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Abstract

Series of new TiO,/MgZnAl layered double hydroxide (TiO,/LDH) composites with different molar ratio of metals
(Mg:Zn:Al) and a certain amount of recombined TiO, were successfully prepared by co-precipitation method. The prepared
products were characterized by X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy,
N, adsorption—desorption measurements, X-ray photoelectron spectroscopy and UV-Vis diffuse reflectance spectroscopy.
Rhodamine B (10 mg/L), methylene blue (10 mg/L) and 4-nitrophenol (4 mg/L) were used as model organic compounds for
evaluation of the photocatalytic performance of the as-prepared photocatalysts under visible light irradiation. Results indi-
cated that TiO,/LDH composites (Mg:Zn:Al equals to 1:3:1) showed the highest photocatalytic activity and degraded 93.73,
85.88 and 89.33% of rhodamine B, methylene blue, and 4-nitrophenol in 9.0, 8.0 and 4.0 h, respectively. By comparison,
the composites exhibited superior photocatalytic activity compared to P25 catalysts. The enhanced photocatalytic activity
of the TiO,/LDH composites mainly attributed to the efficient separation of photoinduced electrons and holes. Superoxide
radicals and holes were the major active species. What’s more, the as-prepared photocatalysts exhibited remarkable stability
and reusability. Besides, the possible degradation mechanism of rhodamine B, methylene blue and 4-nitrophenol also were
proposed in this paper. This work provides an effective way to prepare series of LDH-based photocatalysts.

1 Introduction and phenolic compound derivatives are considered as the
most difficult to decompose due to their special chemical
structure and stability [4—6]. These organic pollutants are

environmental killers to human’s health and aquatic organ-

Nowadays, an increasing number of organic pollutants
containing of phenolic compound derivatives, textile dyes,

volatile organic compounds, antibiotic medicines, and her-
bicide derivatives responsible for environmental and water
pollution are discovered [1-3]. Among these, textile dyes
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isms because most of them are considered as carcinogenic
and high toxic pollutants [7, 8]. Many efforts are being made
to explore easy and economical technologies for wastewater
pollutants treatment [9—15]. However, the obtained results
were not very satisfactory. Hence, it is necessary to develop
an environment-friendly and efficient approach to organic
pollutants removal in wastewater treatment.

Advanced oxidation processes have been proved to be
one of the promising recommended technologies for refrac-
tory and toxic organic pollutant removal from wastewater
[16-18]. As one of the technologies, visible light driven
photocatalysis technology offers a low-cost and green path-
way that has widely application for complete removal of
wastewater pollutants such as toxic dyes and other hazardous
organic compounds from the effluents. In this regard, the
visible light driven photocatalysis have received more and
more attention for wastewater pollutant treatment in recent
years [4, 19]. Besides, the visible light as an ideal source is a
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clean energy for the aliment of a green atmosphere and cost
effective process [20]. In order to achieve the high degrada-
tion rate of organic wastewater pollutants, it is important
to exploit such visible light active photocatalytic materials.

Thankfully, semiconductor-based photocatalysis is an
ideal chemical process for organic pollutants degradation,
due to its cost-effectiveness and satisfactory catalytic effi-
ciency [21-23]. Aiming at these views, mounts of novel
nanostructure materials have been developed recently.
Against this backdrop, novel nanostructured materials
have been developed greatly to meet these environmental
challenges.

Titanium dioxide (TiO,), as an excellent photocatalysis,
is one of the most widely accepted and fundamental pho-
tocatalytic materials owing to its chemical stability, non-
toxicity, low prices, high photocatalytic activity, etc [24,
25]. However, single TiO, nanoparticles only work under
ultraviolet light irradiation for its wide band gap [26-28].
So, many efforts about how to obtain the narrow band gap
of modified TiO, have been tried in recent two decades [26,
29]. Khanchandani et al. developed a series of visible light
driven photocatalysts (TiO,/CuS, TiO,@rGO, SiO,@TiO,,
Au/TiO,), and these photocatalysts showed excellent pho-
tocatalytic activity in the degradation of organic wastewater
pollutants compared with single unmodified TiO, [30-32].

