¢/ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2020.25938

196 (2020) 177-188
August

Synthesis and characterization of heterogeneous catalyst EDTMPA-Cu-LDH
and study of the mechanism of visible-light photocatalytic degradation of

Rhodamine B

Huali Zhang?, Jiaxin Zhang?, Hanjun Wu®*, Yi Pan?, Yan Xia®, Zhiquan Pan?,

Dongshen Wang®

*School of Chemistry and Environmental Engineering, Wuhan Institute of Technology, Wuhan 430074, Hubei, China,

Tel. +(86) 13419543795, emails: wuhj1204@126.com (H.]. Wu), zhanghl413@126.com (H.L. Zhang), 15107104732@163.com (].X. Zhang),
332373976@qq.com (Y. Pan), 921004152@qq.com (Y. Xia), zhigpan@163.com (Z.Q. Pan)

vState Key Laboratory of Environmental Aquatic Chemistry, Research Center for Eco-Environmental Sciences,

Chinese Academy of Sciences, Beijing 100085, China, email: wgds@rcees.ac.cn (D.S. Wang)

Received 18 November 2019; Accepted 3 April 2020

ABSTRACT

In this work, heterogeneous catalysts of Cu(II)-ethylenediamine tetramethylene phosphonic acid
(Cu(II)-EDTMPA) complex intercalated layered double hydroxides (EDTMPA-Cu-LDH) was syn-
thesized by co-precipitation method for visible-light photocatalytic degradation of Rhodamine B
(RhB). The synthesized catalysts were characterized by X-ray diffraction, Fourier-transform infra-
red spectroscopy, scanning electron microscopy, transmission electron microscopy, UV-Vis diffuse
reflectance spectroscopy, and X-ray photoelectron spectroscopy. The results indicated that the
EDTMPA-Cu-LDH showed a typical layered structure. After intercalation, layer spacing increased
from 7.96 to 12.21 A. The catalysts showed excellent catalytic activity for the degradation of RhB
in visible light. The optimum conditions for RhB degradation were confirmed to be natural initial
pH value 5.85, 10 mmol L of RhB concentration, 7 mmol L™ of H,O, concentration, and 0.3 g L™
of catalyst dosage. The maximum degradation efficiency was 98.2% under the optimum conditions
and excellent reusability and stability were obtained in the regeneration test. In the end, the reaction
mechanism that might exist in the heterogeneous UV-Fenton system was proposed.

Keywords: Heterogeneous catalyst; Rhodamine B; Photocatalysis; Cu(Il)-ethylenediamine tetramethy-

lene phosphonic acid-LDH

1. Introduction

Nowadays, with the replacement of new products
and technologies, the demand for synthetic chemicals in
many industries is increasing. As a large industrial coun-
try, China’s industrial wastewater volume is increasing, of
which dyes account for a large proportion [1]. Dyes come
from textile, printing, and photographic industries. And
more than 1.6 x 10° m? of dye-containing wastewater per
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year drains into the environmental water system without
treatment [2], leading to severe damage to human health
and water environment [3]. Rhodamine B (RhB) occupied a
large proportion of the printing and dyeing industry because
of its strong coloring power. Due to imperfect cleaning and
processing technology, the printing and dyeing industry
had caused a large number of dyes to be discharged from
the waste liquid. The complex components and high color
are the characteristics of this type of dye waste liquid. RhB,
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as a triphenylmethane dye, used triphenylmethane as its
parent. Its molecular structure was a unique structure with
three benzene rings attached to the central carbon atom,
which made it difficult to be degraded in the environment.
RhB dye had certain toxicity, which could produce carcino-
genic, teratogenic, and mutagenic effects on mammalian
cells and high chroma would affect the photosynthesis of
plants in water [4-6]. Therefore, it is particularly important
to find a method for treating wastewater efficiently.

