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Three TiO2 and Zn-Al-layered double hydroxide composites, denoted LDH-TiO2 composites, were prepared using
the sol–gel method and characterized utilizing scanning and transmission electron microscopy with energy
dispersive spectroscopy, ultraviolet–visible diﬀuse reﬂectance spectroscopy, X-ray diﬀraction, N2 adsorption–desorption, X-ray photoelectron spectroscopy, photocurrent, photoluminescence and electrochemical
impedance spectroscopy techniques. The characterization results illustrated that TiO2 was attached onto the
surface of LDH and the sizes of both TiO2 and LDH particles were in the nanoscale range. The combination of
LDH and TiO2 promoted the photogenerated electron–hole transfer and separation. The removal abilities of the
LDH-TiO2 composites for Cr(VI) were evaluated using the synergistic adsorption and photocatalytic method. The
adsorption percentages of the three LDH-TiO2 composites for 20.0 mg/L Cr(VI) solutions ranged between 26%
and 75%, and upon ultraviolet irradiation, the total removal percentages rapidly increased to approximately
100%. The removal eﬃciency for Cr(VI) depended on the TiO2 contents of the LDH-TiO2 composites. Increasing
the TiO2 percentage resulted in decrease in the adsorption capacities and increase in the photocatalytic removal
ratios. The kinetic and isothermal data well ﬁtted the pseudo-second-order and Langmuir equations, respectively. The high removal eﬃciencies suggested that the composites were suitable for the treatment of Cr(VI)containing wastewater.

1. Introduction
Cr salts are main raw materials for many chemical industries, and
have been widely used for electroplating, tanning, printing, dyeing, and
as metal corrosion inhibitors. [1]. This inevitably led to large amounts
of Cr being discharged into the environment as wastewater. Of the two
forms of Cr: Cr(VI) and Cr(III), Cr(VI) is more toxic. Owing to Cr(VI)
easily accumulating in organisms and posing signiﬁcant threats to
human health [2], it is necessary to remove it from wastewater before it
is discharged into the environment.
Nowadays, there are many treatment methods for Cr(VI) removal,
such as physical adsorption, chemical precipitation, biological remediation [3], and photocatalytic reduction [4,5]. The adsorption
method is superior to other removal methods owing to its advantages,
including the simple and ﬂexible operation, good adsorption selectivity,
and strong stability. Accordingly, a series of adsorption materials, such
as active carbon [6], iron materials [7], cellulose [8], biomass [9],
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polymers [10], and hydrotalcite [11] have been manufactured and
used. Among these materials, layered double hydroxides (LDHs) have
been widely researched recently. Moreover, owing to their high anion
exchange capacities and charge densities, LDHs have been used to remove diﬀerent anions, such as phosphate, arsenate, and chromate via
surface adsorption, surface complexation, and ion exchange process
[12–15]. However, LDHs, such as Mg-Al-LDHs [16,17], Ni-Al- and ZnAl-LDHs [18], Mg3-x-Cax-Fe-LDHs [15], and Zn-Mg-Al-LDHs [19], were
only eﬀective adsorbents at low Cr(VI) concentrations. For wastewater
with high Cr(VI) concentrations, these LDHs cannot completely remove
Cr(VI) owing to their limited numbers of adsorption sites and adsorption capacities.
According to previously published papers [20–23], the reduction of
Cr(VI) to less toxic Cr(III) was also an eﬀective method for removing Cr
(VI) from wastewater. Of various reduction processes, such as photocatalytic reduction [4,5], bioreduction [10,24], and Fe0 reduction
[25,26], photocatalytic reduction has been considered to be the most
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20 min, the mixture was added to a reaction kettle where it was heated
at 95 °C for 1 h. Lastly, the reaction product was rinsed several times
with distilled water and was dried at 60 °C. The composite was abbreviated as LDH-TiO2-20 because it contained 20% TiO2. Two other
composites: LDH-TiO2-40 (2.0 g TiO2 and 3.0 g Zn-Al-LDH, 40% TiO2)
and LDH-TiO2-60 (3.0 g TiO2 and 2.0 g Zn-Al-LDH, 60% TiO2) were
synthesized using the same method.