Layered double hydroxides (LDH), as typical 2D-nano-
structured anionic clays, are widely used in the cataly-
sis, adsorption, electrochemistry, and biotechnology [33,
34]. As multifunctional materials, the LDH composites
include brucite-like hydroxide sheets, where some suit-
able groups can be incorporated. Their chemical com-
position are usually expressed by a general formula
M, _ 2*M *(OH),]**(A"),,,-mH,0, where M** is a biva-
lent cation such as Mn?*, Zn2*, Ni%*, Ca®* and Fe2+; M3+ is
a divalent cation such as Fe**, Ti**, AI** and Cr**; A" rep-
resents the interlayer anions such as NO;~, OH™, CO32_ and
other various organic anions which balance the positive
charges on the layers; x is calculated by the equations M>*/
(M?** 4+ M3*) [34-37]. Multiphases of LDHs which can be

Fig. 1 The structure of target
degradation, a rhodamine B; b
methylene blue; ¢ 4-nitrophenol

A

fabricated by the hydrothermal methods or ion-exchange
processes have been studied for many years because of its
potential uses [34]. Ternary layered double hydroxides with
magnesium, zinc and aluminum in the laminate have been
widely used as photocatalysts for its high photodegradation
rate of organic wastewater pollutants [38—40]. TiO, and
LDH are synthesized into a composited state in order to
improve the photocatalytic activity through their common
interaction under the visible light irradiation.

From the previous survey of the literature, there are sev-
eral published articles about the organic wastewater pol-
lutants degradation by the TiO,/MgZnAl layered double
hydroxides with different Mg/Zn/Al molar ratio and the fixed
mass of TiO, nanoparticles. Meanwhile, the aimed photo-
catalysts were prepared by conventional co-precipitation of
magnesium, zinc and aluminum salts from uniform solution
and TiO, nanoparticles. The rhodamine B, methylene blue
and 4-nitrophenol (Fig. 1) are chosen as model organic pol-
lutants to assess the photocatalytic degradation activity of
TiO,/MgZnAl layered double hydroxides composites. Fur-
thermore, the possible photocatalytic degradation mecha-
nism of rhodamine B, methylene blue and 4-nitrophenol by
the composites was put forward.

2 Experimental
2.1 Reagents and materials

Mg(NO;),-6H,0 and AI(NO;);-9H,0 were purchased
from Fengchuan Chem. Co., Ltd. (Tianjin, China).
Zn(NO;),-6H,0 was provided by Xilong Chem. Co., Ltd.
(Guangdong, China). NaOH was supplied by Sinopharm
Chem. Co., Ltd. (Shanghai, China), and titanium dioxide
nanoparticles (P25) with a specific area of about 50 m%/g
and an average particle size of 10-15 nm was provided
by Sinopharm Chemical Reagent Co., Ltd. Rhodamine B
(Cy3H;3,CIN,O3) was purchased from Tianjin Kemiou Chem-
ical Reagent Co., Ltd. Methylene blue (C,cH,3CIN;S-3H,0)
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was supplied by Tianjin Chemical Reagent Research Insti-
tute Co., Ltd. and 4-nitrophenol (C4HsNO;) was obtained
from Sinopharm Chemical Reagent Co., Ltd. All reagents
are analytical grade and those were used as received without
further purification. All solutions were prepared with high
purity distilled water.

2.2 Preparations of TiO,/MgZnAl layered double
hydroxides composites

Prior to TiO,/MgZnAl layered double hydroxides com-
posites synthesis, the TiO, was pre-treated based on the
reported literature [41]. Briefly, 1.5 g P25 was dispersed
in 10 M 20 mL of NaOH aqueous solution and placed into
a Teflon-lined stainless autoclave. And then the autoclave
was heated at 200 °C for 6 h. Afterwards, the autoclave was
cooled down to the room temperature. Then, the presulfided
TiO, nanoparticles were washed with 0.1 M HCI aqueous
solution, deionized water and ethanol for several times, and
then this obtained product was dried at 60 °C for overnight.

