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Abstract A new magnetic nanocomposite based on layered double hydroxides (LDHs)
was synthesized by coprecipitation of (Cu/Ni)-Al LDHs and nano-Fe;O4 and charac-
terized by Fourier-transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD)
analysis, scanning electron microscopy (SEM), and energy-dispersive X-ray (EDX)
techniques. The size of the composite was about 10 nm. Photodegradation of methylene
blue as an organic pollutant by this nanocomposite via oxidation under visible-light
irradiation was studied in comparison with nano-Fe;O, and (Cu/Ni)-Al LDHs. The
results showed that the degradation by the nanocomposite was more effective compared
with Fe;04 or (Cu/Ni)-Al LDHs alone. After four runs of use as photocatalyst, the
composite remained powerful and effective in the degradation reaction. The influence of
acidic, neutral, and basic pH and chloride anion on photodegradation of methylene blue
was also investigated. The degradation occurred for a long time in acidic and basic pH
but was faster in presence of C1~ anion.
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Introduction

Dyes are colored compounds with complex aromatic molecular structure, being
applied in food, dyeing, plastics, paper, and leather industries; they may convert to
carcinogenic, mutagenic, or inert, nonbiodegradable compounds when discharged
into water [1]. In addition to the unacceptable color of dyes, dangerous byproducts
of their oxidation, hydrolysis, or other chemical reactions can occur in wastewater
[2]. Elimination of organic dyes from wastewater by traditional techniques such as
coagulation, filtration, adsorption, reverse osmosis, and ozone treatment has been
developed [3].

Recently, the mechanisms of advanced oxidation processes (AOPs) such as
aqueous-phase oxidation methods have been found to rely on highly reactive
hydroxyl radicals to degrade organic pollutants in wastewater [2, 4]. Among AOPs,
heterogeneous photocatalytic reactions have shown potential as an efficient tool for
efficient mineralization of pollutants into innocuous CO,, H,O, and mineral acids
[3-5].

The catalytic activity of a heterogeneous catalyst is mainly determined by its
morphology and particle size. The catalytic activity can be improved by reducing
the particle size to nanometer scale [6]. However, use of such nanosystems
(nanoscales) can increase operating costs and have negative environmental impacts,
since their separation from water is difficult. Hence, magnetic separation techniques
have been applied for removal of suspended or dispersed magnetizable particles
from different media, having extensive applications such as filtration, sedimenta-
tion, flocculation, flotation, extraction, stabilized fluidized beds, biomedicine, and
protein recovery [7, 8]. In this technique, separation was performed based on very
small, weakly magnetic materials. In addition, the nonmagnetic fraction of minerals
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can be upgraded by use of many of these materials. It is expected that application of
magnetic separation techniques to small, nonmagnetic particles will be further
studied [8].

In recent years, LDHs have attracted considerable interest for use in environ-
mental waste treatment due to their easy processing. Their applicability is increased
by properties such as their special layered structure, exchangeable anions, high
anion exchange capacity, and low cost [9].

Layered double hydroxides (LDHs) are defined by the general formula

ML M (OH), ] [47, - yH:0]
where M" and M™ are divalent and trivalent metal cations, A"~ is a (n')-valent
anion, and x usually takes values between 0.20 and 0.33, as shown in Fig. 1 [10].

LDHs act based on photogenerated electrons (e™) provided by defect energy
between the valence and conduction band. These photons can be shifted to the
conduction band by visible-light photons with lower energy [8, 9], then be absorbed
by the absorption edge (photocatalysis) [11]. Since LDHs have anion exchange
ability, especially for bulky inorganic ions, many other methods have been utilized
[12]. Numerous studies have reported the utility of layered double hydroxides
(LDHs) as adsorbents [13], using different interlayer anions for exchange with other
ions in aqueous solution [11]. The morphology of LDHs has been substantially
investigated, for instance, powders, spheres, nanosized belts, fibrous structures, and
films on substrates [14]. Thermal evaluation revealed that LDHs can be successfully
employed as photocatalysts for elimination of organic pollutants because of their
high anion exchange capacity, expansion properties, low cost, and environmental
friendliness [12, 15-17].