promising method for Cr(VI) detoxiﬁcation recently [27–30]. Whereas,
photocatalytic method also exists of lower light energy utilization and
higher electron hole bonding speed. Therefore, it is urgent to ﬁnd a
suitable method to remove Cr(VI) from wastewater.
Numerous studies on the removal of Cr(VI) from water using either
adsorption or photocatalytic methods have been conducted in the past.
However, the combination of photocatalysis and adsorption is still in
the early stages of exploration. The removal of pollutants using synergistic adsorption and photodegradation processes can increase the
removal eﬃciency compared with those of the individual technologies
[31]. TiO2-based photocatalysts have been investigated in detail, owing
to their higher stabilities and activities under ultraviolet (UV) light irradiation. However, the wide band-gap of TiO2 limits their application
[32,33]. Therefore, Zhu group [34–36] prepared hydrogels consisting
of photocatalyst (TiO2, g-C3N4 and Ag3PO43−) and graphene, and determined that the composites were more eﬀective for Cr(VI) and bisphenol A removal than the individual components. Similarly, Zheng
et al. [37] synthesized a nanocomposite consisting of graphitized mesoporous carbon and TiO2, which promoted the degradation of ciproﬂoxacin.
In this study, we fabricated three TiO2 and Zn-Al-LDH composites,
hereafter LDH-TiO2 composites, and evaluated their feasibility for removing toxic Cr(VI) from aqueous solutions. These LDH-TiO2 composites were characterized using diﬀerent technologies: X-ray diﬀraction
(XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), transmission electron microscopy (TEM), high-resolution TEM (HRTEM), diﬀuse reﬂectance spectroscopy (DRS), photoluminescence (PL) spectroscopy, electrochemical impedance
spectroscopy
(EIS),
photocurrent
measurements,
and
Brunauer–Emmett–Teller (BET) analysis. Adsorption kinetics and isotherms experiments were conducted using batch equilibrium methods.
The removal rate of the photocatalytic reactions and synergistic removal eﬃciency via adsorption and photocatalysis were also analyzed
in detail.

2.3. Characterization
The composites were characterized using SEM, TEM, HRTEM, XRD,
DRS, BET analysis, XPS, PL spectroscopy, photocurrent measurements,
and EIS techniques. The LDH-TiO2-40 after photocatalysis and after
adsorption of Cr(VI) were obtained and characterized using XPS. To test
the composite stability, the LDH-TiO2-40 was also characterized using
SEM and XRD after synergistic adsorption–photocatalytic experiments.
The crystal structures were determined using an X-ray diﬀractometer
(D/MAX 2200, Rigaku, Japan) employing Cu Kα radiation (40 kV,
300 mA, and λ = 0.154 nm) in the 2θ scan range of 10°–80° and utilizing the step size of 0.03°/s. The morphology of LDH-TiO2-40 was
examined using SEM (S570, Hitachi, Japan) combined with EDS (JEM2100, JEOL, Japan), TEM, and HRTEM (Tecnai G2, FEI Corporation,
US). An ultraviolet–visible–near infrared spectrometer (Varian Cary
500, US) was used to conﬁrm the light absorbing properties of these
photocatalytic materials. N2 adsorption–desorption experiments were
performed using a surface area and porosity analyzer (ASAP 2460,
Micromeritics, US) at 77 K. The XPS spectra were obtained using a
photoelectron spectrometer (ESCALAB 250 Xi, Thermo Fisher, US)
employing Al Ka (1486.6 eV, 150 W, and λ = 500 μm). The sample was
ﬁxed on an aluminum foil with double-sided adhesive tape. All EIS
experiments were performed using an electrochemical workstation
(PP211, ZAHNER ZENNIUM, Germany) featuring a three-electrode
system in 2.5 mmol/L [Fe(CN)6]3−/4− solution that contained 0.1 mol/
L KCl. The photocurrent was measured using an electrochemical station
(CHI 760E, Chenhua Instruments, Shanghai, China) in 0.2 mol/L
Na2SO4 aqueous solution. All PL spectra were recorded using a spectroﬂuorometer (FluoroMax-4, Horiba Scientiﬁc, Japan). The sample
was excited at a wavelength of 325 nm to measure the emission spectrum.