A series of TiO,/MgZnAl layered double hydroxides
composites were synthesized by fixing the Mg:Zn:Al
molar ratio at 1:1:1, 1:1:2, 1:1:3 and 1:b:1 (b was 2-8). In
a typical synthesis, a certain quality of Mg(NO;),-6H,0,
Zn(NO;),-6H,0, Al(NO;);-9H,0 and 50 mg of TiO, nano-
particles were dispersed in 200 mL of water by ultrasonic
dispersion for 30 min. And then, adjusting the pH of the
mixture to the range of 8-9 with 2 M NaOH solution, stir-
ring the mixture for another 1 h after the reaction process
was finished. After that, making the mixture solvents located
in the oven vacuum at 60 °C for 24 h, then filtrating and
washing in turn the resulted slurry by distilled water and
ethanol for 68 times. Finally, the resulted solid was dried
at 60 °C for overnight. The obtained photocatalysts were
marked as TiO,/LDH composites (TiO,/LDH-111, TiO,/
LDH-112, TiO,/LDH-113 and TiO,/LDH-1b1, b was 2-8).

2.3 Characterization of photocatalysts

The crystallinity and phase analysis of the prepared TiO,/
LDH composites were detected by a Bruker D8 Advance
X-ray diffractometer at the following parameters: Cu
Ko radiation, A=1.5406 A, 40 KV, 40 mA, and all the
surveys were obtained in the 26 extent of 10° and 80° at
room temperature. The surface morphology of as-prepared
products was evaluated by scanning electron micros-
copy (SEM), which was conducted by TESCAN MIRA3
LMU microscope. Fourier transform infrared (FT-IR)
spectra were recorded using an AVATAR 360 spectrom-
eter (Nicolet instrument Corporation, America) in the
4000-400 cm~'. The surface chemical composition of the
products was detected by X-ray photoelectron spectros-
copy (XPS, PHI Quantera SXM, ULVAC-PHI, Japan), The
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Brunauer-Emmett-Teller (BET) surface areas and pore size
distributions of photocatalysts were determined by Nitrogen
adsorption isotherms under the following conditions: 77 K,
8 h outgas, and 100 °C in advance treatment. Additionally,
the related pore diameter was calculated from the desorption
branches using the Barrett—Joyner—Halenda (BJH) method,
and pore volumes were estimated from the absorbed amount
at a relative pressure of 0.90. The optical properties were
evaluated by measuring the UV-Vis absorption spectrum
of the as-prepared sample powders, which recorded by a
spectrophotometer (Schimadzu 2401 spectrophotometer).

2.4 Measurements of catalytic performance

The photocatalytic performance of the as-prepared TiO,/
LDH composites was evaluated by the degradation of the
model wastewater rhodamine B, methylene blue and 4-nitro-
phenol simulation solution in a photochemical reactor (YM-
GHX-V, Yuming Instrument Co., Ltd., Shanghai, China). A
500 W xenon lamp worked as UV light source with a 400 nm
cutoff filter (<400 nm). Typically, 50 mg of prepared cata-
lysts were added into 50 mL of rhodamine B, methylene blue
and 4-nitrophenol aqueous solution with a concentration of
10, 10 and 4 mg/L, respectively. At first, the suspension
including above mixture materials was constantly stirred
for 1.0 h in dark to reach the adsorption—desorption equilib-
rium. In the meantime, the temperature of the photochemical
reactor was kept at 25 °C with the help of circulating water
during the experiment. Then, turning on the visible light,
3 mL of suspension was sucked out every 1 h and filtered
immediately to be analyzed using a UV-Vis spectropho-
tometer (UV-9600) at 554, 664, and 317.5 nm, respectively.
Because of the possible self-degradation of model organic
simulation wastewater, the blank experiment was studied
under the identical reaction conditions in the preliminary
experiments.

3 Results and discussion
3.1 Characterization of the TiO,/LDH composites
3.1.1 XRD

The XRD patterns of the pure TiO, and TiO,/LDH com-
posites were shown in Fig. 2. All the prepared samples had
similar patterns, which proved a mixture of the anatase and
rutile phases of TiO, existed. As for Fig. 2a, the diffraction
peaks at 20=25.3°,37.7°,47.9°, 53.8°, 62.6° and 74.9° can
be ascribed to (101),(004),(200),(105),(204) and (2
1 2) reflection of anatase TiO, (JCPDS 21-1272), respec-
tively. Moreover, the patterns also clearly showed peaks of
rutile TiO,, namely, the peaks at 260=27.8°, 35.9°, 54.9° and
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Fig.2 XRD patterns of the TiO, (a), TiO,/LDH-111 (b), TiO,/LDH-
112 (¢), TiO,/LDH-113 (d), TiO,/LDH-121 (e), TiO,/LDH-131 (f),
TiO,/LDH-141 (g), TiO,/LDH-151 (h), TiO,/LDH-161 (i), TiO,/
LDH-171 (j), and TiO,/LDH-181 (k) composites

