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ABSTRACT

This study has successfully demonstrated the formation of pure and impure bismuth ferrite
(BiFeO,) photocatalyst produced using alginic acid as a biotemplate. Structural and phase purity
of the nanocatalysts were tested, and efficiencies of both pure and impure BiFeO, nanocatalysts in
4-chlorophenol (4-CP) degradation were conducted via solar-Fenton reaction. Catalytic activities were
investigated with respect to the initial concentrations of 4-CP and oxidant, H,0O,, nanocatalyst load-
ing and reaction time. The Langmuir-Hinshelwood kinetic model is best suited to the degradation
activity. High purity BiFeO, nanocatalyst exhibited high photodegradation activity with low dosage
as well as high stability, surface area and ability to regenerate compared to impurity Bi,Fe,O,. Results
showed ~98% degradation of 200 mg L of 4-CP at pH 2.5 with 0.1 mol L' of H,0, and 2.55 mmol L™
of nanocatalyst within 180 min and no significant reduction in terms of its reusability. The influ-
ence on phase purity and the structural properties of the photocatalyst is significant for providing
opportunities in developing an intensive study in an environmentally friendly solar photocatalyst.

Keywords: Bismuth ferrite nanocatalyst; 4-chlorophenol; Biotemplate; Alginic acid; Solar-Fenton

reaction

1. Introduction

Chlorophenols (CPs) are commonly known to be extre-
mely toxic and not easily degradable. Some chlorinated
compounds are biodegradable, however, their kinetics are
often slow and biodegradation of the compounds is pos-
sible only at low concentration [1,2]. These chlorinated
compounds with the safety level of 0.1-1.0 mg L™ [3,4] are
categorized as a particular group of priority toxic com-
pounds by the United States Environmental Protection

* Corresponding author.

Agency (USEPA) [5]. These essential pollutants can be
found through many manufacturing activities such as
petroleum refineries, bleaching of paper pulp, water disin-
fection, and excessive use of pesticides and herbicides [6,7].
Apart from being considered as environmental pollutions,
CPs often affect human health with diseases such as liver
malfunction and dermatitis [1]. Hence, in recent decades,
the sustainability approach in the removal of chlorinated
phenolic compounds from industrial wastewater has
generated considerable attention from the community [8].
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Heterogeneous semiconductor photocatalysis which
acts as versatile, low cost, and environmentally benign
treatment technology for a host of pollutants have emerged
as a promising solution in the mineralization of organic
pollutants in water. The process involves surface trap-
ping of light-generated charges which induce interfacial
electron-transfer reactions with a great variety of sub-
strates [9,10]. Titanium dioxide (TiO,) based photocata-
lysts have been extensively studied by conducting vari-
ous investigations focusing on two main forms of TiO,,
namely rutile (bandgap 3.0 eV), anatase (bandgap 3.2 eV)
and brookite (bandgap 3.13 eV) [11-16]. The large band-
gap of TiO, barely responses to UV light (<380 nm), which
accounts for less than 4% of the entire solar spectrum [17]
and hence, it limits the effective use of solar energy. This
has consequent implications for the use of titania materials
as solar or room light-activated catalysts. Several studies
conducted on visible-light-induced photocatalysis such
as ZnFeO, [18], PW Fe/H,0, [19], and C/ZnO/CdS [20]
have demonstrated their photocatalytic efficiency and fur-
ther supported a more sustainable approach towards the
chemical utilization of solar light.

Therefore, it is of great interest to develop an efficient
solar-light photocatalyst for the photodegradation of
organic pollutants with two key factors affecting the pho-
tocatalytic performance that are the solar-light response
and the separation of photogenerated electron-hole pair.
Therefore, bismuth ferrite, BiFeO, which possesses a
rhombohedral distorted perovskite structure with a nar-
row bandgap (2.1 eV) and high chemical stability [21] has
been selected as the alternative photocatalyst in this study.
Based on the fact that BiFeO, possesses a narrower band-
gap compared to many other ferroelectric perovskites,
therefore, it is responsive towards a wide spectrum of solar
light including visible light and UV light. Furthermore,
multiferroic BiFeO, is also known to have a high separation
efficiency of photogenerated electron and hole due to the
self-polarization field, which is caused by self-polarization
in ferromagnetic mechanism [22], thus becoming a great
interest in photocatalysis [23,24].