2. Materials and methods
2.1. Materials
TiO2 (P25 Degussa) was purchased from Shanghai Maclin
Biochemical Technology Co., Ltd., China. All reagents, including
K2Cr2O7, Zn(NO3)2·6H2O, Al(NO3)3·9H2O, Na2CO3, NaOH, HCl, H2SO4,
and polyethylene glycol (PEG200) were of analytical grade, and were
obtained from the Tianjin Guangcheng Reagent Factory, China. HCl and
NaOH solutions (0.1 mol/L) were used to adjust the pH of the solution.

2.4. Adsorption and photocatalytic reduction of Cr(VI) using LDH-TiO2
composites
2.4.1. Adsorption experiments
The pH of the 20 mg/L Cr(VI) solution was adjusted to 2.0 using
NaOH and HCl solutions (0.1 mol/L). Adsorption experiments were
performed as follows: 100 mL Cr(VI) solution and 100 mg LDH-TiO2
composite were added into a 250 mL conical ﬂask. Then, the conical
ﬂask was shaken on a vibrator at 200 r/min and 25 °C. At predeﬁned
time intervals, aliquots of the solution were removed and centrifuged at
the speed of 8000 r/min for 10 min. The concentrations of Cr(VI) in the
supernatant were determined. The removal ratios or capacities of LDHTiO2 composites for Cr(VI) were obtained from the diﬀerences between
the initial Cr(VI) concentration (20 mg/L) and ﬁnal Cr(VI) concentrations in the supernatant. The time intervals for the kinetic experiments
ranged from 5 to 240 min. For the adsorption isotherm experiments,
5–300 mg/L Cr(VI) solutions and 100 mg LDH-TiO2 composites were
added to conical ﬂasks and were shaken for 150 min.

2.2. Preparation of LDH-TiO2 composites
The preparation of Zn-Al-LDH involved the following steps: Zn
(NO3)2·6H2O (17.85 g) and Al(NO3)3·9H2O (11.66 g) were dissolved in
80 mL distilled water, which was designated as solution A. Then 7.2 g
NaOH and 5.645 g Na2CO3 were dissolved in 80 mL distilled water,
which was designated as solution B. Solutions A and B were added
dropwise to a round-bottom ﬂask that contained 100 mL distilled water
under stirring. During this process, the pH of the solution was maintained in the 9.0–10.0 range. The resulting product was aged for 10 h,
and then was washed several times with distilled water until the pH was
neutral. After centrifugation and drying at 60 °C in an oven, all samples
were ground in a mortar, and were subsequently passed through a 100mesh sieve.
TiO2 (P25 Degussa) is one to the most common photocatalysts [38],
and in this study it was used to prepare the LDH-TiO2 composites. The
preparation procedure included the following steps: TiO2 (1.0 g) was
added to 60 mL PEG200, and the mixture was stirred using a glass rod
to ensure full mixing. Then, Zn-Al-LDH (4.0 g) was dropped to the
mixture. After it was stirred and ultrasonicated for approximately

2.4.2. Photocatalytic reduction
The photocatalytic reduction of Cr(VI) using LDH-TiO2 composites
was performed using a photocatalytic equipment (Shanghai Jiguang
Special Lighting Factory, China) featuring a four 5 W Hg lamp
(8.85 mW/cm and maximum wavelength of 254 nm). For each experiment, 100 mg LDH-TiO2 composite was mixed with 100 mL aqueous Cr
(VI) solutions (20 mg/L). After reaching adsorption equilibrium in the
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Fig. 1. (a) XRD patterns and (b) UV–vis DRS spectra of LDH-TiO2 composites, Zn-Al-LDH, and TiO2.

