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a b s t r a c t

This work was undertaken to design a magnetic TiO2 hybridized with lignocellulosic biomass (olive pits:
OP) for dyes and Cr(VI) photocatalytic removal from water. Firstly, TiO2-OP was synthetized by
ultrasonic-assisted sol-gel process, and then TiO2-OP@Fe3O4 was obtained via hydrothermal magneti-
zation at 180 �C. Materials were characterized by XRD, BET, UV-DRS and XPS. The as-prepared photo-
catalysts showed a visible light responsive, wherein, Eg values are 3.20, 3.02, 3.00 and 2.55 eV for TiO2,
TiO2@Fe3O4, TiO2-OP and TiO2-OP@Fe3O4, respectively. While the specific surface area values were as
follows: 22.94, 15, 55.1 and 104.7m2/g for TiO2, TiO2@Fe3O4, TiO2-OP and TiO2-OP@Fe3O4, respectively.
Photocatalytic activities of TiO2@Fe3O4, TiO2-OP and TiO2-OP@Fe3O4 were tested for the photocatalytic
removal of three dyes (Rhodamine B (RhB), Methylene blue (MB) and Congo Red (CR)) and hexavalent
chromium under visible light. It was found that TiO2-OP@Fe3O4 composite exhibited higher adsorption
and photocatalytic abilities compared with TiO2@Fe3O4 and TiO2-OP. The oxidation rates using TiO2-
OP@Fe3O4 were 100, 75 and 81% within 1 h for MB, RhB and CR, respectively, at a dye concentration of
10 ppm and photocatalyst mass of 0.25 g/L. While the photocatalytic reduction rates of Cr(VI) (10 ppm,
pH 3) were 64% (within 60min), 70% (within 60min) and 100% (within 40min) by TiO2@Fe2O3, TiO2-OP
and TiO2-OP@Fe3O4, respectively. The effect of pH, MB concentration, photocatalyst dose, co-presence of
metallic cations and Tert-butyl alcohol concentration (as �OH scavenger) on the MB oxidation was
studied. Since the composite showed an excellent magnetic recoverability and high photocatalytic effi-
ciency, it could be a potential candidate in industrial wastewater treatment.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The efficiency of a given photocatalyst for water remediation
reflects its ability to produce longer-lived electrons/holes charges
which scientifically depends on the type of light irradiation. Sus-
pended TiO2 photocatalysis system has showed over the last de-
cades an outstanding efficiency for water purification under UV
light. However, from the application point of view, this system is
not appropriate in large-scale due to some shortcomings related
aoxu@rcees.ac.cn (X. Zhao).
basically to the optical/physical characteristics of TiO2 and the is-
sues of particle suspension recovery and reusability. Firstly, with
respect to drawbacks of TiO2 such as its wide bandgap and low
adsorption capacity, many countermeasures have hitherto been
devoted to design visible light-responsive (VLR) TiO2 via different
approaches such as doping TiO2 by metal/non-metal species (Dong
et al., 2015a,b; Khaki et al., 2017; Ahmed and Ahmaruzzaman,
2015), Dye-sensitized TiO2 (Park et al., 2013), narrow band-gap
semiconductor/TiO2 heterojunctions such as CdS@TiO2 (Dong
et al., 2015a,b), Ag2S@TiO2 (Ghafoor et al., 2017) and g-C3N4@TiO2
(Mohini and Lakshminarasimhan, 2016). Apart from these tech-
niques, many researchers have showed that the hybridization of
TiO2 with carbonaceous materials including graphite (Liang et al.,
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2010) and activated carbon (Donar et al., 2018), resulting in high
VLR and better electron/hole charges separation. Carbonaceous
materials can act as an electron-acceptor which in turn limits the
electronehole charges recombination, furthermore, a VLR can be
obtained through the photosensitization role of carbonaceous
materials or due to the resulted narrowed band gap of TiO2 as
discussed by several authors (Lu et al., 2010; Lisowski et al., 2018).
For example, Sima et al. (Huang et al., 2013) have found out that the
valence band edge of TiO2 shifted up in TiO2-Graphene hybrid
system, suggesting a decrease in the band gap. The second serious
issue related to the use of suspended TiO2 is the tedious recovery of
such small nano-particles from the treated water. Additionally, due
to the small particles of TiO2, a fraction of TiO2 can remains in the
treated water which can be potentially harmful for humans and the
environment. In this regard, the immobilization of TiO2 on different
support such as glass (Djellabi and Ghorab, 2015b), metal plates
(Fattah et al., 2016) or cellulose acetate monolithic/sheet (Marinho
et al., 2018; Marinho et al., 2017a,b) was the subject of many
studies. Although, it is believed that the immobilization of TiO2 is
considered as a reasonable option for large-scale photocatalysis
applications as it avoids the step of filtration and allows the reus-
ability of the photocatalyst; but a downside of supported TiO2 is
that it can often be rather less efficient compared to dispersed TiO2