In recent years, a considerable amount of research has
been carried out on the removal of organic pollutants,
such as adsorption, photocatalytic, and biodegradation
[7]. Among these methods, advanced oxidation processes
(AOPs), including homogeneous and heterogeneous Fenton,
ozonation, and photo-Fenton processes, are considered to
be the most promising method for treating contaminated
wastewater because of its strong oxidation ability and no
secondary pollution [8]. The hydroxyl radical ("HO) is gen-
erated to improve the degradation efficiency during the
oxidation processes of AOPs [9]. Among the AOPs, Fenton
technology has the characteristics of high processing effi-
ciency, low-cost, and easy industrialization, and has grad-
ually become one of the main methods in AOPs [10,11].
However, for the homogeneous Fenton system, it can only
be carried out effectively at a lower pH [12]. And because the
catalyst of the homogenous Fenton system is mixed in the
wastewater, a large amount of iron-containing sludge will be
produced after the reaction, causing secondary pollution. In
order to solve these problems, the research of heterogeneous
catalysts has gained great attention. Heterogeneous Fenton
technology uses solid-phase catalysts, achieving catalysts
recovery, and recycling. Furthermore, catalytic reactions
can be carried out in a wide pH range [13]. Palanivel [14]
reported a novel heterostructure (ZnFe,O,/g-C,N,) nano-
composite. The composite catalyst showed the enhanced
photocatalytic activity and high electrochemical specific
capacitance of 103 F/g at 10 A/g of current density. The 95%
of degradation efficiency was maintained after 5 cycles of
photocatalytic activity and 94% of capacitance retaining at
a current density of 10 A/g after 500 cycles. Xian [15] pre-
pared the carbon quantum dot (CQD)-decorated BiFeO,
nanoparticle  photocatalysts. CQD/BiFeO, composites
exhibited significantly improved photocatalytic and photo-
Fenton catalytic activities. The 12C/BiFeO, composite dis-
played the optimal degradation percentage of ~73% after
3 hirradiation, which was 2.2 times higher than that of bare
BiFeO,. And about 96% of AO7 was photo-Fenton catalyti-
cally degraded over 12C/BFO sample under 3 h irradiation.

Copper-containing catalysts have been extensively stud-
ied for their high activity and low price, and are used as
catalysts for heterogeneous Fenton reactions [16]. Copper-
based materials have similar redox properties to iron and
the copper-based Fenton system has a higher operating
range than the iron-based Fenton system. More importantly,
Cu? is more likely to be reduced by hydrogen peroxide
(H,O,) than Fe** and the Cu*-H,0O, Fenton system has a
higher reaction rate than the Fe*-H,O, system. It can pro-
duce "OH more efficiently [17]. Singh [18] prepared copper
oxide (CuO) nanoneedles by the spotlight. CuO nanonee-
dles demonstrated brilliant degradation capacity of cationic
(VB) and anionic (DR) dye in the existence of UV-visible

radiations. Kayalvizhi [19] explored the eco-friendly green
synthesis of CuONPs using Annona muricata leaf extract.
CuONPs exhibited highly degradation capacity of Reactive
Red 120 (RR120) and Methyl Orange (MO) under sunlight
irradiation, which was 90% and 95% decolorization effi-
ciency at 60 min, respectively.

The possible catalytic mechanism is that Cu?* is first
reduced by H,O, to Cu* [Eq. (1)], and then further reacted
with HO, to form high reactive oxygen species HO"

[Eq. (2)] [20].
Cu* +H,0, - Cu" +HO; + OH" 1)

Cu’ +H,0, - Cu*" +HO" + HO" )

Layered double hydroxides (LDHs) provide a stable
solvent entity by embedding transition metal complexes
by intercalation method due to its special layered structure.

The typical LDH compound is the naturally occur-
ring mineral hydrotalcite, which has the formula Mg Al,
(OH),,CO,-4H,0. LDHs have the general formula
[M”HMH‘X(OH)Z]"*[AX/M-HZO]X, where M" = Mg?, Fe*, Co*, Zn?,
etc. M™ = AI*, Fe*, Cr*, etc. and A" is the interlayer anion
[21,22]. Due to their many characteristics such as layer cation
ion son-in-control, inter-layer anion exchangeable, thermal
stability, and memory function. LDHs have been extensively
studied for many applications [23,24]. Dorraji et al. [25]
synthesized the ZnS/ZnNiAl-LDH/GO nanocomposite via
co-precipitation method. The maximum decolorization effi-
ciency of Reactive Red 43 was 86% when ZnS/ZnNiAl-LDH/
GO nanocomposite was used. Nayak et al. [26] designed a
novel heterostructure MoS,/NiFe LDH. The as-synthesized
MSLDHS3 showed superior photocatalytic activities in the
degradation of RhB with H, evolution and recyclability.

This work aims to synthesize a kind of new heteroge-
neous photo-Fenton catalyst which can be recovered easily
and degrade dyes efficiently under the visible light region.
Ethylenediamine tetramethylene phosphonic acid complex
intercalated layered double hydroxides (EDTMPA-Cu-
LDH) was prepared by the co-precipitation method and
acted as a heterogeneous catalyst can almost completely
degrade RhB within 120 min. The reusability and photo-
catalytic degradation mechanism of EDTMPA-Cu-LDH
was also assessed. The novel heterogeneous photo-Fenton
catalysts are expected to be applicable in water treatment
contaminated by organic matters.