same phenomenon was reported in the composites of TiO2 with graphene oxide [44], zinc oxide [45], lamellar hydrophobic LDHs [46],
and graphene–carbon nanotubes [47].
The morphology, crystal phase, and composition of LDH-TiO2-40
were determined using SEM, TEM and HRTEM, and EDS, respectively
(Figs. 2 and S1). As observed in Fig. 2a, TiO2 and Zn-Al-LDH presented
columnar and layered structures, respectively. TiO2 adhered to the ZnAl-LDH surface and fractions of their particles overlapped and crosslinked. Similarly, the TEM images of the composites (Fig. 2b and c) also
illustrate that TiO2 was attached to Zn-Al-LDH and was uniformly dispersed onto its surface. The interlayer space of the lattice fringe of LDHTiO2-40 was 0.246 nm (Fig. 2d), which was rather similar to the XRD
spacing of TiO2 (2θ = 36.9°, d = 0.243 nm). The interlayer spaces of
the LDH-TiO2-40 composite were 0.227 and 0.263 nm, which were
rather similar to the XRD spaces of the (015) and (012) planes of Zn-AlLDH (2θ = 39.3°, d = 0.229 nm and 2θ = 33.9°, d = 0.264 nm), respectively. To investigate the element distribution of LDH-TiO2-40,
elemental mappings were analyzed. As illustrated in Fig. S1, Zn, Al, Ti,
and O were evenly distributed throughout the bulk of the composite
sample. The observed interface between Zn-Al-LDH and TiO2 further
conﬁrmed the enhancement of the carriers transfer rate and separation
eﬃciency for the formation of LDH/TiO2 heterojunctions.
Fig. S2 depicts the N2 adsorption–desorption isotherms and pore
size distributions of the LDH-TiO2 composites and Zn-Al-LDH. The BET
surface area of pure Zn-Al-LDH was 58.54 m2/g (Table 1), and those of
the LDH-TiO2 composites decreased as the TiO2 content increased. The
lamellar structure of LDH started to become congested as TiO2 particles
were added, which resulted in the decrease in the BET surface areas of
the composites. The corresponding pore sizes ranged from 19.33 to
12.78 nm, which indicated that the LDH-TiO2 composites contained
mesopores (the pores were 2–50 nm in size). As previously reported
[48,49], the porosity characteristics and microscopic morphology of the
composites could be changed owing to the presence of cations within
the structure. Then, the presence of the TiO2 phase in the LDH-TiO2
composites might have changed some porosity properties, surface
charges, and even the distribution of active phases of the composites.
These factors could aﬀect the adsorption of Cr(VI) on the surface of the
composites and could have contributed to their improved adsorption
eﬃciency [50,51].

dark (approximately 150 min), the mixture was irradiated with UV
light. Throughout the entire photocatalytic reaction process, samples
were collected at predeﬁned time intervals and were centrifuged at
8000 r/min to separate the liquid and solid phases. Then, the concentrations of Cr(VI) in the supernatant were determined.
2.4.3. Determination of Cr(VI) concentrations
The concentrations of Cr(VI) were measured using the diphenylcarbazide colorimetric method, and the detection limit was
0.005 mg/L [39,40]. After centrifugation, the supernatants were percolated using a water membrane (0.45 μm), and then were mixed with
H2SO4 (0.5 mL), H3PO4 (0.5 mL), and diphenylcarbazide (1.0 mL) solutions. When the solutions became completely clear, the concentrations of Cr(VI) were measured using a spectrophotometer (UV2450,
Shimadzu, Japan) at the wavelength of 540 nm.
3. Results and discussion
3.1. Characterization of LDH-TiO2 composites
Fig. 1a presents the XRD patterns of the LDH-TiO2 composites, ZnAl-LDH, and TiO2. The superimposition of the TiO2 and Zn-Al-LDH
phases was observed in the XRD spectra of the LDH-TiO2 composites,
which indicated that the LDH-TiO2 composites had been successfully
prepared. The diﬀraction peaks at 2θ = 11.6°, 23.5°, 33.9°, 39.1°, 46.9°,
60.3°, and 61.7° in the spectra of Zn-Al-LDH could be assigned to the
(003), (006), (012), (015), (018), (110), and (113) planes, respectively,
of typical well-crystalized LDH materials. The diﬀraction peaks at
2θ = 23.3°, 36.9°, 48.0°, 53.9°, 62.7°, 68.8°, and 70.3° in the spectra of
TiO2 corresponded to the (101), (004), (105), (211), (204), (116), and
(220) planes, respectively [41]. The diﬀraction angle of the (003) plane
of Zn-Al-LDH indicated the large distance between its interlayers [42],
while the diﬀraction angle of the (101) plane of TiO2 suggested the
presence of the anatase phase of TiO2. Furthermore, all LDH-TiO2
composites presented similar diﬀraction peaks. The increase in TiO2
content of the composites led to the increase in the intensity of the
(101) plane and decreased in the intensity of the (003) plane.
The charge of Ti between the 2p orbitals of the O atom can be
transferred to the 3d orbital, this caused the strong absorption peak of
TiO2 in the UV region of the electromagnetic spectrum [43]. The
UV–Vis DRS spectra of the LDH-TiO2 composites are provided in
Fig. 1b. The absorption bands of the LDH-TiO2 composites were similar
to those of TiO2. The maximum absorption peak was observed at
210 nm for Zn-Al-LDH, however it occurred at longer wavelengths for
the LDH-TiO2 composites. This shift was ascribed to the interactions
between the electrons in the molecular orbitals of Zn, Al, and TiO2. The