Nevertheless, the synthesis of BiFeO, with high tem-
perature and low purity is often complex due to its narrow
temperature range of phase stabilization [25]. Extensive
researches have been conducted by undergoing a lower
temperature synthesis path to overcome the problems of
poor reproducibility and poor ferroelectric behavior [26].
The biotemplating technique with biopolymers and poly-
saccharides is a greener approach is considered as an
environmentally and economically friendly because the
process takes place under a milder condition and allows
greater morphological control in producing high purity
crystal. alginic acid polysaccharides are naturally found on
the cell walls of brown algae, which are made up of blocks
of polyguluronate, poly-G and poly-M blocks. The poly-G
blocks are able to strongly bind cations that serve as the
preferential sites for nucleation and growth of metal cat-
ions, while also avoiding coalescence of nanoparticulate
species [27]. In the synthesis of BiFeO,, poly-G blocks act
as a structure-directing agent in the assembly of BiFeO,
nanostructure [28].

Several studies have reported the effectiveness of
impure BiFeO, compared to high purity BiFeO, despite the
complicated process involved in the synthesis of high purity
BiFeO, such as BiFeO, with impurity phases (Bi,Fe,O,,
Bi FeO,, and Bi,O,-FeO,) [29]. The type of impurities
phases plays a significant role in order to further catalyze
the photocatalytic processes. Hence, the effectiveness of
BiFeO, with impurities phases (Bi,0, and Fe,O,) was the
result of the presence of ferrous oxide impurities which
further catalyze the Fenton reaction by converting Fe*
to Fe*, in order to generate hydroxyl radicals ("OH) for
solar-Fenton catalytic degradation of phenolic compounds.

In this study, the effectiveness of the composition of
impurity Bi,Fe,O, in BiFeO, synthesized through the green
approach utilizing the polysaccharide alginic acid is exam-
ined and compared to the high purity BiFeO, nanocatalyst
under solar-Fenton catalytic degradation of 4-chlorophe-
nol (4-CP). Besides, several other aspects were evaluated
including the effects of pH, the initial concentration of
4-CP, the concentration of the oxidant (H,0,), the dosage of
BiFeO,, the reaction time, and the regeneration study.

2. Experimental setup
2.1. Chemical and materials

All chemicals applied in the experiments were of
reagent grade or higher and used without further puri-
fication. Bismuth nitrate [Bi(NO,),-5H,O], iron nitrate
[Fe(NO,),-9H,O] from Sigma-Aldrich (USA), and alginic
acid from Acros Organics (USA) have been used in the
synthesis of pure and impure BiFeO, nanocatalysts. 4-CP
was obtained from Aldrich. Hydrogen peroxide (H,0,) and
hydrochloric acid (HCI) were obtained from QReC, while
ammonium hydroxide was supplied by J.T. Baker (USA).

2.2. Characterisation of pure and impure BiFeO, nanocatalyst

Pure and impure BiFeO, samples were analyzed
using X-ray diffraction (XRD). The XRD patterns were
recorded with a PANalytical X'Pert PRO 0-20, which is
equipped with graphite monochromatized using CuKa
radiation (A = 1.54060 A) operating at 40 kV. With refer-
ence to the Debye Scherrer’s equation, the crystallite size is
calculated using the Eq. (1):

k.

D=
Bcos6

@

where B is the full width at half maximum of intensity
(in radian) vs. 20 profile, A is the wavelength of the CuKa
radiation (1.5406 A), 0 is the Bragg’s diffraction angle,
D is the crystallite size, and k is a constant that depends
on the shape of the crystallite size and equals to 0.9. The
Scherrer equation is not applicable to grains that are larger
than 0.1 pm; hence, it is limited to the measurement of
nanoscale particles only.

The morphology of the sample was studied using the
scanning electron microscopy with a scanning microscope
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FEIQUANTA FEG 650 coupled with energy-dispersive X-ray
system Oxford instruments X-MAX (EDX, USA). Chromium
was used to coat the sample before the characterization.
Brunauer-Emmett-Teller (BET) surface areas were
obtained using porosimeter Micromeritics ASAP 2020.