2. Materials and methods
2.1. Materials

All chemicals magnesium nitrate hexahydrate (Mg(NO,),-
6H,0), aluminum nitrate nonahydrate (Al(NO,),-9H,0),
copper nitrate trihydrate (Cu(NO,),-3H,0), RhB, hydrogen
peroxide (H,O,) were purchased from Sinopharm Chemical
Reagent Co. Ltd. Ethylenediamine tetramethylenephos-
phonic acid (C,H,N,O,,P,; EDTMPA) was obtained from
Aladdin Reagent Co. Ltd. Hydrochloric acid and sodium
hydroxide (NaOH) was obtained from Fuchen Chemical

Reagent Co. Ltd. All chemicals were analytical grade with
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no more purification before use. Ultrapure water, from which
CO, was removed, was used throughout the experiment.

2.2. Synthesis of EDTMPA-Cu-LDH
2.2.1. Preparation of MgAI-NO,-LDH

The MgAI-LDH was synthesized by the co-precipita-
tion method. Mg(NO,),-6H,O (0.06 mol) and AI(NO,),-9H,0
(0.02 mol) were dissolved in 200 mL ultrapure water. The
pH value of the above-mixed solution was controlled at
about 9 by the addition of dilute sodium hydroxide solutions
with a concentration of 0.4 mol L. The resulting suspen-
sion was aged at 90°C for 24 h. Finally, the precipitation was
filtered and washed until the supernatant became neutral
with ultrapure water, then dried at 50°C for 30 h.

2.2.2. Preparation of EDTMPA-Cu(II) complex

EDTMPA (5 mmol) was dissolved in 25 ml solution
of NaOH (10 mmol), which was donated as solution A.
Cu(NO,),,3H,0 (15 mmol) was dissolved in 20 ml ultra-
pure water, which was donated as solution B. Immediately,
solution B was added to solution A, stirring for 12 h at
room temperature.

2.2.3. Preparation of EDTMPA-Cu-LDH

2 g sample of the synthesized MgAl-LDH was dissolved
in 100 ml ultrapure water, stirring for 24 h at room tem-
perature, which was donated as solution C. Then solution
C has dispersed into the EDTMPA-Cu(II)-anion exchange
solution, stirring for 12 h at room temperature. The precipi-
tation was filtered and washed until the supernatant became
neutral with ultrapure water, then dried at 50°C for 30 h.
The final products were denoted as EDTMPA-Cu-LDH.

2.3. Materials characterization

Infrared spectra were recorded in Fourier-transform
infrared spectroscopy (FI-IR) Nicolet iS50 spectrometer
(Nicolet, America) in the 4,000-400 cm™ range using pow-
dered samples diluted in KBr pellets. X-ray diffraction (XRD)
patterns were recorded with an X'Pert Pro (PANalytical,
Holland) diffractometer (using Cu KR radiation with a scan
speed of 2° (20) min™'. Scanning electron microscopy (SEM)
was carried out with SU 8010 (Hitachi, Japan). Transmission
electron microscopy (TEM) was carried out with JEM 2100F
(JEOL, Japan). X-ray photoelectron spectroscopy (XPS) was
measured on Thermo ESCALAB 250XI (Thermo Fisher
Scientific, America). UV-Vis diffuse reflectance spectroscopy
(UV-Vis DRS) of the powdered samples were recorded in a
PE lambda 750S (PerkinElmer, America) spectrophotometer.

2.4. Photocatalytic reaction

The standard curve for the RhB was prepared by mea-
suring the absorbance values for a series of known concen-
trations of RhB solutions at the wavelength of maximum
absorbance (A = 554 nm). The photo-Fenton experiments
were performed in a batch reactor using artificial visible