3.2. Adsorption kinetics and isotherms of Cr(VI) onto LDH-TiO2 composites
The adsorption kinetics of Cr(VI) onto LDH-TiO2 composites, TiO2,
and Zn-Al-LDH are presented in Fig. 3a. The adsorption equilibrium of
Cr(VI) onto TiO2, Zn-Al-LDH, LDH-TiO2-20, LDH-TiO2-40, and LDHTiO2-60 was reached at 120, 120, 120, 150, and 150 min, respectively.
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Fig. 2. (a) SEM, (b, c) TEM, and (d) HRTEM images of LDH-TiO2-40.

of 150 min, and initial pH of Cr(VI) solution of 2.0 (Fig. 3c). The isothermal data were further ﬁt using the Freundlich and Langmuir
equations (Eqs. (S3) and (S4), respectively). The k, 1/n, qm, b, and R2
parameters are listed in Table 3. The R2 values for the Langmuir model
were higher than those of the Freundlich model, which indicated that
the Langmuir model could better describe the adsorption isotherms
(Fig. 3d). The n values obtained using the Freundlich model were
higher than 1.0, which indicated that the adsorption of Cr(VI) onto ZnAl-LDH and the LDH-TiO2 composites was favorable. The results were
in accordance with those literature results for the adsorption of Cr(VI)
onto Mg-Al-Fe-LDH and Co-Bi-LDH [54,55].

Table 1
BET surface area properties of the LDH-TiO2 composites and Zn-Al-LDH.
Sample

LDH-TiO2-20
LDH-TiO2-40
LDH-TiO2-60
Zn-Al-LDH

BET surface area
(m2/g)
33.35
27.04
16.90
58.54

Pore volume
(cm3/g)
0.1408
0.1089
0.08166
0.1870

Average pore diameter
(nm)
16.89
16.10
19.33
12.78

Furthermore, the adsorption capacities of Cr(VI) onto LDH-TiO2-20 and
LDH-TiO2-40 were higher than those onto LDH-TiO2-60, Zn-Al-LDH and
TiO2. The adsorption properties of TiO2 were not discussed further
owing to the insigniﬁcant amount of Cr(VI) adsorbed by TiO2.
To explore the possible adsorption mechanisms, the pseudo-ﬁrstand pseudo- second-order equations (Eqs. (S1) and (S2), respectively)
were employed to analyze the adsorption kinetic data, and the parameters are presented in Table 2. It was demonstrated that the pseudosecond-order equation could better describe all adsorption data (all
correlation coeﬃcients (R2) > 0.99) (Fig. 3b) than the pseudo-ﬁrstorder equation. According to the hypothesis of the pseudo-second-order
equation, it was concluded that the adsorption of Cr(VI) onto LDH-TiO2
composites and Zn-Al-LDH occurred via chemisorption [52,53].
The adsorption isotherms of Cr(VI) onto the LDH-TiO2 composites
and Zn-Al-LDH in this study were obtained under optimized conditions:
Zn-Al-LDH and LDH-TiO2 composites amounts of 100 mg, reaction time

