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Abstract—Perovskite LaFeO; photocatalyst prepared by using sol-gel glucose method was assembled on graphene
oxide sheets to produce integrated photocatalyst-adsorbents (IPCA) and investigated as photocatalyst for the degrada-
tion of methylene blue under visible light irradiation. The prepared photocatalyst was characterized by FTIR, XRD,
FESEM, BET specific surface area measurement, TEM/HRTEM and UV-Vis spectroscopy analysis. The FTIR, FESEM
and TEM analysis has suggested that the photocatalyst LaFeO; has been successfully embedded at the surface of the
graphene oxide (GO) sheets due to a strong interaction between the photocatalyst and the adsorbents matrix. Methy-
lene blue degradation shows that IPCA possesses higher photodegradation kinetics compared to bare LaFeO, photocat-
alyst. The resultant photocatalyst also possesses magnetic properties which can overcome the difficulty in recollecting
and removal of photocatalyst suspension in water after photocatalytic treatment.
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INTRODUCTION

The utilization of composite material at the nanoscale level by
supporting nanomaterials onto porous network has been featured
in numerous applications with notable performance enhance-
ment [1-4]. The porous network provides increased surface con-
tact for the nanoparticles to combat agglomeration of nanoparticles,
which can cause severe performance reduction [5]. The synthesis
of nanocomposites with catalytic nanoparticles supported on porous
medium has gained considerable attention for advanced oxidation
processes (AOPs), photocatalysis application, which could be a
very promising aspect for future technologies in wastewater treat-
ment application [6-8]. AOPs are generally defined as water treat-
ment technologies generating hydroxyl radicals which are responsible
for organic degradation. Due to their strong unselective oxidative
power, they are able to oxidize and mineralize almost any organic
molecule, yielding CO, and inorganic ions as final products. The
generation of hydroxyl radicals can be initiated by primary oxi-
dants (hydrogen peroxide, ozone) energy sources (UV light, ultra-
sonic and heat) or catalysts (titania, zinc oxide and Fenton reagent)
[9-11]. Among AOPs, photocatalysis is an interesting alternative
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process that can remove the emerging contaminants at ambient
temperature and pressure by oxidation. Additionally, perovskite-
based catalyst has been receiving increased attention due to their
photocatalytic properties and the facile synthesis method of these
types of material.

Nanocrystal perovskite oxide such as lanthanum orthoferrite
(LaFeOs;) has gained significant attention for its visible light activa-
tion and has been utilized in advanced applications such as solid
oxide fuel cells [12], gas sensors [13] and photocatalysts [14-17].
The visible light photocatalytic performance of LaFeO; relies heav-
ily on the structure, morphology and size of the catalyst, which is
determined during the synthesis process. The synthesis of LaFeO,
has been reported using numerous methods, with sol-gel consid-
ered as a reliable method to produce uniformly sized LaFeO; nano-
particles due to its simplicity, low equipment requirement, and
flexibility to control the synthesis process [18]. Nevertheless, due
to its high surface energy, the nanoparticles of LaFeO; are prone to
agglomeration. One method to overcome the agglomeration of
nanoparticles is to disperse the nanoparticles onto a support mate-
rial, which suppresses charge recombination due to the availability
of heterojunction for electron and holes. To date, there have been
many support materials used to support nanoparticles, for which
possessing two-dimensional morphology has shown notable per-
formance increase due to high specific surface area and dispersion

capacity.
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Graphene oxide (GO) has attracted huge attention due to its
characteristics for photocatalytic application, including high sur-
face area, high thermal stability; high electron mobility and elec-
tron conductivity [19]. GO molecular plane possesses many oxygen
functionalities and can be produced in large quantities and dis-
persed in various solvents [20]. Recent studies have outlined that
the GO-supported photocatalyst produced notable photocatalytic
performance mainly due to the enhancement in adsorption rate of
pollutant and light absorptivity of the composite [21]. Since nano-
particle LaFeO; has been proven to be effective in the degradation
of dye water, GO supported LaFeO; can be possibly applied with the
synergistic advantage of visible light photocatalysis and adsorption.