68.8° can be ascribed to (1 10),(101),211)and (301)
reflection of rutile TiO, (JCPDS 21-1276), respectively [42,
43]. Furthermore, the X-ray diffraction patterns of TO,/LDH
composites were shown in Fig. 2b—k. From Fig. 2, all the

Fig.3 SEM images of the P25
(1um) (a), TiO, (1pt m) (b),
TiO,/LDH-131 (1u m) (¢), and
TiO,/LDH-131 (5u m) compos-
ites (d)

20kV  X10,000 Apm "

curves have the peak (003 (11.2°), 006 (23.5°), 009 (35.1°),
010 (61.8%)) of LDHs except the curve (a), and all the pat-
terns of the samples have the typical peaks of TiO, [44]. The
introduce of TiO, nanoparticles on the surface of the photo-
catalysts fabricated a hybrid and disordered compound struc-
ture, bringing on broad and weak diffraction peaks d(003)
[45]. Seeing the Fig. 2b—k carefully, the different Mg/Zn/Al
molar ratio also can impact the crystal, which may be due to
the arrangement of different metal atoms.

3.1.2 SEM

The SEM analysis of the samples P25, TiO,, and TiO,/
LDH composites were presented in Fig. 3. Figure 3a shows
the micrograph of the untreated P25 had unordered spheri-
cal particles and a mixture of anatase and rutile in shape
was appeared in the P25 nanoparticles, with a diameter of
300-700 nm. However, through alkali treatment, the surface
of the TiO, particles becomes rougher compared with that of
the original particles (Fig. 3b) and produce a large specific
surface area (Table 1), which increased the active surface
of the particles [46]. Furthermore, the original TiO, parti-
cles (alkali treated P25) are destroyed and the micrograph of
TiO, exhibits like-lamellae nanosheets stacked. The rough

24/NOVIMT7
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Table 1 The physico-chemical properties of the materials

Catalyst Pore diam- Pore volume (m®) Surface
eter (nm) area
(m*/g)
TiO, 9.960 0.166 33.425
TiO,/LDH-131 14.330 0.436 60.827

surface of the stacked TiO, nanoparticles also provides high-
energy location site for the nucleation and growth of LDH
nanosheets (Fig. 3c). After assembly of stacked TiO, nano-
particles on the surface of LDH nanosheets, the heterostruc-
tures enhanced their coarseness. Under the present synthetic
conditions, TiO, particles were tightly coated on the surface
of layer double hydroxides via above hydrothermal methods,
and then TiO, particles were uniformly formed on the sur-
face of layered double hydroxides.

3.1.3 FT-IR

The FT-IR spectra (Fig. 4) of TiO,/LDH composites were
analyzed and compared with P25, TiO,, and TiO,/LDH-
131 composites including hydroxyl species, carboxylic
species, and epoxy species etc. Typically, Fig. 4a shows
the FT-IR spectra of pure P25 particles. For pure P25
particles, the main peaks at 400-700 cm™! are assigned
to the stretching vibrations of Ti—-O-Ti and Ti—O in par-
ticles crystals, while the other wide speaks at 1630 and
3420-3500 cm™! correspond to —OH and physically-
adsorbed water, respectively, which corresponding to the
previous work [42]. As for Fig. 4b, the stretching vibration
absorption at nearly 1630 cm™! was enhanced, proving that

1635.54

Transmittance (%)

3462.07 1384.35 43982
T T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.4 FT-IR spectra of the P25 (a), TiO, (b), and TiO,/LDH-131
composites (c)
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the vibration of structure OH groups was improved by the
sodium hydroxide solution. Figure 4c displays the infrared
spectra of the TiO,/LDH-131 composites. It showed broad
absorption bands at around 3500 and 1633 cm™ I which
was considered as the OH stretching vibration of hydroxyl
groups, water molecules in the interlayer, and physically
adsorbed water [37, 40]. The M-O and O-M-O (M =Mg,
Zn, Al, Ti) vibration bands appeared in the 400-800 cm™!
region [47-49]. Besides, the broad observed at nearly
1360 cm™" was due to the stretching vibrations of CO5*".
The FT-IR results confirmed the aimed composites had
been synthesized.
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Fig.5 The N, adsorption—desorption isotherm curve of (a) TiO, and
(b) TiO,/LDH-131 composites
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Fig.6 XPS scan spectrum of TiO,/LDH-131 composites
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3.1.4 BET