(Djellabi and Ghorab, 2015b; Tôrres et al., 2007). This is due to the
fact that the immobilization of TiO2 reduces the surface area of
TiO2, resulting in very small surface-to-volume ratio, less mass
transfer and less active TiO2 surface.

The bridge between super photocatalytic efficiency and fast
recovery of photocatalyst can be obtained through the use of
magnetic recoverable suspended photocatalysts. The separation of
magnetic photocatalysts from the treated water can be rapidly
achieved via the application of external magnetic field. Nowadays,
the synthesis of magnetic recoverable materials for many applica-
tions including environmental remediation has attracted much
attention due to their numerous advantages (Khasevani et al., 2017;
�Alvarez et al., 2010; Mehta et al., 2015; Pant et al., 2018; Sharif et al.,
2018; Yao et al., 2009; Xin et al., 2014). TiO2 magnetic photo-
catalysts have been developed mostly through the combination of
magnetite (Fe3O4), maghemite (ɣ-Fe2O3) or ferrite (e.g., NiFe2O4)
and TiO2. In addition to the magnetic role, Fe3O4 can serve as a
photocatalyst, resulting in better visible light responsive.

In our previous study (Djellabi et al., 2019), we have developed
successfully super VLR lignocellulosic biomass-TiO2 composites for
the photoreduction of Cr(VI) under visible light. The results showed
that the hybridization of TiO2 with Lignocellulosic biomass can
decrease the bandgap of TiO2 due the development of TieOeC
linking bridge. An outstanding photocatalytic efficiency was
observed under visible light. Several researchers have developed
lignocellulosic biomass@Fe3O4 composites for different applica-
tions such as sensors, catalysis, and environmental applications.
Veerakumar et al., have prepared biomass-derived activated carbon
supported Fe3O4 nanoparticles as recyclable catalysts for the
reduction of nitroarenes (Veerakumar et al., 2016). Ahmed and
Ahmaruzzaman have fabricated lignocellulosic biomass tailored
Fe3O4 nanocomposites using a waste lignocellulosic biomass
(papaya leaves) by chemical precipitation for the removal of
chlorazol black E from water (Ahmed and Ahmaruzzaman, 2015).
Dang el al., have synthetized nano-Fe3O4/wood fiber composite by
hot-pressing for electromagnetic absorption (Dang et al., 2018). Liu
et al., have prepared biomass activated carbon supported Fe3O4

nanoparticle by solvothermal as adsorbent and Fenton-like reagent
for preconcentration and degradation of methylene blue inwater in
the presence of hydrogen peroxide (Liu et al., 2017). They reported
that MB was adsorbed on the surface of the Fe3O4/BAC to form a
surface composites by BAC, then Fe3O4 nanoparticle could produce
�OH through catalytic decomposition of H2O2.
Herein, in order to enhance further the efficiency of TiO2@-

lignocellulosic biomass and to make it easily separable fromwater,
TiO2@lignocellulosic biomass@Fe3O4 composite was developed. To
the best of our knowledge, this is the first work that was under-
taken for the synthesis and application of TiO2@lignocellulosic
biomass@Fe3O4 as a photocatalyst for water remediation. Ligno-
cellulosic biomass waste serves as a host material for TiO2 and
Fe3O4 which may isolate the direct contact between TiO2 and Fe3O4
in order to keep their functions. It is important to point out that the
combination of pure TiO2 and Fe3O4 brings an unfavorable heter-
ojunction because of the increase of the recombination of elec-
trons/holes charges, resulting in lower photocatalytic performance.
In addition, lignocellulosic biomass can enhance the visible light
response and the adsorption capacity of the composite which are
key factors to ensure higher photocatalytic performance. The
photocatalytic efficiencies of TiO2@lignocellulosic biomass@Fe3O4,
TiO2@lignocellulosic biomass and TiO2@Fe3O4 for the oxidation of
three dyes (MB, RhB and CR) and reduction of Cr(VI) were
investigated.