3.3. Photocatalytic reduction and mechanisms of Cr(VI) removal using
LDH-TiO2 composites
Fig. 4a illustrates the photocatalytic removal of Cr(VI) using LDHTiO2 composites, Zn-Al-LDH, and TiO2 under UV light. The removal
eﬃciencies of the three LDH-TiO2 composites for Cr(VI) exceeded those
of Zn-Al-LDH and TiO2. The reduction rates of the three LDH-TiO2
composites were determined by their TiO2 contents. Comparatively,
LDH-TiO2-20 presented shorter reaction equilibrium time than LDHTiO2-40 and LDH-TiO2-60. However, the removal rates of LDH-TiO2-40
and LDH-TiO2-60 were superior to that of LDH-TiO2-20. This could be
resulted from the formation of heterojunction between TiO2 and LDH
which would usually be beneﬁcial for increasing the separation of the
electron–hole pairs over catalysts [56,57].
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Fig. 3. (a) Eﬀect of contact time, (b) linear plot of pseudo-second-order kinetic equation, (c) isotherm, and (d) linear plot of Langmuir model for Cr(VI) adsorption
using LDH-TiO2 composites, Zn-Al-LDH, and TiO2.

those of pristine TiO2 and Zn-Al-LDH. Therefore, the photoinduced
electrons and holes could be eﬃciently separated over LDH-TiO2-40
owing to the formation of the heterojunction at the TiO2/Zn-Al-LDH
interface [58,59]. Furthermore, EIS experiments were conducted to
check the migration and transfer processes of the photogenerated
electrons and holes (Fig. 4c). Generally, small radii of the arcs in the EIS
spectra reﬂect low interface layer resistance values as well as high
charge transfer eﬃciency values [60]. The arc radius of LDH-TiO2-40
was smaller than those of TiO2 and Zn-Al-LDH. Thus, the addition of
TiO2 to Zn-Al-LDH could improve the electron conductivity of the LDHTiO2 composites by reducing the recombination rate of the electron–hole pairs and accelerating the charge transfer [61]. Additionally, the
PL emission intensities of pristine TiO2 and Zn-Al-LDH were signiﬁcantly higher than that of LDH-TiO2-40 (Fig. 4d), which greatly
inhibited the recombination of the photogenerated charge carriers.
To investigate the binding energies of diﬀerent functional groups
and possible synergistic mechanisms, the LDH-TiO2-40 composite after
equilibrium adsorption of Cr(VI) and after synergistic adsorption–photocatalysis experiments were collected via centrifugation,
dried at 60 °C, and then characterized using the XPS technique. The
characteristic peaks of Zn, Al, C, O, and Ti, which can be observed in
Fig. 5a, revealed that the LDH-TiO2-40 composite consisted of Zn, Al, C,
O, and Ti. The appearance of the Cr peak after adsorption and after
photocatalysis indicated that Cr was undoubtedly involved in the reaction. The peaks at approximately 578 and 587 eV (Cr 2p1/2 and 2p3/
2, respectively) in the high-resolution spectra of Cr 2p (Fig. 5b) were
attributed to Cr(VI), while the peaks at approximately 576 and 586 eV
(Cr 2p1/2 and 2p3/2, respectively) were ascribed to Cr(III) [62]. This
demonstrated that both Cr(VI) and Cr(III) ions were presented in LDHTiO2-40, and the removal of Cr(VI) included both adsorption and

Table 2
Calculated adsorption kinetic parameters of Cr(VI) adsorption using LDH-TiO2
composites, TiO2, and Zn-Al-LDH.
Pseudo-ﬁrst-order kinetic
Adsorbents

LDH-TiO2-20
LDH-TiO2-40
LDH-TiO2-60
Zn-Al-LDH
TiO2

Pseudo-second-order kinetic

qe (mg/g)

k1 (1/min)

4.042
3.991
2.320
0.943
1.223

0.01158
0.01193
0.01085
0.01034
0.00613

R2

qe (mg/g)

k2 (g/
(mg·min))

R2

15.66
11.43
5.355
8.106
1.298

0.009707
0.009931
0.01633
0.04116
0.00815

0.9993
0.9949
0.9982
0.9993
0.7593

0.9440
0.8608
0.9404
0.3366
0.9357

Table 3
Calculated adsorption isothermal parameters of Cr(VI) adsorption using LDHTiO2 composites and Zn-Al-LDH.
Adsorbents

LDH-TiO2-20
LDH-TiO2-40
LDH-TiO2-60
Zn-Al-LDH

Langmuir equation

Freundlich equation

qm (mg/g)

b (L/min)