In this study, we first demonstrated the fabrication of integrated
photocatalyst-adsorbents (IPCA) where photocatalyst LaFeO; is
assembled on the surface of GO sheets. Photocatalytic activity of
IPCA was performed by the photodegradation of methylene blue
under visible light irradiation and compared with nanoparticle
LaFeO;. The interface structure of IPCA composite was investi-
gated by using FTIR, XRD, TEM and FESEM. This composite
material shows better adsorption capabilities and faster degrada-
tion mechanism compared to bare LaFeO..

EXPERIMENTAL

1. Synthesis of LaFeO; Powders

The LaFeO; powders were synthesized by using sol-gel glucose
method [22]. Equimolar amounts of Lanthanum nitrate hexahy-
drate (La(NO;);-6H,0) and Iron (III) nitrate nonahydrate (Fe(NO;)s-
9H,0) were added into 80% glucose solution at 60 °C. The molar
ratio of glucose to metal ions (glucose/M) was 3:10. After both
salts were completely dissolved in the glucose solution, the tem-
perature was raised to 70°C to evaporate excess water, and the
solution viscosity increased continuously. A gel was formed with
the formation of violent NO, gas resulting from the decomposi-
tion of nitrate ions. The samples were then heated in an oven at
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Fig. 1. Photocatalytic reactor with visible light source.

250°C for 2 hours. The resulting specimen was ground into fine
powder to obtain the LaFeO; precursor. Then, the precursor was
calcined at 500 °C for two hours to obtain LaFeO, powders.
2. Formation of Integrated Photocatalyst Adsorbents (IPCA)
Composites

The IPCA was formed by using methods as in a previous study
[23]. Graphene oxide (GO) was obtained by using modified Hum-
mer’s method [24]. To synthesize the IPCA composites, first, GO
was suspended in 25 ml deionized water by using a magnetic stir-
rer. The content of GO was measured at 5% from the total weight
of the composite. Calculated amount of LaFeO; was then dissolved
in another 25 ml of deionized water and both solutions were con-
sequently mixed using a sonicator for 2.5 hours. The solution was
further mixed with a magnetic stirrer for another 24 hours at room
temperature to obtain a homogeneous solution. This was then cen-
trifuged and filtered using ethanol and dried at 65 °C for 8 hours
to obtain the IPCA composite.
3. Visible-light Photocatalytic Measurements

The photocatalytic degradation of methylene blue was evalu-
ated to compare the photocatalytic activity between the synthe-
sized LaFeO; and IPCA composite as photocatalyst. The experiment
was contained in a stainless steel box with an access door (Fig. 1).
The visible light irradiation, placed 10 cm from the specimen, was
sourced from halogen floodlight lamp double ended (Phoenix
Electric Co., Ltd. Himeji Japan, 4>420 nm, 300 W, light intensity
96 mW/cm?). 0.1 g of catalyst was dispersed in 100 ml of methy-
lene blue and the solution was allowed to reach adsorption/desorp-
tion equilibrium for 30 min with continuous stirring, prior to the
degradation process. After the irradiation source was turned on, a
3 ml sample was withdrawn from the solution by using filtered
syringe at 20 min intervals for two hours with continuous stirring,
beginning at t,=0min (C,). The photocatalytic degradation effi-
ciency was measured in the decrease of the methylene blue con-
centration by using Perkin Elmer Lambda 25 UV-Vis spectrometry.
The absorbance of methylene blue was observed at 660 nm. The
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photocatalytic activity was expressed in the percentage of methylene
blue degradation according to the following equation (Eq. (1)):

C,—C
OCo [%x100% 1)

Degradation of methylene blue=

where C, is the initial concentration at time t=0, and C, represent
the concentration at time interval. Both catalysts (LaFeO; and IPCA
composite) follow the same experimental procedure. A blank experi-
ment was also conducted under no influence from any catalyst to
show the methylene blue spontaneous degradation under visible
light irradiation.
4. Characterization