2. Experimental

2.1. Materials and chemicals

K2Cr2O7 (99.9%, Merck), Rhodamine B (Sigma-Aldrich), Methy-
lene blue (Sigma-Aldrich) and Congo Red (Sigma-Aldrich) were
used as pollutants. 1,5-Diphenylcarbazide (98%, Merck) was used as
a colorimetric reagent to determine Cr(VI) concentration. Tartaric
acid (100%, Fisher chemical) was used as hole scavenger in the
photocatalytic Cr(VI) reduction experiments. Titanium(IV) n-but-
oxide (99%, ACROS) was used for the synthesis of TiO2. Fe3Cl.6H2O
was used for the synthesis of Fe3O4. Salts of ZnSO4.7H2O,
MgSO4.7H2O, FeSO4.7H2O, CoSO4.7H2O, CuSO4.5H2O, NiSO4.6H2O
and MnSO4.4H2O were used to the study the effect metallic cations
on the photocatalytic oxidation of MB. Olive pits used in this study
was collected from olive oil production industry. The raw material
was washed with distilled water and ethanol several times, then
dried at 100 �C overnight and grinded to obtain powder within a
size of 1e2mm FeCl3.6H2O (98%, Sigma-Aldrich) was used for the
synthesis of magnetic Fe3O4.

2.2. Synthesis and characterization of photocatalysts

The details of the synthesis procedure of TiO2-OP were reported
in our previous study (Djellabi et al., 2019). Herein, TiO2-OP was
prepared with the ratio TiO2:OP 87.5:12.5. The magnetic TiO2-
OP@Fe3O4 photocatalyst was synthesized by hydrothermal
magnetization of TiO2-OP. For that, 1 g of TiO2-OP and 0.5 g of
Fe3Cl.6H2O was mixed in 50mL of H2O and stirred for 1 h, followed
by sonication for 30min. Then, 1mL of NaOH (2M) was added and
the mixture was stirred for 1 h. The mixture was placed into a
sealed, Teflon-lined autoclave and kept at 180 �C for 6 h. The
powder was recovered and washed with distilled water and dried
at 60 �C for a night. Bare TiO2@Fe3O4 was prepared using the same
steps. Schema in Fig. 1 shows the synthesis procedure of TiO2-
OP@Fe3O4.

As-synthetized photocatalysts were analyzed by X-ray diffrac-
tion (XRD) using PANalytical X’PERT-PRO diffractometer with
monochromatic CuKa radiation (l¼ 1.54056Å). The specific sur-
face area (BET) of as-synthetized photocatalysts were measured by
ASAP 2460 Surface Area and Porosity Analyzer. The surface chem-
istry and interfacial bonding of as-synthetized photocatalysts was
analyzed by X-ray photoelectron spectra (XPS) on a XPS PHI
Quantum instrument. The photoresponse of as-synthetized



Fig. 1. Schema summarizes the synthesis steps of TiO2-OP@Fe3O4.

Fig. 2. XRD patterns of bare-TiO2, TiO2@Fe3O4, TiO2-OP and TiO2-OP@Fe3O4.

Fig. 3. N2 adsorptionedesorption isotherms for bare-TiO2, TiO2@Fe3O4, TiO2-OP and
TiO2-OP@Fe3O4.
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photocatalysts was characterized by Ultravioletevisible light
diffuse reflectance spectra (UV-VIS DRS) using Hitachi U-3900
Spectrophotometer equipped with an integrating sphere assembly
(BaSO4 salt was used as reference).