light produced by a 500 W xenon lamp. To start with, the
catalyst was added to a magnetically stirred RhB solution
and stirred under dark conditions for 30 min to achieve
adsorption equilibrium. Then, H,0, was added, and during
irradiation, 4 ml of the sample solution was taken out at
pre-set time intervals, centrifuged, and the absorbance of
the upper layer liquid was measured using a UV-visible
spectrophotometer. The photodegradation reaction was
studied by changing the parameters. Particularly, the pH
range RhB solution was adjusted between 3 and 9; the ini-
tial RhB dye concentration was between 10 and 70 mmol L™;
the H,O, concentration was between 1 and 10 mmol L™
and the catalyst dosage was between 0.1 and 0.5 g L. The
desired value pH of the dye solution was obtained by add-
ing 0.1 mol L™ HClI or 0.1 mol L! NaOH aqueous solution.
The active species produced in the photo-degradation reac-
tions were tested by using different scavengers such as
NaHCO,, isopropanol, chloroform, and potassium bromate
for scavenging hole (h*), hydroxyl radical ("OH), superoxide
radicals (*O;) and electron (e"), respectively. The scavenger
tests were carried out at optimum conditions, where the
degradation efficiency was maximum.

The photodegradation kinetics was evaluated under
each parameter on the RhB degradation experiment, which
was aimed at understanding the reaction characteristics
of the RhB dye under visible light. The plot of In(C/C,) vs.
irradiation time was close to linearity, which indicated that
RhB degradation followed by a first-order kinetic model
represented by Eq. (3).

—ln[(C:OJzk-t 3)

t

where C; is the initial concentration of the dye and C,
is the concentration at time t and k is the kinetic rate con-
stant. The value of k was obtained from the slope and the
intercept of the linear plot.

3. Results and discussion
3.1. Characterization of MgAI-LDH and EDTMPA-Cu-LDH
3.1.1. XRD analysis

The XRD patterns of MgAl-LDH and EDTMPA-Cu-
LDH composites are presented in Fig. 1. LDHs at (003),
(006), (009), (110), and (113) indicated the typical hydro-
talcite structure [27]. The diffraction peaks of the (003),
(006), and (009) crystal faces appeared at 11.1°, 22.43°, and
34.42° respectively, which were basically consistent with
the diffraction peak angles of the crystal faces of the MgAl-
NO,-LDH XRD spectrum [28,29]. The diffraction peaks of
EDTMPA-Cu-LDH at (003), (006), (009) crystal faces were
obviously shifted to low angles. And the characteristic
peaks of EDTMPA-Cu-LDH appeared when 20 was 7.24°
(003), 11.306° (006), 19.87° (009). The basal spacing (d,,,)
of the MgAl-LDH and EDTMPA-Cu-LDH were 7.96 and
12.21 A, respectively, which was calculated by Bragg’s law
(2dsin® = nA) [30]. The change in d, further proved that
EDTMPA-Cu anions might be intercalated into the MgAl-
LDH interlayer.
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3.1.2. FT-IR analysis

The FT-IR spectrum of MgAl-LDH, EDTMPA, and
EDTMPA-Cu-LDH composites are presented in Fig. 2. In
the FT-IR spectra of MgAIl-LDH and EDTMPA-Cu-LDH,
the strong absorption peak at 3,480 and 1,638 cm™ were
attributed to the O-H band [31]. The strong character-
istic peak of NO; in LDH was also observed at 1,350 cm™
[32]. In the FT-IR spectra of EDTMPA and EDTMPA-Cu-
LDH, characteristic band at 763 cm™ was ascribed to C-P
stretching vibrations [33]. From the FT-IR spectrum of neat
EDTMPA, a strong P-O band at 950 cm™ was observed [34].
However, the P-O band was shifted to 1,070 cm™ from the
spectra of EDTMPA-Cu-LDH, which was due to the ionic
interaction of EDTMPA with copper. The absorbance peak
at 1,436 cm™ was due to the vibration of the C-N band.
The band at 1,193 cm™ was caused by the stretching vibra-
tion of P=0 [35]. But, the P=O signal had disappeared from

—— EDTMPA-Cu-LDH
~— MgAl-LLDH

Intensity(a.u.)

(110)113)

20 40 60 80 100
2 theta(degree)

Fig. 1. XRD patterns of EDTMPA-Cu-LDH and MgAI-LDH.

the spectra of EDTMPA-Cu-LDH. The shifting and disap-
pearing of the stretching vibration peaks proved that the
EDTMPA-Cu anions might be intercalated into the MgAl-
LDH interlayer.

3.1.3. Morphology analysis

The morphology of the composites was acquired by SEM
and TEM. From Fig. 3a, it could be seen that the MgAl-LDH
showed a typical lamellar structure, and particle size was
uniform. The image of MgAI-LDH presented a smooth sur-
face. Although there were overlapping phenomena between
the sheets, the overall morphology was better. From Fig. 3b,
the EDTMPA-Cu-LDH showed a regular flaky particle with
obvious edges and corners and there were some ungrown
particles. Overall, it presented a high degree of crystallizing.
The TEM images of MgAl-LDH and EDTMPA-Cu-LDH were
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Fig. 2. FT-IR spectra of EDTMPA-Cu-LDH, EDTMPA, and
MgAI-LDH.

