interaction of cobalt to transition metal ions [34]. Fur-
thermore, the transformation of Co®*/Co** redox pair
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could be accelerated and the production of surface oxy-
gen vacancies could be improved with the addition of a
second metal unto cobalt-containing catalysts [12]. In-
corporating Fe into Co supported by waste silica im-
proved the photocatalytic activity and stability of the
heterogeneous catalyst in the PFL system. Hence, Fe-Co
co-doping is advantageous to ensure catalytic stability.
The difference in MB decoloration and mineralization
efficiencies achieved using the bimetallic catalyst and its
monometallic counterparts greatly implied a synergistic

effect between iron and cobalt via oxidation-reduction
reaction.

3.5 PFL degradation of MB

3.5.1 Effect of initial pH

The effect of initial pH on decoloration of MB in UV-A
+ HyO, + fFCS system is presented in Fig. 9 ranging
from 2.0 to 9.0. The pH of the solution has a critical in-
fluence on MB degradation because it controls the cata-
lytic activity resulting in iron ions and H,O, stability
[34]. Previous studies have presented favorable
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photodegradation occurring at low pH value. It was con-
cluded by Vinita et al. that solution pH greatly hampers
in hydroxyl radical formation and in organic compound
oxidation [35]. Moreover, an acidic environment im-
proves the generation of oxidative radicals leading to en-
hanced oxidation of organic substrate. At pH value of
3.0, UV-A and visible solar light illumination favorably
lead to the formation of the most photo-active Fe**-hy-
droxyl complex, Fe (OH)** [36]. MB degradation was
comparatively slower and lower at pH; 2.0 which could
be accredited to protonating H,O, and disadvantaging
the formation of «OH radical [37]. The decrease in MB
decoloration when the initial pH decreased from 3.0 to
2.0 could also be attributed to the production of
[Fe''(H,0)]** generating hydroxyl radicals with lesser re-
activity. In addition, the hydroxyl radical scavenging ef-
fect could have taken place (Eq. (7)) and oxonium ions

([H305]") could have possibly formed from H,O, at
lower pH (Eq. (8)). These oxonium ions also probably
generate more stable H,O, in the reaction system and
hindered its activity with ferric ions [38].

+OH + H' 4+ e">H,0 (7)

H,0, + H —[H30,]" (8)

In the present work, the optimal initial pH was ob-
served to be 3.0 in which the maximum MB decolora-
tion was achieved within 60 min. Ahmed et al. affirms
that the optimum pH to treat 0.06 mM (20 mg L") MB
dye was 3.0 using 3.0 mM of H,O, dosage and 0.85 g
L™ of SiO,-supported Fe-Ni catalyst using visible light
source [38]. The point of zero charge (pH,,.) of fFCS
could possibly be around 1.8-4.2 due to the presence of
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Fig. 9 Effect of initial pH on MB dye degradation by photo-Fenton-like
=6x 107 m’ min”; UV = 365 nm)

\

_ [l @ Photo-Fenton-like
S Il A dsorption
_ 061 2
o)
S =
<= s
044 g
®
S
S
3
0248
o L
20 3.0 40 50 60 7.0 80 9.0
0.0 Initial pH
1 1 I ' I 1 1 T
0 10 20 30 40 50 60

Operating time (min)

system ([MB]; = 0.06 mM; [H,0,]; = 1.5 mM; cat. dose = 0.85 g L™'; air flow

SiO, [39]. At higher pH value (pH > 4.2), the surface of
fFCS would be negatively charged, hence the adsorption
of the cationic MB dye via n-it stacking and electrostatic
attraction is favorable as seen in Fig. 9b. The negatively
charged surface of the catalyst could be attributed to sili-
cic surface formation via interfacial dissociation of sila-
nol groups [38]. As the pH increased from 5.0 to 9.0, the
electrostatic interaction between the surface of the cata-
lyst and the MB dye could become greater leading to
higher MB decoloration in the reaction system due to
adsorption phenomenon. Furthermore, the reduced oxi-
dation effectiveness and decrease in H,O, concentration
at this pH range could be caused by auto-decomposition