2.3. Preparation of pure and impure BiFeO, nanocatalyst

In the common procedure conducted to prepare pure
BiFeO, nanocatalyst, 1.42 g of [Bi(NO,),-5H,0] and 2.00 g
of [Fe(NO,),9H,0O] were dissolved in 25 mL distilled
water. The solution was then added into the alginic acid
polymer and stirred at 80°C for 2 h. Ammonium hydrox-
ide (NH,OH) was used to adjust the pH of the mixture to
achieve pH 8 until a brownish-red solution was obtained.
Consequently, the mixture was dried in an oven overnight.
Finally, the gel-like sample was calcined at 550°C for 2 h.
Similarly, a 1:1 mole ratio of starting materials 2.42 g of
[Bi(NO,),-5H,O] and 2.00 g of [Fe(NO,),-9H,O] were used
in the synthesis of impure BiFeO, nanocatalyst.

2.4. Catalytic activity test

The catalytic activity of pure and impure BiFeO, nano-
catalysts has been evaluated in a heterogeneous photo
Fenton catalytic degradation of 4-CP from aqueous solution.
In this case, several Erlenmeyer flasks containing 50 mL
4-CP (200 mg L), 0.1 M H,0,, and 0.04 g of catalyst at pH
2.5 were agitated in the dark for 30 min on a shaker with the
mixing rate of 350 rpm. The solutions were then exposed
to direct sunlight radiation in consecutive sunny days,
which was between 12 PM. to 4 PM. (GPS coordinates: N
15' 47.9442", E 29" 4.6356"). The removal efficiency of 4-CP
was determined based on the remaining 4-CP concentra-
tion at 280 nm using the Shimadzu UV-Vis Model UV-2600
spectrophotometer. For the kinetic study, the solutions are
collected every 30 min and analyzed using a UV-Vis spec-
trophotometer. The percentage of degradation is calculated
using the following equation:

S =C 100% )
C

0

% Degradation =

where C, is the initial concentration of 4-CP and C is the
final 4-CP concentration.

A few parameters including the pH of the medium,
the initial concentration of 4-CP, the concentration of H,O,
and the dosage of BiFeO, were evaluated to examine the
effectiveness of pure and impure BiFeO, nanocatalysts.

The pH values were adjusted by adding 1.0 M HCI or NaOH.

2.5. Reusability of photocatalyst

The nanocatalysts were collected from the solution using
a permanent magnet. The samples were dried in an oven
and washed by stirring with 50 mL of distilled water for 180
and 210 min for pure BiFeO, and impure BiFeO, nanocata-
lysts, respectively. The catalysts were then dried again and
suspended into a fresh solution of 4-CP and H,O,. The deg-
radation activity is continued with the second cycle and the
process was repeated.

3. Results and discussion
3.1. Characterization of the catalyst
3.1.1. Phase analysis of biotemplated-BiFeO, nanocatalyst

As illustrated in Fig. 1a, the XRD pattern of pure BiFeO,
nanocatalyst contains diffracted peaks at 20 values of
22.41°, 31.99°, 39.46°, 45.81°, 54.03°, 57.08°, 67.10°, 71.80°,
and 76.21° which correspond to the (012), (110), (202), (024),
(116), (300), (220), (312), and (134) crystal planes of rhom-
bohedral BiFeO, (JCPDS card No. 01-071-2494). No other
peak is observed, thus indicating that the synthesized
BiFeO, nanocatalyst is of high purity, single-phase and the
broad peaks represent the smaller crystallite size of the
pure BiFeO, sample. The XRD pattern of impure BiFeO,
nanocatalyst shown in Fig. 1b resonates with the XRD pat-
tern of the pure BiFeO, nanocatalyst. The dominant peaks
of impure BiFeO, nanocatalyst represent the diffraction of
pure BiFeO, nanoparticles. However, the peaks at 23.90°,
28.15°, 28.99°, 29.46°, 30.28°, 47.03°, and 56.50° belonging to
the (120), (121), (211), (002), (220), (141), and (332) crystal
planes of orthorhombic Bi,Fe O, (JCPDS card No. 00-025-
0090) were detected in the diffractogram. This indicates
that the impure BiFeO, nanocatalyst comprises rhombo-
hedral BiFeO, and orthorhombic Bi,Fe,O, nanoparticles.
The average crystalline size (Table 1) of pure and impure
biotemplated BiFeO, nanocatalyst calculated using the
Debye-Scherrer equation is 16.7 and 52.5 nm, respectively.