Fig. 3. SEM images of (a) MgAl-LDH, (b) EDTMPA-Cu-LDH, TEM images of (c) MgAl-LDH, and (d) EDTMPA-Cu-LDH.
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shown in Figs. 3c and d. It could be seen that MgAl-LDH
and EDTMPA-Cu-LDH showed characteristic hexagonal
plate-like shape. The edge of the EDTMPA-Cu-LDH
sheet structure was smooth and had scattered nanosheets
around it. The particle size varied from 1 to 20 nm, which
was consistent with the results of XRD.

3.1.4. UV-Vis DRS analysis

UV-Vis DRS and bandgap energy values of MgAIl-LDH
and EDTMPA-Cu-LDH are shown in Figs. 4a and b, respec-
tively. The sample showed absorption from the UV to the vis-
ible area and the absorption edge gradually moved toward
the visible range. It could be observed that MgAl-LDH had
two strong UV absorptions at 202 and 302 nm, which was
attributed to the existence of nitrate anions in the interlayer
galleries [36]. The MgAIl-LDH, whose mainly absorption
band at 200-400 nm, showed weak visible light absorp-
tion. Compared to MgAI-LDH, the EDTMPA-Cu-LDH had
a strong absorption band of 200-400 nm, and the absorp-
tion band of 480-800 nm was greatly enhanced. Thus, the
absorption in the visible light was greatly enhanced after
EDTMPA-Cu intercalation to the LDH layer.

The bandgap energy values of samples were estimated
by the Kubelka-Munk (K-M) function (Eq. (4)) [37].

1-R)’
2R

F(R):( =k/s @

where F(R) and R are the absolute and relative reflectance,
respectively; k is the molar absorption coefficient, and s is
the scattering coefficient. The bandgap of the MgAl-LDH
and EDTMPA-Cu-LDH was calculated to be about 3.50 and
2.8 eV by Tauc plot through K-M function, respectively.
And lower E_ value of the sample contributed to improving
light absorption and photocatalytic efficiency [38]. Thus,
EDTMPA-Cu-LDH could show more activity in the visible
region and be used to degrade the dye under visible light.
The valence band (E) was also used to evaluated
photocatalysis and the result is shown in Fig. 5. The E_ of

181

EDTMPA-Cu-LDH located at 1.1 eV. Thus, the conduction
band (CB) was about -1.7 eV through E - E.

3.1.5. XPS analysis

The chemical state of the compositional elements in
EDTMPA-Cu-LDH was revealed by XPS and a representa-
tive spectrum of EDTMPA-Cu-LDH was shown in Fig. 6.
The XPS spectrum for Mg 2p, Al 2p, Cu 2p, P 2p, N 1s, and
O 1s are shown in Figs. 6a—6f, respectively. The XPS peak
located at 49.75 eV assigned to the Mg 2p was be found in
the spectrum of EDTMPA-Cu-LDH suggesting the existence
of the Mg(Il) species [39,40]. Two different peaks could be
observed on the XPS spectrum for Al 2p, which represented
two different oxygen species. The peak located at 74.4 eV
was identified with the existence of Al oxide [41]. And
another peak located at 76.8 eV corresponded to AI(III) [42].
The XPS peaks of 2p,, (932.6 eV) and 2p,, (952.6 eV), and
their shake-up satellite peaks at 943.6 and 962.8 eV, corre-
sponding to Cu(Il), were observed [43]. From the XPS spec-
trum for P 2p, a single peak at 132.8 eV corresponded to
P-O [44]. In the XPS spectrum for N 1s of the EDTMPA-Cu-
LDH, there were two peaks at 399.7 and 406 eV. One peak

Count(a.u.)

Binding energy(eV)

Fig. 5. The valence band XPS pattern of EDTMPA-Cu-LDH.
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Fig. 4. (a) UV-Vis diffuse reflectance spectroscopy of EDTMPA-Cu-LDH and MgAIl-LDH and (b) band gap energy values of EDTM-
PA-Cu-LDH and MgAI-LDH.
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Fig. 6. (a) XPS survey for Mg 2p, (b) XPS survey for Al 2p, (c) XPS survey for Cu 2p, (d) XPS survey for P 2p, (e) XPS survey for

N 1s, and (f) XPS survey for O 1s.

at 399.7 eV corresponded to C-N [45]. Another at 406 eV
assigned to the NH; [46]. The O 1s spectrum showed one
single peak at 531.2 eV, which corresponded to O-metal [47].