The purpose of the present work is to compare the photocatalytic activity of (Cu/
Ni)-Al LDHs@Fe;0y4, Fe;0,4, and (Cu/Ni)-Al LDHs for degradation of methylene
blue with H,O, under visible-light irradiation. The magnetic nanocomposite was
synthesized by coprecipitation of Fe;O4 and (Cu/Ni)-Al LDHs. The reasons for use
of this nanocomposite are its easy preparation, low cost, large surface area, ion
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Fig. 1 Layered structure of LDHs
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exchange ability, adsorbent nature, compositional flexibility, and especially the
ability to remove it from the reaction mixture due to its magnetic property.

Experimental
General

All chemical reagents were purchased from Merck and Aldrich chemical companies
and used without any further purification.

Synthesis of Fe;0,4 nanoparticles

Fe;04 nanoparticles were prepared by coprecipitation of ferrous chloride tetrahy-
drate and ferric chloride hexahydrate in ammonia solution with treatment under
hydrothermal conditions according to a previously reported method [18]. In a
250-mL flask, 3.0 g ferrous chloride tetrahydrate (FeCl,-4H,0) and 8.1 g ferric
chloride hexahydrate (FeCl;-6H,0) (molar ratio 1:2) were taken and dissolved by
addition of 150 mL water under stirring. Chemical precipitation was then achieved
by adding 38 mL ammonium hydroxide (NH4,OH) solution (29.6%) dropwise for a
period of 30 min at room temperature. Black precipitate appeared immediately after
addition of ammonium hydroxide solution. During the reaction process, the pH was
maintained at about 10. The precipitate was then heated at 80 °C for 60 min. The
thus-obtained Fe;O,4 magnetic nanoparticles were washed several times with water
and ethanol, until the pH became completely neutral. The Fe;O, particles were then
dried under reduced pressure in an air circulating oven at 80 °C for a period of 3 h.

Synthesis of magnetic nanocomposite

Magnetic (Cu/Ni)-Al LDHs@Fe;0, composite was prepared by coprecipitation
without further aging. Firstly, 0.3 g Fe;0,4 was ultrasonically dispersed into 150 mL
double-distilled water for 20 min to obtain uniform suspension, which was then
transferred into a 500-mL flask with vigorous stirring. Alkaline solution (100 mL,
0.32 g Na,COs, 0.48 g NaOH) was added dropwise into the suspension until pH ca.
10.0 and kept for 5 min, then 100 mL salt solution [0.29 g Cu(NOs3),-3H,0, 0.99 g
Ni(NO3),-6H,0, 0.56 g AI(NO3)3-9H,O] and the above alkaline solution were
simultaneously added maintaining pH of 9.5-10. The resultant was stirred for 5 min
followed by separation using a magnet, followed by thorough washing with
deionized water and alcohol and drying at 60 °C overnight to give product (Cu/Ni)—
Al LDHs@Fe;04 [19].

Photodegradation

Photocatalytic experiments were carried out using a homemade photoreactor and
400-W metal halide lamps for visible-light irradiation [5].
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In a typical experiment, 10 mL. aqueous MB with initial concentration of
1 x 107> M was placed in a 25-mL round-bottomed flask. Photocatalyst (0.01 g)
was added with 1 mL H,O, (30%), and the suspension was stirred for 30 min in the
dark at room temperature to ensure establishment of adsorption—desorption
equilibrium. The lamp was then turned on while the suspension was magnetically
stirred. The photocatalyst was then filtered out of the mixed reaction using an
external magnet. Sample (4 mL) was transferred into a spectrophotometer cell for
measurement of absorbance of MB at 900 to 500 nm.