N, adsorption—desorption measurements were performed
to investigate the porosity of the as-prepared TiO, and
TiO,/LDH-131 composites. Figure 5 shows that all the
photocatalysts exhibited a typical type-III isotherm
according to the classification of the international Union
of Pure and Applied Chemistry (IUPAC), indicating the
mesoporous characteristics. The N, adsorbed quantity
increased slowly with the increasing of relative pressure,
reflecting the adsorbent—adsorbate interactions were rela-
tively week. Apparently, the mesoporous TiO,/LDH-131
composites have a higher specific surface area than pure
TiO, nanoparticples, and the composites still remain
the mesoporous structure. Table 1 presents the detailed
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Fig.7 a UV-Vis diffuse reflectance spectra of prepared-photocatalyst
(a) P25, (b) TiO,, (¢) TiO,/LDH-131 composites; b energy band gaps
of TiO,/LDH-131 composites

information of the samples including BET surface area,
pore volume, and average pore size. The TiO,/LDH-131
composites have a high specific BET surface area of up
to 6 0.827 m?/g with an average pore size of 14.330 nm.

3.1.5 XPS

XPS was further applied to study the surface elemental com-
positions of the as-prepared TiO,/LDH-131 composites. The
full survey spectrum of the samples was shown in Fig. 6.
As found in Fig. 6, the full survey spectrum of the samples
suggested that the catalysts were composed of Mg, Zn, Al,
Ti, O, and C elements. The signal of C was due to contami-
nation during the sample synthesis processes. In addition,
Fig. 1S shows the narrow scan spectrum of Mgls, Zn2p,
Al2p, Ti2p, Ols and Cls in TiO,/LDH-131 composites,
respectively. It clearly find that the peak center of Zn2p,
Al2p, and Ti2p were positioned at the binding energies of
1023.5, 74.63, 459.5 eV, respectively. Therefore, we can
momentarily suggest that the oxidation states of Zn, Al, and
Ti were Zn**, A" and Ti** [34, 44].

3.1.6 UV-Vis DRS

Figure 7 displays UV—Vis DRS of the P25, TiO, and TiO,/
LDH-131 composites. The P25 nanoparticles presented a
photoresponse with a wavelength in the areas of ultravio-
let region since its large energy band gap (3.1 eV). After
combining with the LDHs function materials, the TiO,/

100 T
.
:
iy
80 dark :light
-5
60 —8—Ti0,
— —A—Ti0,/LDH-111
S .
SN { —vTiO,/LDH-112
S —&—TiO,/LDH-113
S 409 —¢Ti0,/LDH-121
—>—TiOy/LDH-131
—8— TiO,/LDH- 141
20 —*—TioyLDH-151
—&—TiOy/LDH-161

1 —9—TiOy/LDH-171

—+—TiO,/LDH-181
0 — T T T T T T 1
0 1 2 3 4 5

Time (h)

o -
-
oo
©

Fig. 8 Rhodamine B concentration as a function of time in different
photocatalytic treatments. Reaction conditions: initial rhodamine B
concentration of 10 mg/L, 50 mg photocatalyst, reaction temperature
25+2 °C and initial pH 7.0

@ Springer



7008

Journal of Materials Science: Materials in Electronics (2018) 29:7002-7014

LDH-131 composites exhibited a red shift of light adsorp-
tion in the areas of visible light region, with the adsorp-
tion edges immediately broadening to about 440 nm. This
is because that the visible-light-driven photocatalysts of
LDHs hybrid materials and the fabrication of heterojunc-
tion composites between TiO, and LDHs generated a good
photosensitizing effect [44]. Obviously, the light adsorp-
tion capacity of the TiO,/LDH-131 composites gradually
enhanced with the LDHs hybrid composites introducing,
indicating the favorable responsiveness of the as-prepared
samples to visible light. These encouraging results may
be due to the introduction of LDHs hybrid materials and
the BET surface area, which could affect the visible light
adsorption and the generation and transfer of photoelectric
electrons in the photocatalytic degradation process. Hence,

the TiO,/LDH composites could enhance the visible light
adsorption ability, making those catalysts possible used in
the visible-light-driven application.