3.1.2. Morphology and elemental composition of biotemplat-
ed-BiFeO, nanocatalyst

Figs. 2a and c reveal the morphology of the pure
BiFeO, nanocatalyst consist of a single phase of rhombohe-
dral shape with the particle size of 87.0 + 30 nm, while the
impure BiFeO, nanocatalyst has the irregular distribution
of rod-shaped orthorhombic phase (Figs. 2b and d) with a
larger particle size of 184.2 + 88 nm. This correlates with the
XRD patterns (Fig. 1) observed in impure and pure BiFeO,
nanocatalyst, which further confirms the presence of ort-
horhombic (Bi,Fe,O,) and rhombohedral (BiFeO,) particles,
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Fig. 1. XRD patterns of (a) pure and (b) impure biotemplated-Bi-
FeO, nanoparticles.
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Fig. 2. Field emission scanning electron microscopy images and histogram of the particle size distribution of (a,c) pure and (b,d)
impure biotemplated BiFeO, nanoparticles. Green arrow: rhombohedral phase; pink arrow: rod-shaped orthorhombic phase.

respectively. Summarization of morphologies and crystallite
dimensions are tabulated in Table 1. Further characteriza-
tion of elemental composition was performed using ener-
gy-dispersive X-ray analysis for both nanocatalysts (Fig. S1).
The transmission electron microscopy image as depicted
in (Fig. S2) revealed major agglomeration of the impure
(Bi,Fe,O,) samples as compared to pure BiFeO,. In addi-
tion, pure BiFeO, experienced better distribution of smaller
particles and this will provide more active sites for the
reaction and having a high rate of photocatalytic reaction.

3.1.3. BET study of biotemplated-BiFeO, nanocatalyst

The N, adsorption-desorption on both biotemplated
BiFeO, nanocatalyst was carried out. BET analysis was per-
formed, and the result exhibited pure BiFeO, has a 6-fold
higher surface area than the impure (Bi,Fe,O,) sample
with the values of 12.9891 and 2.9840 m? g7, respectively
as tabulated in Table 1. The larger surface area of pure
BiFeO, nanocatalyst is caused by its homogeneity of crys-
tal growth, which provides better orientation of resulting
crystallite and higher preferential sites for photocatalytic
purposes compared to the impure BiFeO, nanocatalyst
[30]. Therefore, the significantly higher surface area of the
pure BiFeO, nanoparticles with a smaller size is responsible

for the presence of more active sites that provided higher
degradation efficiency.

3.2. Photocatalytic activity

3.2.1. Effect of 4-CP degradation in dark and under sunlight
with and without H,0,

The photocatalytic capability of both pure and impure
BiFeO, nanocatalysts was investigated a solar-Fenton cat-
alytic degradation of 4-CP in the presence and absence of
H,0O,. The 4-CP degradation by pure and impure BiFeO,
nanocatalysts in the presence of 0.1 mol L™ H,O, were per-
formed under both dark and light condition. It was first
evaluated by the degradation of the 4-CP organic contam-
inant and the observed time-dependent photodegradation
of 4-CP under these conditions is illustrated in Fig. 3 and
summarised in Table 2. First, it may be noted that under
dark and in the absence of H,O,, the BiFeO, nanocatalyst
does not cause any discernible degradation of 4-CP over
the measurement time-domain (Table 2). Further investi-
gations on the effectiveness of H,0O, for both nanocatalysts
in the absence of solar light were carried out and illus-
trated in Fig. 3. The results show there is a low percent-
age of ~0.48% degradation of 4-CP in the absence of light
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Table 1
The physical characteristic of studied BiFeO, and its photocatalytic activity
Morphology BiFeO, Crystallite Particles  BET surface Best dosage of Percentage degradation of Rate of
size (nm) size (nm) area (m?g”) BiFeO, (mmol L") 200 mgL™"4-CP (=180 min) degradation,
(min™)
Impure (orthorhombic) 52.5 184.2+88 2984 6.4 97.0 0.0254
Pure (rhombohedral) 16.7 87.0+30 12989 25 98.0 0.0314
10 Table 2
' _ Effect of BiFeO, on the catalytic degradation of 4-CP under dark
09 and direct sunlight (BiFeO, = 2.5 mmol L7; 4-CP = 200 mg L
—&— Impure BiFeO3 . .
time = 240 min)
= 0.8
=
s 0.7 Catalyst Condition Time, t Degradation,
% 0.6 (min)
5 054 0.1MH,0, In the dark 240 N/A
3 04 Under direct sunlight 240 N/A
o 044
2 BiFeO, In the dark 240 0.75
e 031 without H,O, Under direct sunlight 240 1.07
g 02 BiFeO, with  In the dark 240 0.48
& oq] 0.IMH,O,  Underdirectsunlight 240  98.0
00+
L 1 L 1 L 1 n 1 L 1
0 50 100 150 200 250 to 0.10 mol L' In Fig. 4, a gradual increase in the per-
Time (min) centage of degradation can be observed from lower H,0O,