Characterization

Powder XRD data were obtained on a Shimadzu XRD-6000 diffractometer (Cu K,
radiation) from Kansaran Binalood Company. FT-IR spectra were recorded on a
Bruker Vector-22 FT-IR spectrophotometer. Morphology was analyzed using a
Zeiss Supra 55 field-emission scanning electron microscope (Razi Metallurgical
Research Center). EDX data were recorded by field-emission SEM (Mira 3-XMU
instrument, Razi Metallurgical Research Center).

Results

Synthesis of magnetic nanocomposite

As shown in Scheme 1, nanomagnetic Fe;O4 as a core or bed was prepared by
coprecipitation of Fe>™ and Fe>" in aqueous solution. The nanocomposite was then
synthesized by coprecipitation of Cu*", Ni**, and AI** metal ions on the Fe;0, bed
or core nanoparticles in alkaline medium.

Characterization of magnetic nanocomposite

All compounds were characterized by FT-IR, XRD, SEM, and EDX techniques. The
degradation process was followed by ultraviolet—visible (UV-Vis) spectroscopy.

CuNiAl-LDH

CuNiAlLLDH@Fe&,0,

Scheme 1 Synthesis route for (Cu/Ni)-Al LDHs@Fe;0, magnetic nanocomposite
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FT-IR

The FT-IR spectra of Fe;O4, (Cu/Ni)-Al LDHs, and (Cu/Ni)-Al LDHs@Fe;0, are
shown in Fig. 2. The spectrum of the LDHs showed absorption bands characteristic
of LDHs synthesized by coprecipitation at 3432, 1637, 1380, and 800 to 400 cm™".
The appearance of strong and broad absorption bands at around 3432 cm ™" is due to
O-H stretching of hydroxyl group in the surface of LDHs, both in the brucite-like
layers and from interlayer water molecules [20]. This broad band is usually
followed by adsorption bands at around 1637 cm™' indicating presence of
stretching vibrations of interlayer water molecules. A sharp and intense band was
observed at 1380 cm™', corresponding to stretching vibration of intercalated NO;
ions in the LDHs [21]. The weak absorption bands in the 400-900 cm™' region are
associated with M—O stretching and M—OH bending vibrations in all compounds.

The infrared spectrum of the composite showed bands at 3399, 1635, 1380, and
590 cm_l, attributed to LDHs, and also bands at 892 and 791 cm_l, attributed to
Fe;04. The spectrum was similar to those of the LDHs and Fe;O,4, confirming
preparation of the composite.

XRD

The XRD patterns of (Cu/Ni)-Al LDHs and (Cu/Ni)-Al LDHs @Fe;0, are shown in
Fig. 3. The XRD patterns of the two compounds are similar. The peaks labeled with
star symbols in the XRD pattern of the (Cu/Ni)-Al LDHs were also observed in that

-LDH
- LDH@Fe;0,
-Feyo,

Transmittance / (% T)

1
1
1
1
I I
3600 3300 3000 2700 2400 2100 1800 1500 1200 900 600
Wavenumbers / (cm-1)

Fig. 2 FT-IR spectra of Fe;04, (Cu/Ni)-Al LDHs, and (Cu/Ni)-Al LDHs@Fe;0, composite
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Fig. 3 XRD patterns of (Cu/Ni)-Al LDHs and (Cu/Ni)-Al LDHs@Fe;0, composite

of the (Cu/Ni)-Al LDHs@Fe;0, composite, while the peaks labeled with heart
symbols in the XRD pattern of the (Cu/Ni)-Al LDHs@Fe;0, composite originated
from Fe;O4. The XRD data therefore also confirm synthesis of the magnetic
nanocomposite.

SEM

SEM images of Fe3;0,4, (Cu/Ni)-Al LDHs, and (Cu/Ni)-Al LDHs@Fe;0, are
shown in Fig. 4. The morphology of all the compounds was sub-micro-spheres with
diameter of about 4-10 nm, but the surface of the (Cu/Ni)-Al LDHs@Fe;0,
nanocomposite showed rougher sheet-like morphology than the surface of Fe;0,.