3.2 Photocatalytic activity of the products

Figure 8 shows the photocatalytic degradation of rhodamine
B over P25, TiO,, and TiO,/LDH composites under visible
light irradiation. As for Fig. 8, we can see that the degra-
dation rates of rhodamine B over P25 and TiO, nanopar-
ticles was inappreciable, while the TiO,/LDH composites
presented conspicuous improved photocatalytic activities
compared with P25 and TiO, nanoparticles. It may proved
that the doped of TiO, nanoparticles and molar ratios of
Mg, Zn and Al could observably affect the photocatalytic
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(B)
50|  TOyLDHI3I i
o TOyLDH-14] o
4 TOyLDH-I51 '
=" v ToyDH6l o
8 ¢ TOyLDH17] " 4
2 10| « TOJDHIS P
1 ""’-"‘ A
.x"',:’
i
LI LA |
8 9

(A)1.8—
<
1.6 . P25 ) ::)
144 o TO, P x
i - Rl et
5] 4 TOyLDH-11I P
—_ v TiO»/LDH-112 A
S 1.04 02 ,"/ )
o ¢ TiOyLDH-113 o
< o8] TiO/LDH-121 )
- i
0.6+ ’_.,-'
s |
0.4 m T
02d gl AT R
0 1 2 3 4 5 6 7 8 9
Time (h)
© -
0.20064
T 0.18781
—_ 015852 0.16277
e -~
& ]
N 009003

2 ‘_)?O ‘J?o v’?o
2 %%
v 7
e v

0.29392

0.13238

0.11219

0.1088 6
0.09131

007876

B . S S
T I T T
< Ve e Yo Yo Y. Yo
2 2% 9y y 9
%% :
¢ e vy R N

Fig.9 a, b Pseudo-first-order degradation kinetics for rhodamine B with different photocatalysts, used to estimate Langmuir—Hinshelwood coef-
ficients; c the rate constant k of rhodamine B with different photocatalysts
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degradation activities of TiO,/LDH composites. When the
molar ratio of Zn atoms increased, the photocatalytic activity
of TiO,/LDH composites was accordingly enhanced gradu-
ally. But at the same time, with the molar ratio of Al atoms
increasing, the photocatalytic activity of TiO,/LDH compos-
ites was reducing inversely. Thus, the optimal molar ratio of
TiO,/LDH composites was 1:3:1. The TiO,/LDH-131 com-
posites exhibited the good activity with a degradation ratio
of 93.73% after 8.0 h under visible light irradiation, while
that over pure commercial P25 was only about 39.07%.

In order to investigate the photocatalytic decomposition
kinetics behaviors of rhodamine B simulative dye waste-
water, the experimental data corresponded to the Lang-
muir—Hinshelwood model, which could be studied by the
following pseudo-first-order kinetics as the formula below
(shown in Fig. 9a, b) [50, 51].

—InC/Cy =k (1)
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Fig. 10 a Methylene blue concentration as a function of time in dif-
ferent photocatalytic treatments. Reaction conditions: initial meth-
ylene blue concentration of 10 mg/L, 50 mg photocatalyst, reaction
temperature 25 +2 °C and initial pH 7.0; b, ¢ Pseudo-first-order deg-

where, C, represents the original concentration of
rhodamine B (mg/L), C is the concentration (mg/L) of
rhodamine B at instantaneous time t, k, and t stand for
the apparent pseudo-first-order rated constant (h~!) and
time, respectively. The k, of rhodamine B degradation
in the photocatalytic process with P25 was 0.05584 h™!,
while that all TiO, (alkali treated P25) was only about
0.09003 h~! as shown in Fig. 9C However, for the TiO,/
LDH composites, all of the apparent pseudo-first-order
kinetic constants (k) had been enhanced than pure com-
mercialized P25 powders. Comfortingly, as for the TiO,/
LDH-131 composites, its apparent pseudo-first-order
kinetic constant k was up to 0.29392 h™!, which was nearly
5.26 times and 3.26 times higher than those of pure P25
and TiO,, respectively. The results indicated that the TiO,/
LDH composites have a good photocatalytic activity under
visible light irradiation.
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003018