The UV-Vis spectrum of the sample was analyzed using Perkin
Elmer Lambda 25 UV-vis spectroscopy. Fourier transform infra-
red spectra (FTIR) of the samples were obtained between 4,000
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cm ™" and 500 cm™" on a Nicolet Nexus 5700 FTIR spectrophotome-
ter using KBr pellets. X-ray diffraction (XRD) patterns of the sam-
ples were analyzed on a Rigaku Smartlab D/MAX 2500 X-ray dif-
fractometer with Cu K, radiation (1=0.1541 nm, scanning step=
1°/min), scanning over the range of 10°<26<80°. The morphol-
ogy of the samples was observed using FESEM (Supra 35-VP, Carl
Zeiss, Germany). The Brunauer-Emmett-Teller (BET) specific sur-
face area was determined by using nitrogen gas adsorption method.
Transmission electron microscope (TEM) images were obtained
on a JEOL ARM- 200F atomic resolution analytical microscope.

RESULTS AND DISCUSSION

1. Optical Properties Analysis
UV-Vis Spectroscopy was used to obtain the optical properties
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Fig. 2. (a) UV-visible absorption spectra of LaFeO; and P25 (TiO,). (b) Kubelka-Munk function of LaFeO; and P25 to estimate the band gap

value.
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Fig. 3. FTIR spectrum of LaFeO;, GO and IPCA composite.
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Fig. 4. XRD pattern of LaFeO, and IPCA composite with GO in the inset.

of the photocatalyst LaFeO; and compared with a commercial
TiO, photocatalyst (P25). Fig. 2(a) shows the absorption spectra of
both LaFeO; photocatalyst and P25 over wavelengths at UV and
visible light region. As expected, the P25 showed a high adsorp-
tion capacity in UV region while performing poorly in the visible
light region. Meanwhile, LaFeO; absorption spectra showed high
absorption spectra in both UV and visible light regions. This sug-
gests that the fabricated LaFeO; photocatalyst would perform pho-
todegradation of pollutants in visible light irradiation as reported
elsewhere [25,26]. The Kubelka-Munk function was used to esti-
mate the band gap of the fabricated photocatalyst. According to
Fig. 2(b), the estimated value of band gap for LaFeO; is 2.0 €V,
which is relatively lower than P25 at 3.24 eV. The low band gap
value of LaFeO; supported the visible light-driven characteristics
of the synthesized photocatalyst.
2. FTIR Spectroscopy

To understand the interface characteristics of the composite
IPCA, FTIR analysis was carried out. The FTIR spectra clearly
show the vibrational bands of LaFeO;, GO and IPCA (Fig. 3).
Basically, the vibrational pattern of the fabricated IPCA indicates
higher resemblance towards the LaFeQ, vibrational pattern, which
is probably due to the higher amount of LaFeO; used in the com-
posite (5% GO). For LaFeO, the characteristic band at 566 cm ™"
corresponds to the Fe-O stretching vibrations, which is attributed
by the octahedral FeOg group in the perovskite compounds [6].
The band at 3,390 cm ™ is attributed to the O-H in absorbed water
and hydroxyl groups. The bands at 1,485 cm ™' and 1,384 cm™" are
attributed to the splitting of asymmetric stretching of carbonates,
which indicates La-carbonate species were formed on the surface
of the perovskite due to the exposure to the surrounding atmo-
sphere [25]. The surface of the LaFeQ; is prone to chemisorption
of CO, gases in ambient, which leads to the formation of carbon-
ate ions [27]. The band at 846 cm™* was due to carbonates [28]. In
the vibration band of GO, broad peak at 3,400 cm™" represents the
O-H stretching, 1,726cm™" corresponds to carbonyl stretching,
1,396cm ™" and 1,227 cm™ s attributed to C-OH and C-O-C stretch-
ing vibrations, respectively [23]. At 1,055 cm™" shows the vibration

band that corresponds to the C-O stretching that denotes the pres-
ence of epoxide group in the GO layers and the 1,620 cm™" peak is
due to the presence of absorbed water and the skeletal oxidation of
unoxidized graphite [29,30]. In the FTIR spectra of the IPCA com-
posite, it was reported that some of the peaks had shifted to lower
frequency, such as 3,400 cm™" to 3,390 cm™' (O-H), 1,485cm™" to
1,425 cm™" (carbonates) and 566 cm ™" to 555 cm ™ (Fe-O). This is
most probably due to strong interaction between the LaFeO, and
GO matrix in the IPCA [31]. The FTIR spectrum indicates that
the photocatalyst LaFeO; has successfully been embedded at the
surface of the GO sheets.