EDX

The composition of the (Cu/Ni)-Al LDHs@Fe;0, composite was investigated by
EDX in comparison with (Cu/Ni)-Al LDHs and Fe;O, (Fig. 5); the related data are
presented in Table 1. Clearly, Ni, Cu, Al, and O elements were all present in the
(Cu/Ni)-Al LDHs and (Cu/Ni)-Al LDHs@Fe;0,4 composite. However, the (Cu/
Ni)-Al LDHs@Fe3;0, composite contained all of these elements as well as Fe,
providing the best evidence for the formation of the magnetic nanocomposite.

The results of these analyses therefore confirm that the magnetic nanocomposite
of LDHs and Fe;O,4 was synthesized and stable in aqueous solution via electronic
interaction forces. The electronic interaction between the negatively charged
magnetite nanoparticles and positively charged LDHs was sufficient to induce
stable self-assembly of the two components. This interaction can form a
stable colloidal suspension of the composite in aqueous solution [22].
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SEM HV: 15.0 kV WD: 4.96 mm V MIRA3 TESCAN
SEM MAG: 350 kx Det: InBeam SE | 100 nm
View field: 0.593 ym Date(m/dly): 12/31/15 RMRC

SEM HV: 15.0 kV WD: 5.07 mm | MIRA3 TESCAN|
View field: 0.593 ym Det: InBeam SE 100 nm
SEM MAG: 350 kx |Date(m/dly): 05/04/15 RMRC

Fe;04 (NP)

b b : -
SEM HV: 15.0 kV WD: 4.85 mm T
SEM MAG: 350 kx Det: InBeam SE | 100 nm

View field: 0.593 ym  Date(m/dly): 12/31/15

Cu-Ni-Al LDHs

Fig. 4 SEM images of Fe;04, (Cu/Ni)-Al LDHs, and (Cu/Ni)-Al LDHs @Fe;0, powder
Photodegradation

Adsorption—desorption equilibrium

A portion of the MB will be adsorbed onto the surface of the solid phase of the

photocatalyst, slightly decreasing the absorption peak of MB. Thus, initially, the
mixture for the photodegradation reaction must be allowed to reach adsorption—
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Fig. 5 EDX spectra of Fe;0,, o
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Table 1 EDX data of (Cu/Ni)—

Al LDHs and (Cu/Ni)-Al Sample Element wt.% at.%
LDHs@Fe;04 nanoparticles (Cu/Ni)-Al LDHs 0 42.55 72.97
Al 5.64 573
Ni 31.26 14.61
Cu 13.05 5.64
(Cu/Ni)-Al LDHs @Fe;0, 0 36.64 68.57
Al 337 3.74
Ni 2278 1221
Cu 19.94 10.17
Fe 8.43 3.97

desorption equilibrium in the dark. The electronic absorption spectrum of the
organic dye is useful to detect this equilibrium. Therefore, the variation in the MB
absorption at ., (around 670 nm) was recorded at 5-60 min in dark condition.
The absorption peak was found to decrease from 0 to 30 min, but remained almost
the same thereafter (Table 2), indicating constant MB concentration.

Figure 6 shows the evolution of the MB absorption spectrum with illumination
time for a representative sample. In general, it appears that, the longer the
illumination time of the methylene blue solution, the greater the reduction in the
intensity of the peak at 660 nm, indicating photodegradation of MB. Here,
absorption time of 0 min starts after 30 min of adsorption—desorption equilibrium
under dark condition. MB solution was decolorized after 5 min of irradiation by
visible light in presence of the nanocomposite, while decolorization occurred after
420 min.

Therefore, the magnetic nanocomposite is a powerful photocatalyst for degra-
dation of MB.