3.2. Influence of reaction parameters on catalytic activity

Experiments were carried out to investigate the influ-
ence of several parameters including solution pH, initial dye
concentration, H,O, concentration, and catalyst dosage on
the degradation efficiency of RhB. Comparative experiments
were conducted to investigate the effect of catalyst activity
under light and dark conditions.

3.2.1. Evaluation of catalyst activity under light and dark
conditions

The degradation efficiency of RhB was shown in Fig. 7.
Four experiments were carried out to explore the degra-
dation efficiency of RhB under light conditions. It could
be clearly observed that the degradation efficiency of RhB
within 120 min was only 7.38% without any additives.
When adding H,O,, the degradation efficiency of RhB was
improved to about 20.67%. In addition, the degradation
efficiency of RhB was only 6.89%, when the only catalyst
was added. When both catalyst and H,0, were added to the
dye solution, the degradation efficiency of RhB was greatly

1.0 -
—— 5 4
i § — -
!\i'
08} I’Qg
4 $
| 3
= 0.6
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S 0.4 | —e— light+catalyst
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1 " ,I,l 1 L 1 " '} L 1 2 1 2 1 2 1 "
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Time (min)

Fig. 7. Control experiments for the photocatalytic degradation
of RhB.

increased, which was about 98.24%. Three experiments
were carried out to explore the degradation efficiency
of RhB under dark conditions. And all parameters were
consistent. It could be seen that the catalyst had a certain
adsorption capacity for RhB. When only adding catalysts
the degradation efficiency of RhB within 150 min reached
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about 20%. On the contrary, when only adding H,O,, it had
a very low degradation efficiency of RhB, which was only
about 9.52%. Meanwhile, the degradation efficiency of RhB
was 30.84% in the presence of both catalyst and H,0,. By
comparing the results of the comparative experiments, it
could be seen that the catalyst added under the dark had a
certain adsorption capacity to the RhB, but the adsorption
capacity was weak. Only the catalyst or H,0, was added
under the light, the degradation efficiency of the RhB was
not significantly improved. But when the catalyst and H,O,
were added to the RhB solution, the degradation efficiency
of the RhB was greatly improved. These results showed that
EDTMPA-Cu-LDH could be used as an effective catalyst for
the heterogeneous oxidation of RhB.

3.2.2. Effect of pH on RhB degradation

The degradation efficiency and first-order-kinetic
curves of the photocatalytic degradation of RhB under dif-
ferent pH are shown in Figs. 8a and b, respectively. It could
be seen that, under weakly acidic conditions, the degrada-
tion efficiency of RhB was higher. The degradation efficiency
was found to be higher at pH 5, which was 83.8%. And the
rate constant for RhB degradation of under optimum pH
was 0.0108 min™. It might be explained that the optimum
pH could respond to H,O, to produce *‘OH radicals to
degrade the RhB dye molecules. But, under weakly acidic
conditions, the change of pH had little impact on the degra-
dation efficiency. Conversely, the degradation efficiency of
RhB was low under alkaline conditions. This might be due
to the decrease in the catalyst’s adsorption capacity to the
dye as the concentration of competitive hydroxyl ions (OH")
increased. It could be also observed that, under weakly
acidic conditions, the catalyst showed strong adsorption to
RhB in the first 30 min. The larger the adsorption amount,
the better the degradation effect. And the Cu ions in the cat-
alyst would be eluted in a small amount to form a homoge-
neous reaction. The homogeneous reaction efficiency would
generally be greater than the heterogeneous reaction, so
the degradation efficiency would be increased. Since 5.85
was the natural pH of the RhB solution, therefore, further
experiments were conducted without adjusting the pH.
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3.2.3. Effect of initial concentration on RhB degradation

The effect of initial dye concentration on the degrada-
tion efficiency is depicted in Fig. 9a and first order-kinetic
curves of the photocatalytic degradation of RhB under dif-
ferent dye concentration is shown in Fig. 9b. It could be
observed that the degradation efficiency decreased with the
increase of the concentration of the RhB solution. The maxi-
mum degradation efficiency was 97.1%. And the rate constant
for RhB degradation under optimum dye concentration was
0.0248 min™. The reason for the observed changes could be
that more and more dye molecules were adsorbed on the
surface of the catalyst and occupying the active sites with
the dye concentration increased. A large amount of adsorbed
dye molecules could lead to a decrease in hydroxyl radicals
and superoxide radicals generated on the catalyst during
photocatalysis and be the lack of direct contact among and
holes, hydroxyl radicals or superoxide radicals. Moreover,
high dye concentration was likely to act as an inner filter
which shunts the photons away from the catalyst surface.
The adsorbed dye molecules blocked the active surface
sites on the catalyst, thus reducing degradation efficiency.