3. XRD Spectrum

The XRD spectrum of LaFeO;, GO and IPCA was determined
in order to observe the crystallinity of the composite IPCA. Fig. 4
shows the XRD spectrum of LaFeO; and IPCA composite with GO
in the inset. The observed patterns were all indexed with JCPDS
card no. 37-1493. The GO spectrum shows a significant diffrac-
tion peak at approximately 10.84° at the 26 which corresponds to
GO [24]. From the figure, due to the calcination temperature of
500 °C, the fabricated LaFeQO; using sol gel glucose method was in
amorphous form. The XRD patterns show broad XRD peak with
low intensity; which indicates poor crystallinity of the photocatalyst.
Although several studies have reported the formation of nanocrys-
talline LaFeO; at 500 °C [22,32], most of others [6,25,26,33] only
obtained highly crystalline photocatalyst at higher calcination tem-
perature, which is consistent with this study. Nevertheless, the role
of photocatalyst crystallinity has been carefully explained by a pre-
vious study [34].

Crystallinity is a complex factor affecting the photocatalytic activ-
ity. While high crystallinity promotes charge transfer from the cen-
ter of the surface of catalyst and enhances the photocatalytic activity
[35], performance enhancement has also been reported in low
crystallinity specimens where the presence of surface defects (i-
mpurities, macrovoids, and oxygen vacancies) provides active cen-
ters for degradation of pollutants [36]. However, when compared
directly between these two, mesoporous catalyst was found to out-
perform its higher crystallinity counterparts. This phenomenon

Korean J. Chem. Eng.(Vol. 35, No. 2)
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Fig. 5. FESEM images of (a) GO sheets, (b) LaFeO; powder, and (c) IPCA composite.

was largely due to enhanced light absorption in hierarchical struc-
ture, high photocatalytic reaction sites (defects) and large surface
area for increased catalytic active sites and assistance in photoin-
duced charge separation [34]. Additionally, the XRD spectrum of
the IPCA composite shows low crystallinity, and diffraction peaks
of GO were not detected in the composite spectrum. This is most
probably due to low amount of GO added into the composite
mixture. However, the crystallinity of IPCA was slightly improved
when GO was added to the photocatalyst. This is probably due to
photocatalyst LaFeO, being exposed when assembled on GO
sheets. The interaction of GO and LaFeO, was further identified

¥ ‘1“"{" L )1 i

by using FESEM images.
4. Morphological Study

The morphological changes of the samples were observed by
using FESEM. In Fig. 5(a), the features of GO sheets were observed
to possess thin wavy sheets (crinkled) with high surface area. The
perovskite LaFeO; prepared by using sol-gel glucose method exhib-
its particle agglomeration with porous structure (Fig. 5(b)). Based
on Fig. 5(c), the perovskite LaFeO; has been successfully assem-
bled on the surface of GO sheets. It is clear that the agglomeration
of LaFeO; was improved by spreading the catalyst particles onto
the high surface area of GO sheets with its nanocube structure