R2

k

1/n

R2

44.43
27.08
6.159
22.37

0.03315
0.03927
0.2768
0.07956

0.9910
0.9973
0.9944
0.9928

2.216
2.007
1.705
5.638

0.5985
0.5087
0.5280
0.2552

0.9234
0.9277
0.9399
0.9839

To explain the superior activity of the LDH-TiO2 composites, their
charge transport and separation properties were investigated using
transient photocurrent, EIS, and PL experiments. Fig. 4b displays the
photocurrent responses of pristine TiO2, Zn-Al-LDH, and LDH-TiO2-40.
The current response of the LDH-TiO2-40 composite was higher than
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Fig. 4. (a) Photocatalytic reduction of Cr(VI) by diﬀerent photocatalysts. (b) photocurrent responses, (c) EIS plots, and (d) PL spectra of LDH-TiO2-40, Zn-Al-LDH,
and TiO2.

and +2.91 eV, and those of Zn-Al-LDH are +0.55 and +3.62 eV, respectively.
Since the CB value of Zn-Al-LDH was positive and the CB value of
TiO2 was negative, the photogenerated electrons could easily transfer
from the surface of TiO2 to Zn-Al-LDH. Similarly, the VB of Zn-Al-LDH
was more positive than that of TiO2, the holes were easier to transfer
from Zn-Al-LDH to TiO2. The recombination of photogenerated electrons and holes could be eﬀectively suppressed by the electron migration in the bulk of the two phases [68], and therefore, the photocatalytic activities of the LDH-TiO2 composites for Cr(VI) were higher
than those of pristine TiO2 and Zn-Al-LDH.
The reduction potentials: Eθ (Cr2O72−/Cr3+) and Eθ (O2/•O2−) are
+1.33 and −0.33 eV, respectively, while the oxidation potential: Eθ
(H2O/O2) is +1.23 eV (vs. NHE). Comparing the CB values of TiO2 and
Zn-Al-LDH, we concluded that the reduction of Cr(VI) was mainly
caused by the photogenerated electrons accumulated on the surface of
Zn-Al-LDH, while the holes accumulated on the surface of TiO2 could
oxidize H2O and produce O2. Additionally, electrons were the predominant species for the photocatalytic reduction of Cr(VI) during the
photocatalytic process. The main reaction process occurred as follows:

photocatalytic reduction [63]. As revealed in Fig. 5c, the O 1s spectra of
LDH-TiO2-40 could be deconvoluted into two peaks at 530.4 and
527.8 eV. These peaks originated from the TieO bonds [64] and surface
hydroxyl groups or H2O molecules, respectively [65]. After the adsorption of Cr(VI), the peak at 530.4 eV shifted to 531.3 eV. This was
attributed to the lattice oxygen binding with Cr, which suggested that
surface complexation occurred during the adsorption process. Moreover, the shifting of the peak from 527.8 to 529.3 eV could have been
caused by the increase in number of oxygen vacancies [66], which
contributed to the conversion of Cr(VI) into Cr(III). The Ti 2p XPS
spectra also supported this hypothesis (Fig. 5d). The two peaks centered
at 456.5 and 462.3 eV and the doublet separation of 5.8 eV were in
consistent with the [TiO6] structure of TiO2. After adsorption and
photocatalysis, all peaks shifted toward the higher binding energy region, while the doublet separation was maintained at 5.8 eV, which was
attributed to the changes in the chemical environment. Therefore, this
suggested the decreased electron cloud density, and further indicated
the transmission of electrons during the reaction process [37]. The
electrons of TiO2 in LDH-TiO2-40 were most likely transferred to Zn-AlLDH, which was in accordance with the electrochemical analysis results.
We calculated the VB (valence band) and CB (conduction band)
values of TiO2 and Zn-Al-LDH using the following formulas,
EVB = X − Ec + 0.5 Eg and ECB = EVB − Eg [67] (where X is Mulliken's
electronegativity, Ec is the energy of free electrons on the hydrogen
scale (4.50 eV), and Eg is the band gap). The X and Eg values of TiO2 are
5.81 and 3.2 eV, respectively, while those of Zn-Al-LDH are 5.68 and
3.07 eV, respectively. Thus, the CB and VB potentials of TiO2 are −0.29

Zn2 + + HCrO4− → ZnCrO4 + H+

TiO2 → e− (TiO2) + h+ (TiO2)

e− (TiO2) + Zn-Al-LDH → e− (Zn-Al-LDH)
HCrO4 2 − + 7H+ + 3e− → Cr 3 + + 4H2 O
Cr2O72 − + 14H+ + 6e− → 2Cr 3 + + 7H2 O
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Fig. 5. (a) XPS survey, (b) Cr 2p, (c) O 1s, and (d) Ti 2p spectra of LDH-TiO2-40 before synergistic adsorption–photocatalysis, after photocatalysis, and after
adsorption of Cr(VI).