3.2.4. Effect of H,0, concentration on RhB degradation

The concentration of H,O, was essential to the degra-
dation of RhB dyes during photocatalysis. The degradation
efficiency and first-order-kinetic curves of the photocatalytic
degradation of RhB under different H,O, concentrations
are shown in Figs. 10a and b, respectively. The results indi-
cated that the degradation efficiency increased with H,O,
concentration increased. When the concentration of H,O,
was 9 mmol L7, the degradation efficiency reached 94.3%.
And the rate constant for RhB degradation under opti-
mum H,O, concentration was 0.01934 min™. This result
was likely that hydrogen peroxide decomposed on the sur-
face of the catalyst to produce more *OH with the increase
of H,O, concentration, which increased the degradation
efficiency of RhB. However, the degradation efficiency
increased negligibly when the H,O, concentration increased
from 7 to 9 mmol L due to the generation of hydroper-
oxyl radicals (HO;) [Eq. (5)], which could scavenge *‘OH
[Eq. (6)]. Recombination of hydroxyl radicals at higher H,O,

(b)s.o .

= pH=3,x=0.099 min"
251 © pH=5=0.0108 min"
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Fig. 8. The influence of pH on photodegradation of RhB (a), first-order-kinetic curves of the photocatalytic degradation of RhB under

different pH (b).
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Fig. 9. The influence of initial dye concentration on photodegradation of RhB (a), first order-kinetic curves of the photocatalytic deg-

radation of RhB under different dye concentration (b).
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Fig. 10. The influence of H,O, concentration on photodegradation of

degradation of RhB under different H,0O, concentration (b).

concentrations also retarded dye removal efficiency [Eq. (7)].
The reaction could be expressed by the following equations:

*OH + H,0, - HO;, + H,0 )
HO; +*OH - H,0+0, ©6)
"OH +*OH - H,0, @)

To achieve a high degradation efficiency and prevent the
occurrence of scavengers, the optimal H,O, concentration
was 7 mmol L.

3.2.5. Effect of catalyst dosage on RhB degradation

The degradation efficiency and first-order-kinetic curves
of the photocatalytic degradation of RhB under different
catalyst dosage are shown in Figs. 11a and b, respectively.
When the dosage of the catalyst was increased from 0.1
to 0.3 g L7, the degradation efficiency increased signifi-
cantly. And the optimal degradation efficiency was 98.2%.
And the rate constant for RhB degradation under optimum

1 mM, k=0.01004 min"'

35 -
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Time (min)

RhB (a), first-order-kinetic curves of the photocatalytic

catalyst dosage was 0.02641 min. The reason could be
that the increased RhB degradation efficiency with increas-
ing catalyst dosage indicated the increased the active sites
on the surface of the catalyst and the more *OH produc-
tion. However, when the dosage of the catalyst exceeded
0.3 g L7, the degradation efficiency decreased obviously.
The decrease in degradation efficiency was mainly due to
the increased scavenging response at higher catalyst dos-
age. And more catalyst amount led to unfavorable light
scattering and reduced light penetration into the solu-
tion. Therefore, the catalyst loading of 0.3 g L™ could be
considered as the optimum for RhB degradation.

3.3. Analysis of the mechanism of photocatalytic
degradation of RhB

3.3.1. Detection of active species in EDTMPA-Cu-LDH
heterophase photo-Fenton catalytic degradation of RhB

The detection of active species in the degradation mech-
anism of RhB was mainly explored by means of the scav-
enger experimental method. The degradation efficiency
of RhB under different active species is shown in Fig. 12.
Under the conditions of 0.3 g L™ catalyst, 10 mmol L~ RhB
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Fig. 11. The influence of catalyst dosage on photodegradation of

degradation of RhB under different catalyst dosage (b).
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Fig. 12. The influence of different active species on photo-
degradation of RhB.