of additional H,O, into H,O and O,, and not into «OH
radical with great potential for oxidation due to instabil-
ity of H,O, at higher pH level [40]. In addition, H,O,
can react with OH’ leading to generation of oxidizing
species hydroperoxyl anion (HO,) reducing the H,O,
concentration [41]. The anion HO, can interact with

both H,O, and «OH radical given by the following:
H,Oy + HO,"—H,0 + Oy + «OH (9)
+«OH + HO2_—>H20 + 02_ (10)

On top of that, the reduction of catalytic activity at el-
evated pH value leading to remarkable decrease in
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decoloration rate can possibly be ascribed to the gener-
ation of relatively inactive ferryl ions (FeO>*) as shown
in Eq. (11). Under basic conditions, generation of high-
valent iron species, Fe'Y = °, may also occur which is less
reactive than +OH radicals indicated in Eq. (12).

Fe3" + H,0,—FeO*" + H,0 (11)

Fe'' + H,0,—Fe'Y=" + H,0 (12)

3.5.2 Effect of H,0, dosage

In the PFL process, H,O, plays a crucial role in the dye
degradation, therefore the optimization of H,O, dosage
in the reaction system is a significant parameter for
achieving maximum MB dye degradation. Figure 10
shows the impact of H,O, dosage on the MB dye deg-
radation efficiency in UV-A + H,O, + fFCS system. To
observe the behavior of the reaction system over a wide
H,0, dosage range, experimental runs were conducted
from 0.5 to 10 mM of H,O,. The decoloration rate of
MB was accelerated with increasing H,O, amount from
0.5 to 3.0 mM leading to decoloration efficiency from 80
to 99%. The results presented are in agreement with the
general trend [42]. The increase in decoloration effi-
ciency is attributable to the generation of additional
+OH radicals in the reaction process [5]. Even so, ex-
ceeding this value leads to unfavorable effect. The deg-
radation rate increased negligibly with increase in Hy,O,
dosage from 3.0 to 10.0 mM which may be accredited to
the scavenging activity of excess H,O, (Eq. (13)) and
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generation of «OH radicals which acts as «OH radical
scavengers (Eq. (14)) reducing the availability of «OH
and consequently lowering the decoloration efficiency
[42]. Meanwhile, as the MB molecules saturate the cata-
lyst active sites the extra MB molecules in the medium
can function as radical scavengers decreasing the deg-
radation rate [43]. In addition, the +O,H radicals exhibit
much lower oxidation capability than «OH radicals
which could have resulted in lower MB degradation effi-
ciency in the PFL system.

H202 -+ +«OH—+«OH -+ Hgo (13)

002H + OOH—>H20 -+ 02 (14)

3.5.3 Effect of catalyst loading

Figure 11 presents the impact of catalyst loading on the
efficiency of MB dye degradation in UV-A + H,O, +
fFCS system. The decoloration rate of MB was signifi-
cantly affected by the catalyst loading during the degrad-
ation process. Increase in catalyst loading aids in
producing additional «OH radicals which might also
interact with themselves resulting in subsequent
quenched reaction [44]. Moreover, it produces more tur-
bidity and high opacity in the solution on account of a
higher catalyst dosage leading to difficulty of light infil-
tration [45]. Increase in catalyst loading led to an im-
proved decoloration efficiency (Fig. 11a) owing to the
probable increase in the catalytic active surface sites and

1.0+

0.8 -

0.6 -

MB,/MB

0.5 mM
—0—1.5mM
—— 3.0 mM

v¢— 5.0 mM
—¥—10.0 mM

rate = 6 x 10° m> min™'; UV = 365 nm)