radation kinetics for methylene blue with different photocatalysts,
used to estimate Langmuir—Hinshelwood coefficients; d the rate con-
stant k of methylene blue with different photocatalysts
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For the TiO,/LDH composites prepared in this work,
the TiO, combining with LDH composites would pro-
mote the photocatalytic activity as well as the separa-
tion efficiency of photoelectron transfer. Besides, as a
distinguished photocatalyst, it is always wished to have
high photocatalytic activity in degradation of different
organic pollutants, then we also measured the ability of
P25, TiO, and TiO,/LDH composites in the degradation
of methylene blue (MB) and the experimental results are
located in Fig. 10. As shown Fig. 10, it is obvious that
the degradation percentage of MB is 48.14, 49.39, 56.69,
42.54, 23.67, 43.24, 85.88, 56.23, 48.64, 82.51, 68.15
and 54.52% within 8.0 h over P25, TiO,, TiO,/LDH-111,

(A)1(D

3
o,
—A- TOyDH 111
~¥- TO,LDH-112

C/Co (%)

+TDZLDI 113
~4- TOLDH-121
P~ Ti0,LDH- 131
—4— TO,LDH- 141
204 % TiOLDH-151
- TO,LDH-161
Q- TO,LDH-17I

—F— TO)LDH-181

TiO,/LDH-112, TiO,/LDH-113, and TiO,/LDH-1b1 (b
was 2-8), respectively, indicating that the composites have
good photocatalytic activity, parts of composites have low
photocatalytic activity in degradation of MB than pure
P25 and TiO, nanoparticles. This is because that every
catalyst has a specific surface area so that their adsorption
capactivities are different. In addition, the difference of
crystalline and catalyst active site of the prepared samples
also can affect the photo-degradation activity. In a word,
TiO,/LDH-131 composites exhibited higher photocatalytic
degradation activity than P25, TiO, and other composites.

4-Nitrophenol, one kind of phenolic organics, was chosen
as a model pollutant to value the photocatalytic performance.
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Fig. 11 a 4-Nitrophenol concentration as a function of time in differ-
ent photocatalytic treatments. Reaction conditions: initial 4-nitrophe-
nol concentration of 4 mg/L, 50 mg photocatalyst, reaction temper-
ature 25+2 °C and initial pH 7.0; b Pseudo-first-order degradation
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As shown in Fig. 11, TiO,/LDH-131 composites still showed
higher photocatalytic activity than commercial P25, pure
TiO, and other prepared photocatalysts. As found in Fig. 11,
59.37, 30.00, 51.99, 55.71, 57.98, 68.18, 89.33, 29.15,
25.24, 34.20, 32.09, and 17.29% of 4-nitrophenol were
degraded by commercial P25, pure TiO,, TiO,/LDH-111,
TiO,/LDH-112, TiO,/LDH-113, and TiO,/LDH-1b1 (b was
2-8), respectively, showing that the composites have good
photocatalytic activity. However, the photocatalytic activity
of the photocatalysts was increased with the increasing of
the Al atoms. Hence, the good activity of TiO,/LDH-131
composites may be due to the well-uniform-dispersed struc-
ture and the relatively big surface than commercial P25 and
pure TiO, nanoparticles, which was further proved by the
SEM images.

3.3 Photocatalytic stability of products

Apart from photocatalytic activity, the stability and reus-
ability of prepared catalysts are also key projects to their
practical application [52]. The stability experiments of the
as-obtained TiO,/LDH-131 composites photocatalysts had
been done under the same conditions. After finishing every
photo-degradation process, collecting and recycling the
used catalysts by centrifugation, washed them with abso-
lute ethanol and distilled water in order to be reused in next
cycle as previous reported [50]. As found in Fig. 12, after
sixth consecutive runs of rhodamine B, methylene blue and
4-nitrophenol degradation, the photocatalytic activity of
TiO,/LDH-131 composites only exhibited a slight deacti-
vation. Rather, the photocatalytic activity of TiO,/LDH-131
composites still kept 80% of its original activity after being
recycled for six times, indicating that the prepared TiO,/
LDH-131 composites possessed outstanding reusability
and stability, and had potential practical application value
in environmental purification.