Comparison of photocatalytic activity
The photocatalytic activity of the synthesized magnetic nanocomposite was

compared with that of nano-Fe;0, and the LDHs for degradation of 107> M MB
under visible light. The results in Table 3 show that nano-Fe;O, and the LDHs

Table 2 Variation of

absorption of MB at Entry Time (min) Abs. Variation
Z‘;C]:gi‘:f:nm 5-60 min in dark 0.7931 Initial
2 5 0.7811 Decreased
3 10 0.7742 Decreased
4 20 0.7623 Decreased
5 30 0.7586 Decreased
6 40 0.7566 Fixed
7 50 0.7562 Fixed
8 60 0.7560 Fixed
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Fig. 6 Evolution of absorption o8 5
spectrum of MB solution in
presence of (Cu/Ni)-Al 0.7
LDHs@Fe3;04 nanocomposite
under visible light
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Table 3 Comparison of photocatalytic activity of the nanocomposite, nano-Fe;O,, and the LDHs

Entry Photocatalyst Degradation time (min)
1 Nano-Fe;0,4 60
2 LDHs 30
3 Nanocomposite 5
4 No catalyst 420

Cat (0.001 g), MB (10 mL, 10~ M), and H,0, (1 mL)

caused decoloration of aqueous MB solution in 60 and 30 min, respectively,
compared with 5 min in presence of the nanocomposite. Therefore, the nanocom-
posite is a faster and remarkable photocatalyst. This result confirms that the new
compound combining nano-Fe;O4 and LDHs had more effective photocatalytic
properties than each of the constituents alone. Therefore, the nanocomposite of
LDHs and Fe;0,4 (NP) is a more efficient photocatalyst than the neat LDHs or Fe;0,
(NP). Two reasons for this can be proposed. The first is the adsorption capacity of
the LDHs. Study of the adsorption of organic dye (MB) on Fe;0,, LDHs, and the
composite in the dark showed that the LDHs and composite exhibited about 5%
adsorption while Fe;0O4 showed about 0.2% (nearly 0%). This can be attributed to

Table 4 Effect of MB concentration

Entry [MB] (M) Degradation time (min)
1 1073 5
2 1074 120
3 1073 420

Cat (0.001 g), MB (10 mL), and H,O, (1 mL)
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the high adsorption capacity of the LDHs. Numerous literature studies have reported
the same result [23, 24]. Thus, the degradation of the MB dye may be increased by
greater adsorption on the catalyst. The second possibility is a narrower bandgap of
the composite. As Ulises et al. showed, the bandgap of a LDH-MFe,O,4 composite
is lower than either constituent [25]. We also reported greater photocatalytic activity
on decreasing the bandgap due to easier production of electron-hole pairs [5].

Influence of MB concentration

The results in Table 4 show that, on increasing the MB concentration tenfold (from
1075 t0 1074 M) for the same reaction conditions, the reaction time increased (by
about 20 times). For 107> M MB, the degradation time was 420 min (about 60
times).

Influence of CI™ ion

When one drop of NaCl (1 M) solution was added to the reaction mixture, the
degradation efficiency (DE) was 100% and the time for degradation was shorter
than in absence of CI™ ion (less than 5 min). The proposed mechanism in the
presence of chloride ion is illustrated in Scheme 2, where “X” indicates the radical
fragments of MB or 'OH radical.

The chloride ion is converted to an active radical form by contact with 4v and/or
other radical fragments in the reaction mixture. This radical is as effective as OH
radical, so the time for degradation of MB is shorter.

Influence of pH

The pH of the dye solution is a main parameter in the degradation of organic dyes
[26].

The influence of pH is observed in two forms: (1) the surface charge on the
catalyst and (2) the structure or ionization state of the organic dye [27].