2.3. Photocatalytic experiments

The photocatalytic efficiencies of TiO2@Fe3O4, TiO2-OP and TiO2-
OP@Fe3O4 were evaluated for the photocatalytic degradation of
three dyes (MB, RhB and CR) and for the reduction of Cr(VI) under
visible-light. The light source was 300W Xenon lamp. Quartz UV
cut-off filters with a rate of �99% was employed to eliminate UV
(l> 420 nm). For photocatalytic tests, the photocatalyst (50mg)
was magnetically mixed with 200mL of the pollutant solution (MB,
RhB, CR or Cr(VI)) at a concentration of 10 ppm. Dark adsorption
experiments were carried under the same conditions. pH of Cr(VI)
solution was kept at 3, while the pH of MB, RhB and CR was around
6.5. The photocatalytic reduction of Cr(VI) was performed in the
presence of tartaric acid as hole scavenger. The effect of pH (4, 6.5, 8
and 10), MB concentration (5, 10, 20, 25 and 30), photocatalyst dose
(0.25, 0.5 and 0.75 g/L), co-presence of metallic cations (Znþ2, Feþ2,
Coþ2, Cuþ2, Mnþ2, Mgþ2 and Niþ2) and Tert-butyl alcohol (as �OH
scavenger) was studied. During the experiments, aliquots of solu-
tion were taken and filtered through 0.45 mm for analysis. Cr(VI)
concentrationwas evaluated, after the formation of a pink complex
of Cr(VI)-1,5-Diphenylcarbazide, by UV/Vis spectrophotometry at
540 nm, while MB, RhB and CR concentration were determined at
662, 554 and 498 nm, respectively.

3. Results and discussion

3.1. Materials characterization

3.1.1. X-ray diffraction analysis
XRD spectrum of TiO2, TiO2@Fe3O4, TiO2-OP and TiO2-OP@Fe3O4

are showed in Fig. 2. The patterns showcase diffraction peaks for
anatase TiO2 without any rutile phases peaks. Furthermore, peaks
at 30.2�, 35.5�, 43.3�, 56.8� and 62.5� due to the presence of
magnetite were observed in TiO2@Fe3O4 and TiO2-OP@Fe3O4. On
the other hand, no peaks characteristics of hematite were detected,
suggesting that there was not oxidation of magnetite during the
synthesis. After the addition of Fe3O4, it may be seen that the in-
tensities of TiO2 were decreased which is due to the dilution. It is
important to point out that the Fe3O4 was produced more in TiO2-
OP rather than in pure TiO2. Because of the functional groups in the
surface of OP, more Fe3O4 can be formed in the OP surface through
chemical bonding.

3.1.2. N2 adsorptionedesorption
The N2 adsorptionedesorption isotherms of TiO2, TiO2@Fe3O4,

TiO2-OP and TiO2-OP@Fe3O4 are illustrated in Fig. 3. It can be seen
that the isotherm curves belong to the type IV with a clear hys-
teresis loop, suggesting the mesoporous structures. The results of
surface area and porosity of materials are listed in Table 1. The
coating of bare TiO2 by Fe3O4 nanoparticles reduced the surface
area from ~23m2/g to 15m2/g which is probably due to blockage of
TiO2 by Fe3O4 nanoparticles as it can be seen in the insert of Fig. 3,
the characteristic peak of TiO2 micropore at 9.073 nm was dis-
appeared after the addition of Fe3O4. While, the hybridization of
TiO2 with OP increases significantly the surface area (55m2/g) and
pore volume (0.0147 cm3/g). Interestingly, the addition of Fe3O4 to
OP-TiO2 improved further the surface area almost two times, along
with an enhanced pore volume of 0.175 cm3/g. It can be deduced
from these results that the OP biomass, due to its morphology and
functional groups, plays a vital role for the construction of TiO2-



Table 1
Textural and optical properties of photocatalysts.

