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ABSTRACT

TiO,-LDH photocatalysts as mechanical mixture (MCPC) and core-shell (CSPC) were suc-
cessfully synthesized and characterized by XRD, TEM, and EDX techniques. The band gaps
were determined by UV-vis diffuse reflectance. The photocatalytic efficiency of the catalysts
for removal of ethylenediaminetetraacetic acid (EDTA) and its cobalt complexes (Co(II)-
EDTA) was evaluated under ultraviolet (UV) irradiation. Results showed that the employed
catalysts not only has higher removal efficiency for both EDTA and Co(II)-EDTA than TiO,,
but also easily separated from the aqueous phase. Removal percentages of about 83 and
88% (for EDTA) and 71 and 81% (for Co(II)-EDTA) are achieved by MMPC and CSPC,

respectively.
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1. Introduction

From the view point of environmental issue, the
remediation of persistent organic pollutants has a great
interest and importance [1,2]. Ethylenediaminete-
traacetic acid (EDTA) is widely used in industrial,
pharmaceutical, and  agricultural  applications.
Wastewater containing EDTA becomes an environmen-
tal concern [3,4]. This is due to the possibility of toxic
heavy metal mobilization, extended biological availabil-
ity to aquatic life, and the subsequent risks these metals
pose to groundwater and drinking water [3-5].

Unlike the conventional treatment methods
(biodegradation, adsorption, and chemical treatment),
advanced oxidation processes especially titanium-based
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photocatalysis technology offered a powerful oxidation
technique for the treatment of persistent organic pollu-
tants by mineralization into CO, and water [6-8].

Titanium dioxide (TiO,) is the most widely investi-
gated photocatalyst. This is because it has high pho-
toactivity and high chemical and thermal stability as
well as low cost and toxicity. However, there is a
rapid recombination between photo-generated highly
excited state (electron and holes), agglomeration, diffi-
culty of separation, and high band gap (3.2 eV) [9-12].
Such drawbacks attract researchers to think about a
strategy that can overcome these defects.

Layered double hydroxides (LDHs)/titanium semi-
conductors have great progress in photocatalysis
[8,13,14]. LDHs are a class of promising hydrotalcite
like compounds or anionic clays, of general formula
M} x MY (OH)I**[AY ), -yHOI*", where M(I) and
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M(ID are divalent and trivalent metal cations, respec-
tively, A" represents interlayer anions for charge neu-
trality, and X is the molar ratio which has values
usually ranging from 0.20 to 0.33. The hydroxide
layers order is similar to that of brucite (Mg(OH),),
where each Mg”*cation is octahedrally surrounded by
six OH™ anions and all the octahedral structures share
their edges to form infinite sheets. In the LDHs, the
M"/M"" isomorphous substitution in octahedral sites
of the hydroxide sheets produces a net positive charge,
which is neutralized by anions accommodated between
brucite layers and water molecules may occupy the
remaining space of the interlayer region [15-17].

Recently, LDHs have a great attention in wastewa-
ter remediation due to its properties like unique lay-
ered structure, high anion exchange capacity,
simplicity of synthesis, low costs, and recyclability
[14,15,18-21].

LDH is found to enhance the probability of having
mixed oxides composites because their metal might
produce a defect energy level in between valence and
conduction band [6,17,20]. We have been working to
integrate the advantages of both titanium oxide and
LDHs.

Therefore, the present work aims to synthesize two
TiO,-LDH composites, mechanical mixture photocata-
lyst (MMPC) and core-shell photocatalyst (CSPC), and
evaluate their performance as photocatalysts for the
removal of EDTA and Co(II)-EDTA complexes from
aqueous solutions.

2. Materials and methods
2.1. Materials

All chemicals and reagents used in the present
work were of analytical grade and used without fur-
ther purification. Magnesium nitrate (Mg(NO3),-6H,0O)
and TiO, were purchased from Sigma—-Aldrich, while
aluminum nitrate (AI(INO;)-9H,O) was purchased
from Fluka. Bi-distilled water (BDW) was used
throughout the experimental work.

2.2. Preparation of LDH-TiO, composites
2.2.1. The mechanical mixture photocatalyst

Mg/Al LDH with a molar ratio of 2:1 was pre-
pared by co-precipitation method via slow mixing of
100 ml of 0.6 M Mg(Il) and 100 ml of 0.3 M AI(II). The
pH was maintained in the range 8-10 using 2 M
NaOH solution while stirring under an inert atmo-
sphere. The obtained suspension was aged at 60°C for
24 h. The formed LDH particles were separated,
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washed several times with BDW, and finally dried at
90°C till constant weight was obtained. The MMPC
was prepared by mixing TiO, and Mg/Al LDH.

2.2.2. The core-shell photocatalyst

CSPC was prepared by simultaneous addition of
0.6 M Mg(I) and 0.3M AI(II) solutions (100 ml of
each) to 100 ml TiO, suspension under stirring in an
inert atmosphere. The produced CSPC particles were
aged at 60°C for 24 h, then separated, washed several
times with BDW, and finally dried at 90°C till constant
weight was obtained.