Fig. 3. Effect of degradation of 4-CP under dark condition with
pure and impure BiFeO, nanocatalyst in the presence of H,O,.
(Pure BiFeO, = 2.5 mmol L7; impure BiFeO, = 6.4 mmol L7;
H,0,=0.1mol L}; pH = 2.5; time = 240 min).

even with the addition of 0.1 M oxidant, H,0O,. The addi-
tion of H,O, leads to a certain rate of degradation even
in the dark (Fig. 3) which is the same as that by the use
of only H,O, without BiFeO,. This means that H,O, itself
causes a slow 4-CP degradation and this can be attributed
to the oxidizing nature of H,O,. However, as clearly seen
from the data shown in the same Table 2, BiFeO, is clearly
and significantly assisted by a similar concentration of
H,0O,, reflecting photo-Fenton catalytic enhancement. The
photo-Fenton process, the combination of homogeneous
systems of solar/H,O,/Fe* compounds, produces the high-
est photochemical elimination rate of 4-CP and complete
mineralization is possible to achieve in shorter reaction
periods when compared with the H,O,/Fe* process in the
dark. The result displayed promising photodegradation
of 4-CP in the presence of solar light and oxidant.

3.2.2. Effect of the concentration of H,0O, on the solar-Fenton
catalytic degradation of 4-CP

H,0, has been widely reported as an effective oxidant
in catalyzing the photocatalytic reaction. Therefore, the
optimum concentration of H,O, is evaluated to ensure the
minimum use of oxidant in order to achieve high degra-
dation efficiency. The experiments were conducted with

different concentrations of H,O,, which ranges from 0.06

concentration at 0.06 mol L™ (7.48% and 6.32%) to higher
concentration at 0.10 mol L7 (94.12% and 90.68%) for
both nanocatalysts. The results show that higher degra-
dation efficiency is achieved by increasing the concentra-
tion of H,O,. The increase in activity with light at higher
H,O, concentration can be attributed to the combination
of nanophotocatalysis and solar-Fenton catalysis pro-
cesses. Hence, the optimized value of H,O, concentration
(0.1 mol L) was used for the rest of the study.

3.2.3. Effect of pH medium on the solar-Fenton catalytic
degradation of 4-CP

The pH of a solution is considered an important para-
meter because it directly affects the photocatalytic per-
formance of a Fenton reaction due to the fact that this
reaction is more effective when conducted under acidic
conditions. Fig. 5 depicts the percentage of degradation of
200 mg L of 50 mL 4-CP over a wide range of pH. In the
same figure, the solar-Fenton catalytic degradation of 4-CP
over both pure and impure BiFeO, nanocatalysts surface
is shown to be lower in less acidic and alkaline medium
with pH 5.5 and pH 8, respectively. The increase in the
percentage of degradation is observed when the solution
becomes acidic starting at pH 2 for both pure and impure
catalyst, while a dramatic increase in the degradation
efficiency (~90%) recorded as was observed at pH 2.5.

Under acidic conditions, BiFeO, nanocatalysts catalyzed
the decomposition of H,O, into *OH radicals. The predomi-
nant iron sites, =Fe®" absorbs light to produce =Fe*" and *OH
by the initial formation of a complex between =Fe** and H,0O,.
This critically enhances the degradation process because
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Fig. 4. Effect of concentration of H,O, on solar-Fenton catalytic
degradation of 4-CP. (Pure BiFeO, = 2.5 mmol L7; impure
BiFeO, = 6.4 mmol L™'; [H,0O,] = 0.1 mol L; [4-CP] =200 mg L;
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Fig. 5. Effect of pH on solar-Fenton catalytic degradation of
4-CP. (Pure BiFeO, = 2.5 mmol L; impure BiFeO, = 6.4 mmol L;
[H,0,] = 0.1 mol L; [4-CP] = 200 mg L™'; time, ¢ = 180 min).