BET Surface area (m2/g) Pore Volume (cm3/g) Pore Diameter (nm) Egap (eV)

Total Micropore External

TiO2 22.94 9.49 13.45 0.0075 9.073 3.20
TiO2@Fe3O4 15 6.33 8.71 0.0256 6.805 3.02
OP-TiO2 55.1 14.86 40.27 0.0147 3.038 3.00
TiO2-OP@Fe3O4 104.7 8.99 95.68 0.175 6.715 2.55
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OP@Fe3O4 composite since both TiO2 and Fe3O4 can be deposited
together in OP surface, without the blockage of TiO2 surface by
Fe3O4.
3.1.3. UVevisible diffuse reflectance spectra
Fig. 4 depicts the UVevisible diffuse reflectance spectra of bare-

TiO2, TiO2@Fe3O4, TiO2-OP and TiO2-OP@Fe3O4. The hybridization
of TiO2 with OP resulted in lower band gap of TiO2 which is due
mostly to the surface interactions between TiO2 clusters and OP
functional groups including the Ti-O-C bonding bridge. Addition-
ally, a midgap state above the valence band could take place due to
the presence localized C 2p (carbonate ions), resulting in lower
bandgap as discussed in our previous work (Djellabi et al., 2019).
Furthermore, the addition of Fe3O4 and TiO2 leads to shift the ab-
sorption to higher energies, accompanying with lower band gaps.
The band gaps were found to be 3.20, 3.02, 3.00 and 2.55 eV for
TiO2, TiO2@Fe3O4, TiO2-OP and TiO2-OP@Fe3O4.
Fig. 5. XPS spectra of Ti2p, O1s, C1s and Fe2p for photocatalysts.
3.1.4. X-ray photoelectron analysis
Fig. 5 shows the results of XPS analysis for TiO2 and as-prepared

photocatalysts. Ti2p spectra of samples showed two spin-orbit
components corresponding to Ti(2p1/2) and Ti(2p3/2) with slitting
of around 5.7 eV, suggesting the production of only anatase phase
of TiO2 (Wu et al., 2017). However, in comparison with bare TiO2,
the Ti2p spectrum of TiO2-OP was shifted to higher binding en-
ergies which could be probably due to the surface interactions
between TiO2 clusters and OP functional groups such as Ti-O-C
bonding. Morever, Ti2p spectrum of TiO2-OP of the TiO2-
OP@Fe3O4 was slightly shifted to lesser binding energies. Since the
positions of Ti2p peaks of TiO2@Fe3O4 were not affected, it can be
deduced that the presence of OP is very beneficial to make surface
bonding/interactions with both TiO2 and Fe3O4 particles.

O1s spectra of as-prepared photocatalysts shows a main peak
Fig. 4. UVeVIS DRS spectra for TiO2, TiO2@Fe3O4, TiO2-OP and TiO2-P@Fe3O4.
located at a binding energy of~530.2 eV for bare TiO2 and TiO2@-
Fe3O4. O1s was increased in TiO2@Fe3O4 because of the combina-
tion of lattice oxygen of Ti-O and Fe-O. Moreover, the shape and
position of O1s was changed in OP-TiO2, in which, the peak became
larger and shifted to 530.7 eV because of the surface interactions
between TiO2 and OP surface. In addition, a small band above
531.5 eV was produced which could be assigned to the Ti-O-C
bonds and non-lattice oxygen. In terms of TiO2-OP@Fe3O4, the
peak of O1s was shifted slightly to lower binding energies, along
with the appearance of a clear band at around 533 eV which is
attributed to surface OH groups. Fe 2p3/2 and Fe 2p1/2 spin-orbit
peaks at around 710.8 and 724.8 eV, respectively, were produced
in TiO2@Fe3O4 and TiO2-OP@Fe3O4 spectra.

3.2. Photocatalytic activity

The photocatalytic tests were carried out for the degradation of
three dyes (MB, RhB and CR) and for the Cr(VI) reduction under
visible light (>420 nm) by TiO2@Fe2O3, TiO2-OP and TiO2-
OP@Fe3O4. MB, RhB and CR were used as models of dissolved
cationic/anionic dyes in textile wastewaters. While, the removal of
Cr(VI) was also studied since Cr(VI) is often exist in textile waste-
waters. Fig. 6 shows the degradation of dyes (MB, RhB and CR) and
the reduction of Cr(VI) by different photocatalysts under visible
light. It was found that TiO2-OP@Fe3O4 exhibits efficient adsorption
and photocatalytic performances compared with TiO2-OP and
TiO2@Fe2O3 for the oxidation of dyes and reduction of Cr(VI).
However, TiO2-OP showed a slightly higher photocatalytic effi-
ciency than TiO2-OP@Fe3O4 towards RhB oxidation. The high sur-
face area of TiO2-OP@Fe3O4 plays an important role for enhancing
the photocatalytic efficiency since the oxidation reaction takes
place mostly on the surface of photocatalyst via oxidizing species
such as �OH and ��O2. TiO2-OP@Fe3O4 showed a good affinity for the