Comparative experiments were performed at different pH values: one acidic (3),
one basic (9), and one neutral (7), achieved by adding one drop of HCI (1 M) or
NaOH (1 M) to the reaction mixture, or without acid or base solution, respectively.
The results are presented in Table 5. The time for degradation changed when
varying the pH of the reaction mixture. In acidic and basic conditions, the
degradation time was longer than in neutral condition. The order of reaction time
was:

Scheme 2 Proposed Light

mechanism for influence of C1™
on degradation of MB /\
CO, +H,0
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Table 5 Effect of pH on degradation of MB

Entry pH DE (%) Degradation time (min)
1 Neutral 100 5
2 3 (acidic) 100 30
3 9 (basic) 100 90

Cat (0.001 g), MB (10 mL, 10~° M), and H,O, (1 mL)

@
@
(M%NUSUW Yrrr
pH<7
N/ —_—> ® ~

|
(MB") H Leuco-MB?*

Fig. 7 Structural formula of MB at acidic pH

Neutral > Acidic > Basic

Structural changes due to the influence of pH can cause degradation of organic
dyes, since MB has various forms at different pH values (Fig. 7). In acidic
condition, MB™ is converted to the leuco-MB*+ form, thus the charge increases.
Leuco-MB?" is repelled more than MB™ from the positive surface of the LDHs by
electrical repulsion. However, leuco-MB is less adsorbed on the surface of the
LDHs, thus the degradation rate is decreased [28].

At various pH values, the surface of the LDHs shows different charges resulting
from adsorption of ions such as HY or OH™ from solution [29].

In acidic solution:

LDH-OH + H;0* — LDH-OHj + H,0 (1)

For pH values below 7, the hydrated surface of the LDHs is protonated and becomes
positively charged, causing greater repulsion of the dye from the surface of the
LDHs. As a result, the degradation becomes less.

In basic solution:

LDH—OH + OH~ — LDH-0" + H,0 ()

The surface of the LDHs is deprotonated at pH values above 7 and becomes neg-
atively charged.

The OH radical is nonselective and a strong oxidizing agent with high oxidation
potential compared with common oxidizing agents such as H,O,, Os, O,, etc.

In basic condition, (1) a portion of the oxidant is destroyed by decomposition of
H,0, [30], (2) OH™ is exchanged by NOj3 anion in the interlayer of the LDHs, and
(3) according to Eq. (2), some hydroxide is used to convert the surface from positive
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Fig. 8 Magnetofiltration
process using external magnet

external
magnet

30

25
25 1
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Fig. 9 Comparison of reaction time of (Cu/Ni)-Al LDHs@Fe;0,4 nanocomposite during four usages

to negative charge. Thus, the amount of OH radical in the reaction mixture is
decreased, as is the degradation rate.

Recyclability study

After the complete run 1, the photocatalyst was filtered by a magnetofiltration
process using an external magnet (Fig. 8) and washed with distilled water, ethanol,
and diethyl ether (2 x 10 mL) in each run, then heated at 80 °C for 4 h, until the
catalyst was activated. This filtrated compound was then used in subsequent
photoreactions (runs 2—4).
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The photodegradation time increased slightly, because a portion of the catalyst
was lost during the filtration process and the active sites on the photocatalyst
probably decreased in each run. These results show that the magnetic nanocom-
posite is a more effective and reusable catalyst for photodegradation of MB or other
organic dyes.

As shown in Fig. 9, the ability of the nanocomposite was studied for four
photocatalytic reactions. After four runs, the catalyst remained powerful and
effective in the degradation reaction.

Conclusions

A novel nanomagnetic composite photocatalyst is introduced for degradation of
methylene blue under visible light. The nanocomposite was synthesized by
coprecipitation of Cu®", Ni**, and AI’* cations from alkaline solution onto Fe;Oy4
nanoparticles. The size of the nanocomposite was about 10 nm. The nanocomposite
was found to be powerful, more efficient, inexpensive, and easily prepared, and
more active as a photocatalyst than neat Fe;O,4 or the LDHs alone. Degradation of
methylene blue was faster in presence of Cl~ anion. The decolorization of the
organic dye was affected by the solution pH, with photocatalytic activity in the
order: neutral > acidic > basic medium.
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