Fig. 6. HR-TEM images of (a) IPCA and (b) LaFeO; photocatalyst, respectively.
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clearly observed (red arrow). Therefore, the fabricated IPCA has
proven to potentially possess larger surface area and thus attain more
catalytic reaction sites. This observation is also found in other lit-
eratures where the incorporation of photocatalyst on high surface
area network has produced better photocatalytic activity [6,23].
The solid interiors and more insight of the IPCA were further
characterized by high resolution (HR)-TEM technique. Prior to
the characterization, the samples were dispersed in EtOH and
sonicated for 30 min. From the HR-TEM image in Fig. 6(a), it is
revealed that the resultants LaFeO; was successfully grown on the
GO surface. On top of that, well developed interfaces between
LaFeO; and GO also are clearly observed. This observation is con-
sistent with FTIR analysis. Furthermore, the HR-TEM (Fig. 6(b))
shows that the LaFeO; resembles a cube-shape nanostructured with
clear alignment of the lattice fringes confirming the polycrystal-
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line nature [37]. Moreover, the regular spacing of the observed lat-
tice plane was 0.289 nm, which indicated (110) lattice spacing of
cubic LaFeO; [38]. The BET measurement showed that the spe-
cific surface area for LaFeOj is 3.89 m’/g, while the IPCA recorded
a specific surface area value of 18.61 m’/g. It was stated that the
photocatalytic activity is closely related to the surface area and par-
ticle size [25]. The difference in specific surface area value is most
probably due to the introduction of GO which has improved the
specific surface area of the photocatalyst by more than four times
of its original value. It is expected that further improvement in
specific surface area can be achieved by optimizing the synthesis
method of the LaFeOs,.
5. Photocatalytic Measurements

The photocatalytic activity of IPCA was evaluated by observing
the degradation of methylene blue as a model pollutant, and the
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Fig. 7. UV-vis spectrum of methylene blue dye degradation using (a) LaFeO; and (b) IPCA as photocatalyst under visible light irradiation,
(c) photocatalytic degradation of methylene blue values with respect to time measured at 660 cm ™', and (d) kinetic disappearance of
methylene blue by IPCA, LaFeO; and photolysis under visible light irradiation. (e) IPCA can be attracted by magnet in the magnetic

stirrer bar.
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result was compared with LaFeO, photocatalyst (Fig. 7). Addition-
ally, photolysis (without photocatalyst) under the same visible light
irradiation was also observed to prove that the methylene blue
used is relatively stable under visible light irradiation. 30 minutes
was allocated for the adsorption of methylene blue, and then pho-
tocatalysis proceeded under visible light at t=0. Fig. 7(a) and (b)
show the temporal evolution of the UV-Vis adsorption spectra of
methylene blue during the photocatalytic reaction of each photo-
catalyst. Methylene blue solution shows a major adsorption peak
at wavelength 660 nm. In addition, a parallel decrease in peak
intensities and slight blue shift of the band located at 660 nm can
be observed for both samples. This is due to the N-demethylated
degradation of methylene blue derivatives, concomitantly with the
hypsochromic shifts that occurred gradually [39-41]. In the ad-
sorption phase, the adsorption efficiency of IPCA and LaFeO, was
35.26% and 12.89%, respectively (Fig. 7(c)). Photocatalyst IPCA
was able to produce an overall removal rate of 91.2% in 150 min
under visible light irradiation. On the other hand, photocatalyst
LaFeO; was able to attain 74.6% overall removal rate. IPCA showed
a greater photocatalytic reaction rate than LaFeO; most probably
due to the presence of graphene oxide. This phenomenon proves
the synergistic effect present between LaFeO; and GO.

The kinetic disappearance of methylene blue with photocata-
lyst LaFeO;, IPCA and photolysis under visible light irradiation is
shown in Fig. 7(d). The photodegradation of methylene blue can
be assumed as pseudo-first-order kinetics model, thus assumed as
follows: [42]

dc

r= —aTt = kCt (2)
G

1n(—c—) Kt ©)

where r is the reaction rate, C, is the concentration of methylene
blue at reaction time t, C is the initial concentration of methylene
blue and k,,, is the apparent time constant. For our measurements,
the apparent time constant was 0.0137 min ', 0.0087 min~" and
0.0007 min™" for IPCA, LaFeO; and photolysis, respectively. In gen-

Fig. 8. Ilustration of photocatalytic degradation of pollutant by IPCA.
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eral, both photocatalysts displayed similar photocatalytic reaction
pattern under visible light irradiation. However, the photocatalytic
activity with IPCA was higher when compared with bare LaFeO,
photocatalyst. These are probably due to the synergistic effect
between LaFeO; and GO present in the IPCA.