Fig. 6. Photocatalytic oxidation of dyes ((a): MB, (b): RhB and (c): CR); (d): photo-
catalytic reduction of Cr(VI). a: Photolysis; b: TiO2@Fe2O3; c: TiO2@Fe2O3/Visible light;
d: TiO2-OP; e: TiO2-OP/Visible light; f: TiO2-OP@Fe3O4; g: TiO2-OP@Fe3O4/Visible light.
[Pollutant]: 10 ppm, [Photocatalyst]: 0.25 g/L.
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adsorption and oxidation of anionic and cationic dyes. Based on the
obtained results, we may deduce that the presence of OP has a
significant impact for the construction of TiO2-OP@Fe3O4 as it can
host both TiO2 and Fe3O4 and simultaneously ensures a high surface
area, unlike bare TiO2@Fe3O4. As discussed in our previous paper
(Djellabi et al., 2019), the hybridization of OP biomass with TiO2
enhances the visible light responsive and the overall photocatalytic
efficiency of the material due mostly to the Ti-O-C bridge between
TiO2 and OP. On the other hand, the OP also may act as a photo-
sensitizer for TiO2 or electrons acceptor which improves the pho-
tocatalytic efficiency under visible light. The addition of Fe3O4 to
TiO2-OP further increases the visible light responsive as showed by
UV-DRS along with the increase of the surface area and pore vol-
ume. These factors certainly play an imperative role to enhance the
photocatalytic efficiency of the composite under visible light.

The effect of MB concentration on the photocatalytic efficiency
by TiO2-OP@Fe3O4 under visible light (Fig. 7, a) showed that the
Fig. 7. (a): Effect of initial concentration on the photooxidation of MB by TiO2-
OP@Fe3O4 (0.25 g/L); (b): Effect of photocatalyst mass on the photooxidation of MB
(30 ppm) by TiO2-OP@Fe3O4; (c): Effect of pH on the photooxidation of MB (30 ppm) by
TiO2-OP@Fe3O4 (0.25 g/L); (d): Effect of different metallic cations (10 ppm) on the
photooxidation of MB (30 ppm) by TiO2-OP@Fe3O4 (0.25 g/L).
oxidation rate decreases with MB concentrationwhich is due to the
competition adsorption of MB molecules on the surface of the
photocatalyst at higher concentration taking into account the fixed
mass of photocatalyst (0.25 g/L) and the experiment time (1 h).
TiO2-OP@Fe3O4 showed a significant efficiency for the degradation
of MB from 5 to 30 ppmwithin 1 h using a relatively small quantity
of photocatalyst (0.25 g/L). The increase of the mass of photo-
catalyst (Fig. 7, b) enhances the rate and the speed of MB oxidation
at 30 ppm. The number of adsorptive sites and the quantity of
photogenerated oxidizing species depend on the quantity of pho-
tocatalyst used at a specific period of time. Therefore, in order to get
a significant oxidation of dyes at high concentration in wastewater,
it is recommended to increase the mass of the photocatalyst pro-
portionally. There is always a tradeoff between the concentration of
the pollutant and the mass of photocatalyst. However, at very high
mass of photocatalyst or/and concentration of dyes, a screen effect
may take place to inhibit the penetration of light into water, which
in turn results in lower photocatalytic activity especially with pure
TiO2. Herein, we mention that the adsorbent/TiO2 system is more
efficient that pure TiO2 especially for the treatment of wastewater
with high pollutant concentration due to the Adsorb & Shuttle
mechanism. Shortly, the pollutant molecules will first adsorb
physically on the surface of adsorbing domain of TiO2-OP@Fe3O4