Zn2 + + 2HCrO4− + 6H+ + 6e− → ZnCr2O4 + 4H2 O

TiO2-40 were higher and that of LDH-TiO2-60 was lower, and these
diﬀerences were attributed to the combination of TiO2 and Zn-Al-LDH.
This trend was consistent with the kinetic and isotherm data (Fig. 3) as
well as the data in the literature [43,45,69], and could be resulted from
the decrease in BET surface area with the increasing amount of TiO2
(Table 1). Moreover, Cr(VI) was reduced to Cr(III) via photocatalysis
upon UV irradiation (photocatalysis stage), and the removal percentages of Cr(VI) increased to 68.53%, 60.49%, 96.81%, 96.84%, and
95.53% for TiO2, Zn-Al-LDH, LDH-TiO2-20, LDH-TiO2-40, and LDHTiO2-60, respectively. The removal eﬃciencies of LDH-TiO2 composites
were superior to those of Zn-Al-LDH and TiO2, and nearly 100% Cr(VI)
was removed from solutions. These results also indicated the great
potential of the LDH-TiO2 composites for treating Cr(VI)-containing
wastewater using the synergistic adsorption and photocatalytic method.
After the synergistic adsorption and photocatalytic reduction experiments, the LDH-TiO2-40 composite was collected and characterized
using SEM and XRD to further test its stability. The LDH-TiO2-40
composite still remained its initial morphology after adsorption and
photocatalysis (Fig. S3a). As illustrated in Fig. S3b, the XRD patterns of
LDH-TiO2-40 before and after the synergistic adsorption and photocatalytic reduction experiments were almost the same. Thus, the LDHTiO2 composites could be used to eﬃciently remove Cr(VI) from wastewater, and were also highly stable.

Zn-Al-LDH → e− (Zn-Al-LDH) + h+ (Zn-Al-LDH)

h+ (Zn-Al-LDH) + TiO2 → h+ (TiO2)

2H2 O + h+ → O2 + 4H+
Based on the above analysis, the proposed synergistic photocatalytic
reduction mechanisms of the TiO2 and Zn-Al-LDH phases are outlined
in Fig. 6. From the SEM and TEM images in Fig. 2, we concluded that
the TiO2 nanoparticles were uniformly dispersed on the surfaces of the
Zn-Al-LDH sheets. When the LDH-TiO2 composites were exposed to UV
light, both TiO2 and Zn-Al-LDH absorbed photons and generated photoelectron–hole pairs. The combination of Zn-Al-LDH and TiO2 nanospheres was the main reason for promoting the photogenerated electron–hole transfer and separation.
3.4. Synergistic removal of Cr(VI) using adsorption and photocatalysis
Fig. 7 presents the adsorptive and photocatalytic activities of the
LDH-TiO2 composites, TiO2, and Zn-Al-LDH for removing Cr(VI) from
aqueous solutions. The solution containing only Cr(VI) was very stable
and no signiﬁcant changes in the concentration of Cr(VI) were observed
even after UV irradiation. When several materials were mixed with the
Cr(VI) solution in the dark, the removal of Cr(VI) from the solution was
mainly attributed to the adsorption process (adsorption stage). At
equilibrium, the adsorptive removal percentages of TiO2, Zn-Al-LDH,
LDH-TiO2-20, LDH-TiO2-40, and LDH-TiO2-60 were 3.75%, 39.57%,
74.97%, 56.09%, and 26.78%, respectively. Compared with the adsorption percentage of Zn-Al-LDH, those of LDH-TiO2-20 and LDH-

4. Conclusions
In this study, three LDH-TiO2 composites were prepared using the
sol–gel method, and were used to remove Cr(VI) from aqueous media
via synergistic adsorption and photocatalysis processes. The structure
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