Higher efficiency of IPCA was due to the structure of graphene
oxide. Graphene oxide has various oxygen functionalities on its
planes and sheet surfaces, increases adsorption capability by its
high surface area and facilitates the degradation of methylene blue
by reducing charge recombination rate [23]. The synergistic effect
of IPCA is due to the abundance of hydroxyl groups that trap light
holes and generate active hydroxyl radicals [43]. The graphene
oxide sheets also prevent agglomeration of LaFeO; particles, which
has been known to cause severe photocatalytic performance deg-
radation of nanoparticle LaFeO; and distribute the photocatalyst
effectively.

The synthesized IPCA has demonstrated increased photodegra-
dation ability in visible light with high adsorption performance of
methylene blue compared to the bare photocatalyst. Due to the Fe
content in the photocatalyst, the synthesized IPCA was observed
to have magnetic properties [44] (Fig. 7(e)). Furthermore, the fea-
sibility of magnetic properties in the IPCA could be an advantage
for the application in the wastewater treatment purposes. The IPCA
can be dispersed in wastewater system for degradation of pollut-
ants and can be separated effectively using magnets, as compared
to conventional photocatalyst, after usage in suspension system. In
addition, the IPCA can be redeployed in an aqueous solution after
detaching from the magnet using ultrasonic vibration.

The photocatalytic degradation reaction mechanism is sche-
matically illustrated in Fig. 8. The degradation mechanism would
possibly occur as follows: (1) Upon irradiation of IPCA by visible
light, visible light absorption occurred and excited the electron
from valence band (VB) to conduction band (CB), vacating a pos-
itive hole in the valance band. (2) The GO promoted the separa-
tion of the electrons by migration of electron within GO structure
and leaving positive holes at VB to keep them highly reactive, thus
preventing the recombination phenomenon of the electron-hole
pair. (3) The strong oxidation power of photoinduced holes liber-
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ates an electron from hydroxide ion in water to form OH radicals.
(4) The electron continues to migrate until it reacts with the dis-
solved oxygen. (5) The reaction between migrating electron and
dissolved oxygen will produce superoxide radical anions. (6) The
superoxide radical anions would possibly lead to the formation of
hydroxyl radical [37]. Decomposition of methylene blue occurs
when the OH radical procures an electron from a nearby methy-
lene blue to become a stable species. The loss of electron of meth-
ylene blue results in mineralization, forming carbon dioxide and
water. The high adsorption characteristics of the IPCA photocata-
lyst would possibly cause a higher concentration of methylene
blue at the vicinity of the catalyst, which would enhance the pho-
tocatalytic degradation activity.

CONCLUSIONS

Novel integrated photocatalyst-adsorbents (IPCA) composite
was successfully prepared by combining the synergistic effects of
sol-gel glucose fabricated LaFeO; and GO. The visible light photo-
catalytic activity of IPCA is superior to that of bare LaFeO;. The
high surface area of GO was successfully assembled with photo-
catalyst LaFeO,, which enhanced methylene blue adsorption and
increased photocatalytic reaction kinetics. We presume that the
presence of GO in the composite was responsible for the high reac-
tion activity due to high surface area assembly of perovskite LaFeO,
on GO matrix. With IPCA as the catalyst, we achieved methylene
blue removal rate of 91.2% in 150 minutes under visible light irra-
diation. The presence of hydroxyl groups at high surface area
could trap light holes and generate hydroxyl radicals, contributing
to the synergistic effect of IPCA to degrade methylene blue. Addi-
tionally, the magnetic properties present in the IPCA would allow
the photocatalyst to be easily collected after being dispersed in the
wastewater suspension. This study points out the potential of com-
bining the synergistic effects between LaFeO; and GO to develop a
high performance photocatalyst, IPCA, for the photodegradation
of methylene blue.
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