3.4 Photocatalytic mechanism of photocatalysts

As shown in Fig. 13, the proposed possible mechanism of
the degradation of rhodamine B, methylene blue and 4-nitro-
phenol by TiO,/LDH-131 composites can be described as
follows: first, on the surface of the TiO,/LDH-131 compos-
ites, the photon of energy is equal to or greater than the
band gap energy strikes. Then the electron valence band
(VB) is promoted to the conduction band (CB), resulting in
a continuous generation of holes in the valence band (ht)
and excess electrons in the conduction band (e™). The details
are as follow Eqgs. [44, 53].

TiO,/LDH-131 — TiO,/LDH-131 (hyg*) + TiO,/LDH-131(ecg~)
(2)

Usually, the strong positive photogenerated holes (h*) can
be converted ‘'OH radicals by the water molecules adsorbed
on its photocatalysts surface (Eq. 4) or by hydroxyl ions
(Eq. 5), the 'OH radicals can subsequently oxidize the
organic pollutants (Egs. 6-9) [44, 54, 55].

TiO,/LDH-131(hyg*) + H,0,4, —» OH +H* 3)
TiO,/LDH-131(hy*) + “OH — 'OH )

TiO,/LDH-131(hyg*) + rhodamine B — *rhodamine B

®)
TiO,/LDH-131 (hVB+) + methylene blue — *methylene blue
(6)
TiO,/LDH-131(hyg*) + 4-nitrophenol — *4-nitrophenol
(N
‘OH + *rhodamine B — degradation product ¥
"OH + *methylene blue — degradation product 9)
"OH + *4-nitrophenol — degradation product (10)

On the other hand, the surface hydroxyl groups of the
LDHs structure can react with the photogenerated holes in
the VB of TiO, to consequently promote the production of
-OH [53].

In addition, the presence of oxygen in the CB of pho-
tocatalysts can generate a super-peroxide anion (O,7)
(Eq. 12), which can produce organic peroxide (Egs. 13-15)
and hydrogen peroxide (Eq. 16), and the hydrogen peroxide
can also generate ‘OH radicals (Eq. 17) [44].

TiO,/LDH-131(ecg”) + O, = -O,~ an
100
80 -
. 60
s
S
a 40
204
0-
1 2 3 4 5 6
Cycles

Fig. 12 Photocatalytic degradation cycle of rhodamine B, methylene
B, and 4-nitrophenol on to TiO,/LDH-131 composites
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Fig. 13 Schematic diagram

of the photocatalytic process
occurring on the surface of the
TiO,/LDH composites

'O, + rhodamine B — rhodamine B-OO’ (12)
‘O,” + methylene blue — methylene blue-OO (13)
‘O, + 4-nitrophenol — 4-nitrophenol-OO’ (14)
'0,” +HO, + H" - H,0, + O, (15)
TiO,/LDH-131(ec3~) + H,0, —» 'OH (16)

Then, mounts of active species would react with rhoda-
mine B, methylene blue, and 4-nitrophenol molecules to
form harmless molecules. As shown in Fig. S2, the TOC
removal ratio of rhodamine B, methylene blue, and 4-nitro-
phenol in 9.0, 8.0 and 4.0 h is 65.2, 61.3 and 63.4%, respec-
tively. It is also implied that the mineralization is nearly
completed. Comparing with other previous work, we can
find that the TiO,/LDH composites show satisfactory pho-
tocatalytic activities.

4 Conclusions

In this paper, typical TiO,/LDH composites with different
molar ratio of Mg, Zn, and Al atoms have been synthesized
by a simple method. Series of characterizations proved that
TiO,/LDH composites are higher crystalline powders, hav-
ing higher adsorption of visible light and more efficient
separation of electron-hole pairs. Besides, the TiO,/LDH
composites used in UV—-Vis photodegradation of rhodamine
B, methylene blue, and 4-nitrophenol in aqueous solution
revealed high photocatalytic activity. In comparison with
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commercial P25, pure nanoparticles, TiO,/LDH composites,
TiO,/LDH-131 composites displayed good photocatalytic
efficiency for the photodegradation of rhodamine B, methyl-
ene blue, and 4-nitrophenol organic pollutants under visible
light irradiation. Furthermore, the degradation ratios of rho-
damine B, methylene blue, and 4-nitrophenol are still more
than 80% after six cycle runs. At the same time, the possible
mechanisms and synthetic conditions of the reported could
be easily extended to synthesize other materials for different
applications.
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