2.3. Photocatalytic experiments

The photocatalytic activity of the prepared materi-
als was evaluated by the degradation of EDTA and
Co-EDTA using UV lamb (254 nm, Japan) placed 5 cm
above the solution. A fixed amount of the photocata-
lyst was added to 100 ml of either EDTA (1,000 mg/L)
or Co(II)-EDTA (1,000 mg/L of each) at pH 3.5 in a
Pyrex batch photoreactor under airflow.

Prior to irradiation, the suspensions were stirred
for 30 min in the dark under airflow to ensure the
adsorption—desorption equilibrium on the photocata-
lyst surface [17,22-24]. At certain time intervals, 4 ml
solution was sampled and filtered through 0.45-um
Whatman membrane filter. Then, the filtrates were
analyzed using UV-vis double beam PC scanning
spectrophotometer (UV-2950 LABOMED, Inc. USA).

2.4. Characterization

X-ray diffraction of the employed photocatalysts
was carried out by PANalytical X'Pert PRO Diffrac-
tometer using a Cu-target with Ni-filtered radiation
(A=1542 A). High-resolution transmission electron
microscopy (HRTEM) picture of the external surface
of the catalysts was performed using a JEOL transmis-
sion electron microscope (TEM-2100) operating at an
accelerating voltage of 200kV and coupled with
energy dispersive X-ray (EDX) spectrometer. UV-vis
diffuse reflectance (UV-vis-DR) spectra were obtained
at room temperature on a Nicolet Evolution 500 UV-
vis Spectrometer with a diffuse reflectance accessory
using KBr standard white as reflectance.

3. Results and discussion
3.1. Structural characterization

Fig. 1 shows that the XRD pattern of LDH, anatase,
and CSPC display well crystalline materials. The
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Fig. 1. XRD patterns of LDH, TiO,, and CSPC.

characteristic, symmetric, and sharp peaks (00 3)
might be due to strong reflection of the basal planes.
The (003) reflection is typical of hydrotalcite-type
materials and its intensity is related to the crystallinity
degree of the material [24-26]. On the other hand, the
lamellar distance of the crystalline plane (0 0 3) in the
XRD patterns allows the calculation of lamellar dis-
tance between layers (d-spacing). D-spacing of MMPC
and CSPC are 8.89 and 8.77 A, respectively. The CSPC
structure shows both peaks of anatase and identified
peaks of LDH.

FTIR spectra of the synthesized materials are
shown in Fig. 2. The spectra show a broad and inten-
sive band between 3,300 and 3,600 cm !, which might
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Fig. 2. FTIR spectra of MMPC and CSPC.

be due to the stretching vibration of the OH group of
interlamellar water molecules and in brucite-like layer.
The strong peak at 1,375 cm™' might be attributed to
stretching vibration of NOj interlayer anions. The two
vibration bands at 824 and 740 cm ™' are attributed to
the stretching mode of NO; [8,15]. At 3,700 cam’}, a
new peak appears in CSPC structure and might be
due to the combination of titania and LDH. The bend-
ing mode of the OH group of water molecules appears
at 1,640 cm ™' [16,18].

3.2. Transmitting electron microscopy and EDX spectrum

The transmitting electron microscopy (TEM) micro-
graphs of the prepared materials are shown in Fig. 3.

Fig. 3. TEM micrographs of (a) LDH and (b) CSPC.
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Fig. 4. EDX analysis of (a) LDH and (b) CSPC.

Fig. 3(a) shows the octahedral layer of hydrotalcite,
while Fig. 3(b) of CSPC shows that the TiO, particles
were covered by LDH. The picture reveals a dark cen-
tered core of TiO, covered by a homogenous pale
shell of LDH [27]. The EDX patterns of the synthe-
sized materials are illustrated in Fig. 4. The EDX plot
of LDH shows peaks indicative of the presence of Mg
and Al elements Fig. 4(a). It is noted that the peaks
corresponding to Mg element exhibit intensity greater
than that of Al. The presence of Ti*' cation in the
CSPC photocatalysts is confirmed through obvious
EDX peaks Fig. 4(b) and titanium shows high content
compared with that of Mg and Al

3.3. Band gaps

The light absorption by the material and the
migration of the light-induced electrons and holes are
the most key factors controlling a photocatalytic reac-
tion, which is relevant to the electronic structure
characteristics of the material. The UV-vis absorption
spectra of the catalysts are shown in Fig. 5. The
absorption of CSPC is lower than that of MMPC
which may be due to the lower band gap of CSPC as
compared to that of MMPC. As a crystalline semicon-
ductor, the optical absorption near the band edge fol-
lows the formula ahv = A (ho — Eg)”/ 2 where o is the
absorption coefficient, v is the light frequency, Eg is
the band gap, A is a constant, and n is a constant
that depends on the type of the optical transition in
the semiconductor. The constant # has a value of 1
(for direct transition) or a value of 4 (for indirect
transition) [7].

The band gap of the CSPC and MMPC can be
obtained by plotting (¢hv)® vs. ho as shown in Fig. 5,
which illustrates that the band gaps of MMPC and
CSPC are 3.4 and 2.88 eV, respectively, confirming the
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lower band gap of CSPC as compared to that of
MMPC.