=Fe? acts as the major catalytic species in Fenton reaction
while *OH is considered as the active species responsible to
attack and degrade the organic materials (Egs. (3)—(7)).

=Fe’ +H,0, »=Fe’’H,0, ®)
=Fe”H,0, »=Fe’" + "HO, +H" @)
=Fe” +'HO, »=Fe>* +O, +H’ ®)
=Fe* +H,0, »=Fe’ +"OH+OH" (©)
4-CP+'OH—---CO, +H,0 ()
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Fig. 6. Effect of dosage of BiFeO, on solar-Fenton catalytic
degradation of 4-CP (H,O, = 0.1 mol L*; 4-CP = 200 mg L
pH =2.5; time = 180 min).

In alkaline pH, a high valence iron species (Fe* = O)
may form due to the removal of H atom by OH- species in
alkaline conditions (Eq. (8)). It is worth to note that Fe* = O
species are less reactive than *OH and are unable to react
with aromatic compounds.

=Fe® + H,0, »= Fe'" =0+ H,0 (8)

where = represents the active sites on the surface of BiFeO,
nanoparticles.

Therefore, based on the findings, the rest of the photo-
catalytic study was conducted at an optimum pH of 2.5.

3.2.4. Effect of dosage of pure and impure BiFeO, nanocatalysts
on the solar-Fenton catalytic degradation of 4-CP

The optimum dosages of pure and impure BiFeO, nano-
catalysts were evaluated in the range of 1.28-7.7 mmol L.
Fig. 6 depicts the similar trend that is observed on pure
and impure BiFeO, nanocatalysts, whereby the percent-
age of degradation is shown to be gradually increasing at
a lower dosage with a percentage of 71.43% and 69.82% for
pure and impure BiFeO, nanocatalysts, respectively. The
low dosage of pure BiFeO, nanocatalyst (2.5 mmol L) is
required to give optimum degradation performance up to
98% of 4-CP, whereas a higher dosage of 6.4 mmol L™ of
impure BiFeO, nanocatalyst is needed to achieve almost
similar degradation of 4-CP (~97%). Both samples show
the same trend whereby the photodegradation efficiency
decreases after the optimum dosage is achieved. Previous
studies have shown that this trend is caused by the high tur-
bidity of the suspension and low light penetration [29,31].

The pure BiFeO, nanocatalyst proves to be more efficient
compared to the impure BiFeO, nanocatalyst. The presence
of impurities may have created the steric effect that impedes
the active species from the solar-Fenton reaction. Apart from
that, the efficiency of 4-CP degradation is directly affected
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when =Fe* is affected. Hence, a higher dosage of impure
BiFeO, nanocatalyst is needed to degrade the 4-CP solution.

3.2.5. Effect of the 4-CP initial concentrations on the
solar-Fenton catalytic degradation of 4-CP

The effect of initial concentrations of 4-CP in the
range of 50 to 300 mg L on the solar-Fenton degrada-
tion of 4-CP is presented in Fig. 7. Both pure and impure
BiFeO, nanocatalysts show similar trends whereby more
than 90% degradation of 4-CP was achieved for the 4-CP
concentrations of 50 to 200 mg L™ after which the degra-
dation efficiency is reduced at higher concentrations. A
gradual increase in the percentage of degradation, start-
ing from a lower concentration of 50 mg L™ (89.31% and
89.70%) to a higher concentration of 200 mg L™ (96.70% and
97.25%) for impure and pure BiFeO, nanocatalysts, respec-
tively was observed. The results depicted that the pure and
impure BiFeO, nanocatalysts are rather stable at higher
4-CP concentration. A sudden decrease in the percentage
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of degradation to ~63% is observed after the optimum
concentration is achieved could be due to the insufficient
H,O, and =Fe* available to react with 4-CP molecules when
the concentration was increased to more than 200 mg L.