Operating time (min)
Fig. 10 Effect of H,0, dosage on MB dye degradation by photo-Fenton-like system (IMB]; = 0.06 mM; pH; = 3.0; cat. dosage = 0.85 g L; air flow
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generated more «OH radicals. Interestingly, at catalyst
loading of 1.0 g L' the decoloration rate of MB was
observed to be slightly slower than 0.85 g L™ evi-
dently at the first 15 min which could be affected by
the H,O, consumption in the reaction system (Fig.
11b). The higher MB decoloration rate at a catalyst
loading of 0.85 g L™ was possibly achieved as result
of higher consumption rate of H,O, leading to higher
+OH radical generation. Nonetheless, the optimum
catalyst loading considered was 1.0 g L™ due to lower
H,O, concentration consumed at this condition
which is more economical for the degradation
process.

3.6 Evaluation of active species

To determine the active species playing a critical role in
the PFL process and to reveal the photodegradation
mechanism of fFCS catalyst, radical quenching experi-
ments were conducted to trap hydroxyl radical, super-
oxide radical, hole and electron. TBA was used as a
model radical scavenger to determine the participation
of +OH radicals in MB degradation by PFL system using
fFCS catalyst. Furthermore, FFA was selected for «Oy
radical trapping experiment. In addition to TBA and
FFA, AO was chosen as h* scavenger and SS was se-
lected as e scavenger in the reaction system since
electron-hole  pairs are produced wunder light
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illumination. As elucidated in Fig. 12a, adding SS unto
the MB solution has a negligible effect on the PFL reac-
tion, while on the contrary AO caused a quickening ef-
fect on the MB photodegradation efficiency. Conversely,
Saleh and Traufik reported that the addition of AO on
the sonophoto-Fenton process for the remediation of
MB and CR using Fe;O4-ZnO/graphene nanocomposites
decreased the degradation efficiency implying that holes
play a very crucial role in the system [7]. In the present
work, the acceleration in the MB degradation rate within
15 min with AO addition could be ascribed to the in-
crease in iron and cobalt leaching at the first 15 min of
operating time as indicated in Fig. 12c¢ and d. Accord-
ingly, the iron leached in the system possibly reacted
with the oxalate ion from AO forming the photoactive
complex, [Fe'™(C,04)3]>", which was favorable for the
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quick MB decoloration [46]. The mechanism can be de-
scribed as follows through Eqs. (15)-(18):

Fe** + 3C,0,% — [Fe(C,04),]” (15)
[Fe'(Cy04),]" + hv—oFe? 4 2C,0,>

+4C,0, (16)
+C,04” + 0y—+0,™ + 2CO, (17)
+C,0, =40, + CO, (18)

In contrast, the decoloration efficiency dramatically re-
duced to 36% when FFA was used as a quencher with a
scavenging efficiency of 94% (Fig. 12b). This is deemed
to be essential for «O," radicals in the PFL response. Al-
though 91% of MB was degraded when TBA existed in
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the reaction system, it is evident in Fig. 8a that the rate
of decoloration is much slower than that of the MB deg-
radation without scavenger leading to a scavenging effi-
ciency of 79%. These outcomes establish that «O,™ acts
as the main oxidative species and +«OH also contributed
to MB degradation by PFL reaction using fFCS catalyst.

3.7 Feasibility of industrial and engineering application
This study was performed on a laboratory scale under
pre-determined operating conditions. Different catalyst
preparation methods are used for Fe-Co catalyst synthe-
sis used in the treatment of organic dyes including im-
pregnation, sol-gel technique and hydrothermal method
[10, 13, 14, 47]. Sun et al. synthesized Fe-Co/MCM-41
via hydrothermal method for 60 h at 140 °C [6]. More-
over, Fe-Co reached 66 h to be impregnated on PAM
surface [13]. Fe-Co supported on Al,O3-MCM-41 was
prepared by Pradhan et al. using a combination of sol-
gel and hydrothermal methods at 120 °C for 24 h [14].
Likewise, hydrothermal method was utilized to
synthesize Fe-Co/SBA-15 at 100 °C for 48 h [48]. The
EBC technique used in this study was run for only 4 h
under room temperature which reduced the synthesis
time and operating temperature, and thus, leading to
lesser energy consumption and operating cost. The syn-
thesis time was reduced by about 83-94% and the oper-
ating temperature by 75-82%. For industrial and
engineering application, this will be advantageous in
terms of economic value. Catalyst cost is one of the crit-
ical considerations for successful catalyst development.