and 7 mmol L™ H,0,, a sufficient amount of different active
species of capture agent was added to the reaction solu-
tion. Generally speaking, sodium bicarbonate (NaHCO,),
IPA (C,H,O), chloroform (CHCL,) and potassium bromate
(KBrO,) were used as scavenging reagents for trapping
h*, *OH radicals, *O; radicals and e, respectively. When
NaHCO, was added as hole trapping agent, the degradation
efficiency of RhB decreased by only 2.95%, which indicated
that h* effect was weak during the catalytic degradation
process, but other active free radicals were at work. When
a certain amount of IPA was added to the system, the deg-
radation efficiency of RhB was significantly inhibited, from
98.24% to 39.36%, indicating *“OH was important role in RhB
degradation. When a certain amount of CHCI, was added to
the system, the degradation efficiency of RhB was strongly
inhibited and the inhibition rate could reach 59.69%, which
played a leading role in RhB degradation. When a certain
amount of KBrO, was added to the reaction system, the
degradation efficiency of RhB dropped slightly and the
inhibition rate reached 58.71%. Therefore, the major reac-
tive species accountable for the RhB degradation comprises
*OH, *O;, and e” by using the EDTMPA-Cu-LDH catalyst.

Time (min)

RhB (a), first-order-kinetic curves of the photocatalytic

3.3.2. Reaction mechanism of photocatalysis

The entire degradation reaction is likely to take place
in a series of sequential reactions [Egs. (8)-(13)] in the pres-
ence of visible light. The electrons are excited from the
valence band (VB) to the conduction band (CB), leaving
electron holes (h*) in the valence band. Excitation is initiated
by absorbing photons having energy equal to or greater
than the band gap energy of the semiconductor material.
Therefore, EDTMPA-Cu-LDH generates e—h* pairs [Eq. (8)]
under visible light. The reason of superoxide radicals (*O;)
formation may be the reaction of electrons with oxygen
adsorbed on the surface of the catalyst [Eq. (9)], which also
has a strong oxidation ability, as shown in Fig. 13. H,O,, as
an electron acceptor, is added to the photocatalytic system
to suppress the recombination of electron-hole pair and
generate more "OH radicals [Eq. (10)]. The hydroxyl radi-
cals (*OH) and superoxide radicals (*O;) will degrade RhB
into H,0 and CO, [Eq. (11)].

EDTMPA -Cu-LDH+hv —>h' +e" (8)
0,+e =0, ©)
H,O, +°0;, - 'OH +OH" (10)
"0, +"OH +RhB — H,0 + CO, (11)

3.4. Cyclic utilization and stability of EDTMPA-Cu-LDH

Recycling experiments were performed to evaluate the
reusability of the EDTMPA-Cu-LDH catalyst for the degra-
dation of RhB. The degradation efficiency of RhB under each
circle is shown in Fig. 14. The initial concentration of RhB
was 10 mmol L. The concentration of H,O, was 7 mmol L™
and the catalyst dosage was 0.3 g L. The reaction time for
each cycle was 2 h. The used catalyst was collected from
the solution by centrifugation after each reaction, then
washed three times with ultrapure water, and dried at 50°C.
The degradation efficiency for the first cycle was 98.7%.
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Fig. 14. The reuse time of RhB photodegradation efficiency.

Although the degradation efficiency was somewhat reduced
in each cycle, the degradation efficiency was still 91% after
five cycles. It indicated that the EDTMPA-Cu-LDH material
as a heterogeneous Fenton catalyst possessed reusability
and high stability.

4. Conclusions

In summary, heterogeneous catalyst EDTMPA-Cu-LDH
was synthesized by co-precipitation method and showed
high visible-light photocatalytic properties for degradation
of RhB. The catalyst maintained cycling stability after five
circles. The degradation kinetics followed first order model
for the test dye. The photocatalysis proceeded through elec-
tron-hole hopping and by dye-sensitized mechanistic path-
ways. The optimum conditions for RhB degradation were
found to be natural initial pH 5.85, 10 mmol L™ of RhB con-
centration, 7 mmol L™ of H,O, concentration and 0.3 g L™
of catalyst dosage. Under above condition, the maximun
degradation efficiency was 98.2%. Based on the reactive
species trapping experiments, *OH, O, and e~ were con-
sidered to be the main active species for EDTMPA-Cu-LDH

toward the degradation of RhB. From the results of this
work, EDTMPA-Cu-LDH could be used as an effective and
recyclable catalyst for large-scale wastewater treatment.
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