It is interesting to note, rhombohedral BiFeO, nanocat-
alyst exhibited 98.0% degradation efficiency of 200 mg L~
4-CP via solar-Fenton catalytic degradation within 180 min
demonstrates the effectiveness of the developed photocata-
lyst. Compared to the relevant literature, Fenton photocata-
lyst, BiFeO, exhibited superior photocatalytic performance
in the degradation of high concentrated 4-chlorophenol
that work under direct sunlight irradiation, both in terms of
the removal efficiency and the duration (Table 3). Most of
the reported works for Fenton-photocatalyst, utilizing UV
as a source of light. These works mostly showed the high-
est performance towards a low concentration of organic
contaminants (<20 ppm) with higher dosage and reaction time.

3.2.6. Kinetic study of pure and impure BiFeO, nanocatalyst
on the solar-Fenton catalytic degradation of 4-CP

The photodegradation rate constant, k, had been assessed
using the kinetic model by Langmuir-Hinshelwood. This
model is a pseudo-first-kinetics model of photocatalysis
and has been widely used to describe the kinetic mecha-
nism of photocatalytic degradation of organic compounds
[32]. The relationship between the rate of reaction, r and the
concentration, C is expressed as follows:

kK C

r~"ad

_dC _ KK,C
dt  1+K C

)

where k is the intrinsic rate constant and K, is the adsorp-
tion equilibrium constant. K ,C is negligible when the
adsorption is weak, or the adsorbate concentration is low.
The adsorption kinetic equation can be simplified to the
first-order model:

50 100 150 200 250 300 r=kK,C=K,,C (10)
Concentration of 4-Chlorophenol (mg/L)
where K_ ' is the apparent adsorption constant and
Fig. 7. Effect of initial concentration of 4-CP on solar-Fenton
catalytic degradation of 4-CP. (Pure BiFeO, = 2.5 mmol L7;
impure BiFeO, = 6.4 mmol L7; HO, = 0.1 mol L; pH = 2.5; IH?OZKapp (11)
time = 180 min).
Table 3
Comparison of the proposed Fenton-catalytic degradation of 4-chlorophenol with other published result
Fenton Removal Light source [4-CP] Catalyst Reaction References
photocatalyst efficiency (%) (ppm) dose (g L) time (min)
BiFeO, 98 Solar 200 0.8 180 This work
Fe,O, 100 uv 20 0.5 120 [34]
FeCO, 100 uv 20 0.5 60 [34]
UV/H,O,/Fe** 100 uv 50 - 20 [35]
AlFePILC 100 Visible light 20 0.5 195 [36]
AlFePILC 100 uv 20 0.5 120 [36]
FeOCl/CDots 90.1 Visible light 5 1.0 180 [37]
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Fig. 8. Pseudo-first-order kinetic study of solar-Fenton cata-
lytic degradation of 4-CP by (a) pure BiFeO, and (b) impure
BiFeO, nanocatalyst. (Pure BiFeO, = 2.5 mmol L7; impure
BiFeO, = 6.4 mmol L™; [H,O,] = 0.1 mol L™; [4-CP] =200 mg L;
pH=2.5).

where C, is the initial 4-CP concentration and C is the concen-

tration at time t. Thus, the values of K can be determined
- . app

from the plot of InC /C time against ¢.

The linear relationship between InC/C and ¢ for the
degradation of 4-CP for pure and impure BiFeO, nanocat-
alysts can be observed in Fig. 8. Experimental data for both
pure and impure BiFeO, nanocatalysts fit the Langmuir—
Hinshelwood first-order adsorption model with a linear
correlation of 0.98 and 0.957 for pure and impure BiFeO,
nanocatalysts, respectively. The high correlation coefficient
value (~1.0) shows a strong relationship between InC /C and
t. Fig. 9 shows that the degradation of 4-CP is nearly com-
plete after 180 min for pure BiFeO, nanocatalyst, whereas
the impure BiFeO, nanocatalyst requires slightly longer
time, 210 min to achieve similar efficiency and the values of
the rate of 4-CP degradation were 0.0314 and 0.0254 min™
(Table 1) for pure BiFeO, nanocatalyst and impure BiFeO,
nanocatalyst, respectively. Therefore, it is further proven
that the high purity BiFeO, nanocatalyst is more effective
than the impure BiFeO, nanocatalyst.