In terms of degradation efficiency, the catalytic per-
formance of fFCS is comparable with the Fe-Co catalyst
synthesized using the existing preparation methods. 25
mg L™ of Methyl Orange was reduced by 95% using
hydrothermally-synthesized ~Fe-Co/MCM-41 catalyst
using peroxymonosulfate concentration of 0.075 mM
and catalyst loading of 0.2 g L™ at pH 5.6 under room
temperature [6]. Using Fe-Co/Al,O3-MCM-41 catalyst
synthesized via sol-gel cum hydrothermal method in the
PFL system, 100% MB degradation was achieved within
1 h under visible light [14]. Furthermore, 96% CR deg-
radation was obtained with a degradation rate of 0.063
min! at 35 °C within 1 h [13]. Besides, Cai et al. treated
Orange II dye achieving 93% degradation within 2 h
assisted by ultrasound irradiation [48]. In this work,
complete degradation of MB was attained under PFL
system within 1 h. It can be observed that the tested
fFCS have comparable catalytic performance with the
catalysts synthesized via existing synthesis techniques.
With this, further work can be conducted to explore
FBC as a novel method for bimetallic catalyst synthesis
to provide improved activity and selectivity for catalytic
reactions.
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3P-FBR was used in this study which applies the prin-
ciples of heterogeneous FBR-Fenton (FBF) process.
Herein, the sufficient catalytic reaction sites are provided
by the active carriers (catalyst particles) which also leads
to high mass transfer rate induced by carrier fluidization
caused by the air supplied to the reactor. At present,
EBF process have been used on an industrial scale in
Taiwan treating large volumes of persistent organic pol-
lutant (POP) effluents from petrochemical and pulp and
paper mill industries since 2002 yielding complete POP
removal under continuous operation [47]. According to
the results drawn in this work, PFL process using the
3P-FBR is an effective treatment for organic wastewater
which can help improve the existing industrial FBF sys-
tems with the use of bimetallic catalysts. The application
of the FBC-derived Fe-Co catalyst in the industrial and
engineering field, however, presents current challenging
issues such as improvement of mineralization efficiency
which is significant on real case wastewater and reduc-
tion of metal leaching causing catalyst deactivation prob-
lem leading to lesser catalytic active sites. Strong metal-
support interaction could also be studied and improved
in relation to the leaching of iron and cobalt in the reac-
tion system. Finally, the results in this work could pro-
vide wuseful information for bimetallic catalyst
development and will stimulate further research activ-
ities in the field of heterogenous FBF process for pos-
sible industrial up-scale.

4 Conclusions

The Fe-Co/SiO, catalyst was successfully fabricated
using the FBC process and this study is the first to inves-
tigate its catalytic activity and performance toward MB
degradation and mineralization. The effects of initial pH,
H,0, dosage, and catalyst loading were discussed thor-
oughly. The results indicate that 20 mg L™ of MB dye
could be completely degraded via PFL process involving
initial pH of 3.0, 3.0 mM of H,0, and 1.0 g L' of fFCS
catalyst under UV-A light irradiation. The FBC-derived
catalyst presented a good catalytic activity toward MB
dye. The catalytic performance of this catalyst is com-
parable with the impregnated catalyst. Based on the rad-
ical quenching experiment, the main reactive oxygen
species were «O,” and «OH radicals. Although complete
MB decoloration was achieved using fFCS catalyst, 65%
mineralization efficiency demonstrated the existence of
intermediates derived from the PFL process.
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