(Olive pits or Fe3O4), resulting in lower dye concentration in the
water. Afterwards, the adsorbed molecules will be degraded by the
oxidizing species produced from TiO2. Fig. 7(c) shows the effect of
pH on the photocatalytic oxidation of MB. It can be seen that the
photocatalytic efficiency is very high at higher pH (8, 10), while it
decreased at pH 4. This is due to electrostatic repulsion or attraction
between photocatalyst surface and positively charged MB mole-
cules as a function of pH of solution. Furthermore, in alkaline me-
dium, the formation of �OH is more pronounced because of the high
concentration of �OH. The co-presence of several metallic cations
resulted in lesser photocatalytic oxidation of MB (Fig. 7, d). Metallic
cations can compete with MBmolecules to adsorb on of the surface
of TiO2-OP@Fe3O4, suggesting a lesser contact between MB and
photocatalyst surface. On the other hand, the co-anions of metallic
salts (SO4

�2) could also have a negative effect on the MB oxidation.
Fig. 8 depicts the results of the effect of Tert-butyl alcohol (TBA)

on the photocatalytic oxidation of MB. TBA is usually used to prove
the formation of �OH radicals. It was found that the photocatalytic
oxidation of MB decreases with TBA concentration, suggesting that
the oxidation of MB is carried out mostly by �OH radicals.
Furthermore, even at higher dosage of TBA (2mL), the removal was
Fig. 8. Effect of Tert-butyl alcohol (�OH scavenger) on the MB oxidation by TiO2-
OP@Fe3O4 under visible light, [Photocatalyst]; 0.25 g/L, [MB]: 10 ppm.
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more that 40% which is due to the physical adsorption of MB on the
surface of TiO2-OP@Fe3O4 and the oxidation by other photo-
produced species such as ��O2.

The photoreduction of Cr(VI) under visible light by TiO2-OP,
TiO2@Fe2O3 and TiO2-OP@Fe3O4 at pH 3 is shown in Fig. 6(d). Since
Cr(VI) can be found in different ionic forms inwater such as H2CrO4,
HCrO4

�, CrO4
2�, Cr2O7

2� and HCr2O7
� as a function of pH, it is

important to mention that the HCrO4
� is the predominant species of

Cr(VI) at pH 3 (Marinho et al., 2017a,b). Tartaric acid was used as a
hole scavenger. The role of the hole scavenger on the photocatalytic
reduction of Cr(VI) has been studied and well discussed in our
previous studies (Djellabi et al., 2017; Djellabi and Ghorab, 2015a;
Marinho et al., 2017a,b). Shortly, the hole scavenger molecule re-
acts with hydroxyl radicals and positive holes of the photocatalyst,
resulting in liberation of the electrons on the conduction band for
the reduction reaction. On the other hand, it inhibits the oxidation
of produced Cr(III) as oxidizing species react with scavenger
molecule instead Cr(III). It can be seen from Fig. 6(d) that TiO2-
OP@Fe3O4 showed a super ability for the adsorption and photo-
catalytic reduction of Cr(VI) in comparison with TiO2@Fe3O4. The
adsorption of Cr(VI) under dark was 5, 19% and 20% within 60min
by TiO2@Fe2O3, TiO2-OP and TiO2-OP@Fe3O4, respectively. While
the photocatalytic reduction under visible light was 64% (within
60min), 70% (within 60min) and 100% (within 40min) by TiO2@-
Fe2O3, TiO2-OP and TiO2-OP@Fe3O4, respectively. The photo-
catalytic ability of TiO2@Fe3O4 under visible light implicates that
the presence of Fe3O4 in TiO2 can enhance visible light responsive.
However, it is important to mention that Fe3O4 also exhibits a very
lower photocatalytic activity (Salamat et al., 2017) due to its small
band gap. The direct contact of Fe3O4 and TiO2 may enhance a little
bit the visible light responsive (Hong et al., 2017), but it is known
that the amount of redox species (holes and electrons) is low in
TiO2@Fe2O3 system. This is due to fact that the combination of
Fe3O4 and TiO2 semiconductors brings an unfavorable hetero-
junction because of increase in the recombination of electrons/
holes charges, resulting in lower photocatalytic performance
(Beydoun et al., 2000; Salamat et al., 2017). As shown in Fig. 9,
photogenerated electrons and positive holes can be transferred via
CBs and VBs, respectively. Therefore, the transfer of charges from
TiO2 to Fe3O4 results in Fe3O4 dissolution as reported by Anna Z.J
et al. (Zieli�nska-Jurek et al., 2017). In order to isolate TiO2 from
Fe3O4, many authors have used SiO2 as a passive layer (Abramson
et al., 2009; Wang et al., 2017; Xu et al., 2008; Lee et al., 2006;
Gad-Allah et al., 2008).