3.2.7. Regeneration of pure and impure BiFeO, nanocatalyst

Fig. 10 depicts that both pure and impure BiFeO, nano-
catalyst managed to achieve up to 95% of degradation
even after 5 successive cycles. The fact that the regenerated
pure and impure BiFeO, nanocatalysts can be reused for
subsequent degradation cycles without affecting the pho-
tocatalytic efficiency may be attributed to the easy separa-
tion of the nanocatalyst from the solution by an external
magnetic field. The magnetic property of pure and impure
BiFeO, nanocatalysts minimizes the loss of catalyst. 4-CP
is known to be highly stable in water, thus it is desorbed
from the surface of pure and impure BiFeO, nanocatalysts
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Fig. 9. Kinetic study of solar-Fenton catalytic degradation of
4-CP. (Condition: Pure BiFeO3 = 2.5 mmol/L; impure BiF903 =
6.4 mmol/L ; [H,0,]= 0.1 mol/L ; [4-CP] = 200 mg/L ; pH = 2.5).
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Fig. 10. Regeneration of BiFeO, nanoparticles for 5 times
cycle. (Pure BiFeO, = 2.5 mmol L7; time = 180 min; impure
BiFeO, = 6.4 mmol L7; time = 210 min; H,O, = 0.1 mol L7
4-CP =200 mg L', pH =2.5).

simply by washing with distilled water. Therefore, this
shows that both pure and impure BiFeO, nanocatalysts
are highly stable, durable, and reusable.

3.3. Mineralization study

Two essential steps are involved in order to achieve
complete degradation of chlorinated phenolic compounds,
which are the cleavage of the aromatic ring and the removal
of chlorine atom [12,33]. An adsorption—-desorption equi-
librium is achieved when the solution is shaken in the
dark before solar irradiation, in which the solutions turn
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yellowish-brown due to the formation of intermediates of
chlorinated phenolic compounds. The solution then turns
colorless again after 180 min, which further suggests the
degradation of intermediates compounds.

Generally, the first step involved in photocatalytic
degradation of 4-CP is the cleavage of the C-CI bond that
produces phenol. Then, the phenol is further attacked by
*‘OH radicals to produce hydroquinone. However, *OH
might reacts directly with 4-CP to form 4-chlorocatechol.
It is worth to note that the main intermediates of 4-CP
degradation are commonly known as hydroquinone and
4-chlorocatechol. As presented in Fig. 11, the UV-Vis spec-
trum obtained after 180 min of solar irradiation shows
only a tiny peak of ~280 nm, which indicates that 4-CP is
almost completely mineralized by BiFeO, nanoparticles.
However, the absence of UV active intermediates did not
rule out the presence of undetectable UV inactive com-
pounds. Therefore, a further study by a more sophisti-
cated method such as HPLC to further validate this result
is essential to further verify the degree of mineralization
of 4-CP by the BiFeO, nanoparticles.

4. Conclusions

In summary, the high purity of rhombohedral BiFeO,
and the impure orthorhombic Bi,Fe,O, nanocatalyst was
successfully synthesized and the performance of both cat-
alysts was evaluated. The high purity BiFeO, nanocatalyst
possesses smaller particle and crystallite size, and larger
surface area compared to the impure BiFeO, nanocatalyst.
The results indicated that the solar-Fenton reaction with
pure BiFeO, nanocatalyst successfully removes up to ~98%
of 4-CP under sunlight with the highest 4-CP concentration
of 200 mg L™ using 2.56 mmol L™ BiFeO,, 0.1 mol L™ H,O,
at pH 2.5 within 180 min. The high purity BiFeO, nanocata-
lyst is more effective than the impure BiFeO, nanocatalyst
due to the steric effect induced by the impurities in impure
BiFeO, nanocatalyst, which requires a higher dosage of
nanocatalysts and a longer reaction time. In addition to that,

4.0
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Fig. 11. UV-Vis spectra of solar-Fenton catalytic degradation
of 4-CP (a) before degradation and (b) after degradation at
t =180 min using pure BiFeO, nanocatalyst.

the nanocatalysts are reusable up to 5 consecutive cycles
without a significant reduction in its degradation efficiency.
In comparison with other reported work, BiFeO, promotes
better degradation activity under direct sunlight irradi-
ation towards a higher concentration of organic pollutant
4-CP. The contaminants could be removed and mineralized
effectively in this system.
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Fig. S1. Energy-dispersive X-ray analysis of pure and impure BiFeO, nanoparticles.
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Fig. S2. Transmission electron microscopy images of (a) pure and (b) impure BiFeO, nanoparticles.
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