3.4. The removal efficiency

Fig. 6(a) shows the removal of EDTA by MMPC,
CSPC, and TiO; from aqueous solution. From this fig-
ure, the removal efficiency of EDTA by MMPC and
CSPC is sharply increased in the first 30 min. Further
increase in the contact time, under UV irradiation, had
no effect on EDTA removal by CSPC. While for
MMPC, an improvement in EDTA removal was
observed and a maximum removal of 83.6% is
achieved at 270 min. On the other hand, insignificant
removal was obtained by TiO, at 30 min, which
indicates that this material had no affinity for EDTA
species under our experimental conditions.
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Fig. 5. UV-vis spectra of MMPC and CSPC and plotting of
(ohv)? vs. ho of MMPC and CSPC.
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Fig. 6. Photocatalytic degradation of 1,000 mg/L EDTA using CSPC, MMPC, and TiO, (a) and its aqueous speciation at

different pH values (b).

In order to well interpret the data obtained in
Fig. 6(a), the speciation of EDTA as a function of pH,
calculated by the PHREEQ software, is shown in
Fig. 6(b). From this figure, it can be seen that EDTA
presents in the aqueous solution as EDTAH; and
EDTAH? in the pH range 3.5-4. The point of zero
charge (pzc) of LDH was determined experimentally
and found to be around 7.5 (Figure not shown). This
indicates that the surface of LDH at pH < pzc is posi-
tively charged [28]. Therefore, the removals obtained
for EDTA before 30 min using MMPC and CSPC is
due to adsorption rather than degradation. Based on
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this observation, the removals obtained for EDTA
(55% for MMPC and 88% for CSPC, Fig. 6(a) can be
attributed to the electrostatic attraction between EDTA
anions and the positively charged hydroxide layer in
LDH. The removals obtained by MMPC after 30 min
may be due to synchronization between adsorption
and degradation. On the contrary, the removal
observed for EDTA by TiO, Fig. 6(a) is mainly due to
photodegradation.

As shown by Fig. 7(a), the removal of Co-EDTA
increases with time and a maximum removal of 71
and 81% are attained at 270 min by MMPC and CSPC,

(b)
CoEDTA”
S
]
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Fig. 7. Photocatalytic degradation of Co-EDTA complexes (1,000 mg/L of each) onto CSPC and MMPC (a) and its

aqueous speciation at different pH values (b).
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respectively. In presence of cobalt, EDTA presents in
the pH range 34 as Co HEDTA, EDTAH; and
EDTAHZ Fig. 7(b). This indicates that EDTA presents
predominately as anionic complexes. Therefore, the
removal achieved before 30 min by the employed
materials Fig. 6(a) is attributed to electrostatic attrac-
tion between the negatively charged Co(I)-EDTA
complexes and the positively charged LDH particles.
Regarding the data obtained at 30 min for EDTA
Fig. 6(a) and Co(II)-EDTA Fig. 7(a), it can be seen that
EDTA is removed efficiently more than Co(II)-EDTA.
This may be due to the complexed geometry of Co(Il)-
EDTA complexes compared to free EDTA.

It can be concluded from Fig. 7(a) that both MMPC
and CSPC have low affinity for Co(II)-EDTA species.
This illustrates that the removals attained after 30 min
are mainly due to photodegradation. The enhance-
ment in Co(ID-EDTA removal might be due to partic-
ipation of adsorption with photodegradtion. This is
due to that the metals in the LDH layer (Mg(I) and
AI(ID)) might introduce a defect energy level, which
can enhance the valence band electrons transmission
to conduction band of lower energy.

It is well known that the utilization of TiO, for
treatment as photocatalysts has found many difficul-
ties in its separation from aqueous solution. On the
contrary, the employed materials in the present work
(MMPC and CSPC) not only removed EDTA and Co
(IN-EDTA effectively, but also were easily separated
from the aqueous phase during the experimental
work.

An overview of the overall process was proposed
and depicted in Fig. 8.

ee o Super Oxide

UV Rays
€O, + H,0 +NOy
L I
Q8 %
&
EDTA
or &"
;0 ® Hydroxyl radical
OH

Fig. 8. A proposed schematic diagram of synchronization
processes between LDH and TiO,.
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4. Conclusion

MMPC and CSPC composites were successfully
prepared via co-precipitation method. The preparation
method produced efficient photocatalysts, which
showed an increase in the removal efficiency of EDTA
and Co(II)-EDTA complexes when compared to TiO,.
The removals obtained by MMPC and CSPC are attrib-
uted to synchronization between adsorption and pho-
todegradation. The metals of LDH layer (Mg(II) and Al
(II1)) introduced a defect energy level, which enhanced
the valence band electrons transmission to conduction
band of lower energy. The removal efficiency of EDTA
reached up to 88 and 83.6% using CSPC and MMPC,
respectively. Also, the removal percentage of Co-EDTA
complexes is found to be 81 and 71% for CSPC and
MMPC, respectively. Based on the data obtained in the
present study, the employed photocatalysts have a
great potential in wastewater treatment technology.
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