In terms of TiO2-OP@Fe3O4, the photocatalytic activity was
higher than TiO2@Fe3O4 due certainly to the presence of OP
biomass. Firstly, the hybridization of TiO2 with OP biomass resulted
in visible light responsive (Eg: 3.00 eV) and formation of Ti-O-C
Fig. 9. Schematic diagram of the proposed photogenerated charges transfer for
TiO2@Fe3O4 and TiO2-OP@Fe3O4.
bonding bridge between TiO2 and OP. The OP in TiO2-OP@Fe3O4
may act a similar role as SiO2 in TiO2- SiO2@Fe3O4 composites. In
another words, OP can be a charges acceptor via Ti-O-C bridge and
inhibits the transfer of electron/hole charges from TiO2 to Fe3O4
(Fig. 9), therefore, more redox species will be active for dye/Cr(VI)
removal. Secondly, the high surface area of TiO2-OP@Fe3O4 com-
posite and well dispersed TiO2 and Fe3O4 particles is an important
factor to be considered to enhance the photocatalytic activity. More
the surface area is higher, more the pollutants are adsorbed onto
the surface of the photocatalyst, suggestion a significant photo-
catalytic performance. Finally, since the TiO2-OP@Fe3O4 composite
exhibits a magnetic response, it can be easily recovered using an
external magnetic field. It is worth mentioning that the use of
magnetically recoverable suspended photocatalyst exhibits valu-
able advantages in real application related to the efficiency and the
recovery of suspended. Many authors suggested the use of sup-
ported photocatalyst system to avoid the particle filtration step,
while this system suffers often from the lower efficiency due the
smaller surface-to-volume ratio, less mass transfer and less active
TiO2 surface. In order to combine the easy recovery and keep the
high efficiency of the suspension, the use of magnetic composites is
an excellent option.

4. Conclusions

Magnetic visible light responsive TiO2-OP@Fe3O4 was success-
fully developed for dyes and Cr(VI) removal from water under
visible light. XRD showed the formation of pure anatase TiO2 and
magnetite Fe3O4 in TiO2-OP@Fe3O4 composite. The coating of bare
TiO2 by Fe3O4 nanoparticles reduced the surface area from~23m2/g
to 15m2/g, while, the addition of Fe3O4 to OP-TiO2 enhanced the
surface area from 55m2/g to 104m2/g. The band gaps were found
to be 3.20, 3.02, 3.00 and 2.55 eV for TiO2, TiO2@Fe3O4, TiO2-OP and
TiO2-OP@Fe3O4. The photocatalytic tests showed that TiO2-
OP@Fe3O4 exhibits efficient adsorption and photocatalytic perfor-
mances compared with TiO2-OP and TiO2@Fe2O3 for the oxidation
of dyes (MB, RhB and CR) and reduction of Cr(VI). Quenching ex-
periments using TBA demonstrated that the oxidation of dyes takes
place mostly by photoproduced �OH radicals. The oxidation of MB
by TiO2-OP@Fe3O4 was more efficient in alkaline solution. The MB
oxidation rate decreases at higher MB concentration, while the
increase of photocatalyst mass enhances the efficiency. The co-
presence of metallic cations resulted in lower MB oxidation.

Since the cleaner production is the norm in industries and
technologies nowadays as it is a preventative approach to man-
aging the environmental and economic issues, it is important to
point out that the valorization and use of biomass residues is one of
the main features of cleaner production aspects because it brings
many environmental and economic benefits. This study suggests
the use of olive pits waste as a support instead of using high-cost
commercial materials. Besides, olive pits waste is a green material
and does not contain potentially harmful components. On the other
hand, in terms of sustainable and clean technology, the magnetic
property of TiO2-OP@Fe3O4 composite allows the easy-recovery
and reusability of the suspension from treated water via the
application of external magnetic field, suggesting low operating
costs compared to traditional membrane filtration system in large-
scale wastewater treatment plants.
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