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a  b  s  t  r  a  c  t

Uncalcined  Cu/Al  LDH  was  studied  as adsorbent  and  photocatalyst  in  the  adsorption  and  subsequent
photodegradation  of methyl  violet  2B dye  (MV2B).  Physicochemical  characterization  was  carried  out
by XRD,  FTIR,  UV–vis,  including  photoactive  properties,  DSC/TGA  and  SEM.  Kinetic  and  thermodynamic
models  showed  great  affinity  and  sorption  capacity,  the maximum  adsorption  capacity  was  361.0  mg g−1

obtained  by  Langmuir  model,  in  addition,  the  results  showed  that  the dye  was adsorbed  on  the  LDH
eywords:
DH Cu/Al materials
dsorption models
hotodegradation
haracterization

surface.  Photocatalytic  activity  was  evaluated  in  the  MV2B  dye  photodegradation  process,  and  it was
confirmed  by  the presence •OH radicals  monitored  by  EPR  spin  trapping  technique,  additionally,  COD
and  TOC  parameters  were  measured, 13C  NMR  showed  differences  for  the  adsorbed  and  photodegraded
samples.

©  2015  Elsevier  B.V.  All  rights  reserved.
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. Introduction

The textile industry is one of the largest polluters in the world.
t is estimated that close to 20% of global industrial water pollution
omes from the treatment and dyeing of textiles [1]. In this context,
uring the coloration process a large percentage of the synthetic
ye is transferred to the waste stream. Thus, dyes can be released

nto the environment making the effluent a pollution source. Dyes
re difficult to remove in conventional water treatment procedures
nd can be transported easily through water bodies such as rivers
2,3]. One of most common dye used in color industry is the Methyl
iolet 2B (MV2B), which is a basic dye [4,5]. MV2B dye is a typical
romatic azo compound with molecular formula C24H28ClN3. Its
tructure is shown in inset of Fig. 1B. MV2B find applications in
on-linear optics [6], gamma  radiation sensors [7], ink colorant [8]

nd dye sensitized solid state photovoltaic cells [9].

It is well known that methyl violet could delay the growth
f bacteria and photosynthesis of aquatic plants. This dye is

∗ Corresponding author.
E-mail address: aguzmanv@ipn.mx (A. Guzmán-Vargas).

ttp://dx.doi.org/10.1016/j.apsusc.2015.12.050
169-4332/© 2015 Elsevier B.V. All rights reserved.
potentially carcinogenic and may  be harmful by ingestion, inhala-
tion and skin contact. Because of these harmful properties of this
dye, it has to be removed from industrial wastewater before being
discharged into the environment [10,11]. The strategies to accom-
plish this challenge include removal by filtration or other physical
methods that are particularly difficult to achieve because of solubil-
ity of dyes [12,13]. Some alternatives to remove this type of effluent
involve the destruction of the pollutant molecules by means of
chemical reactions or their retention in inorganic matrices [14].
The selection of an adsorbent depends on the physicochemical
properties of the molecule to be removed. For example, the acid-
ity and size windows of some molecular sieves are suitable for
encapsulation of thioindigo molecules [15]. In other cases, layered
double hydroxides (LDH), otherwise known as hydrotalcite-like
compounds, are anionic exchangers and, therefore, able to retain
anionic dyes. LDH not only adsorb anionic species, they are also
able to retain neutral molecules. The structural and surface prop-
erties of LDH are suitable for trapping some molecules with polar

bonds [16].

Layered double hydroxides result from the association of diva-
lent (Mg2+, Zn2+, Ni2+, Co2+, etc.) and trivalent (Al3+, Cr3+, Fe3+, etc.)
metal ions placed in the center of octahedral units. On the edges of

dx.doi.org/10.1016/j.apsusc.2015.12.050
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.12.050&domain=pdf
mailto:aguzmanv@ipn.mx
dx.doi.org/10.1016/j.apsusc.2015.12.050
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Fig. 1. Spectra of MV2B: (A) IR solid dye, (B)

ctahedra, hydroxyl groups are placed. These octahedra units are
oined to form a lamellar structure mimic  that of brucite-like layers,
he presence of both divalent and trivalent metals in layers results
n a positive charge, which is balanced by intercalation of anions
Cl−, NO3

−, CO3
2−, SO4

2−) and water between the layers [17]. LDH
an be represented by the general formula:

MII
1−xMIII

x (OH)2]
x+

[An−
x/n

] · mH2O

Due to the wide range of chemical composition where LDHs
an be obtained, their physicochemical properties are easily
uned [18,19], which have been enabled to use them in different
reas, as catalysis [20], electrocatalysis [21,22], energy stor-
ge [23], photocatalysis [24], adsorption [25], and films/coatings
or protection [26–28] among others. In particular, the copper-
ontaining hydrotalcites represent a rather unusual system within
his family of compounds, due to the well-known tendency of
opper to form distorted octahedra because of the Jahn–Teller
ffect. Consequently, much effort has been made to prepare
ydrotalcites containing copper, to be used for different pur-
oses; for instance, LDH Cu–Mg/Al has been used as catalyst

n the selective oxidation of biorenewable glycerol and in NOx

emoval [29]. LDH Cu/Al has shown magnetic properties [30]
nd recently, thermal properties were attribute to the nanofluid
ehavior in the preparation method [31]. Other systems, like LDH
u/Fe and Cu/Al have been used as adsorbent of organic com-
ounds from aqueous media [32,33]. Photocalytic conversions of
arbon dioxide into methanol using LDH Zn–Cu/Al and photocata-
ysis in aqueous media with LDH Cu/Cr are also been reported
34,35].

Thus, in this work the LDH Cu/Al was evaluated as an adsor-
ent and photocatalyst for degradation of methyl violet 2B dye
MV2B).

. Experimental

.1. Materials

The LDH Cu/Al was obtained by coprecipitation method at pH
.3 as described elsewhere. Briefly, three solution were prepared,
olution A (NaOH 1 mol  L−1), solution B (Na2CO3 0.25 mol  L−1)
nd solution C (Al(NO3)3 0.44 mol  L−1 and Cu(NO3)2·2.5H2O
.78 mol  L−1). 25 mL  of solution B was kept under vigorous stir-
ing; the solution A was slowly added until reach a pH 8.3, this
H was maintained by addition of solution A while solution C was
dded to solution B. After complete addition of solution C the resul-
ant slurry was stirred for 1 h at room temperature; then the solid

btained was separated by centrifugation, rinsed thoroughly with
arm distilled water, and dried overnight at 80 ◦C.

Commercial Methyl violet 2B (MV2B) dye was provided by Rosh-
rans company, it was employed as received.
is in solution, inset: chemical dye structure.

2.2. XRD, FT-IR, UV–vis, thermal and SEM analysis

The structural characterization of adsorbent was performed by
X-ray diffraction (XRD), infrared, ultraviolet-visible and nuclear
magnetic resonance spectroscopies. XRD patterns were acquired
using a Philips X’PERTPRO instrument operating with CuK�1 radia-
tion (� = 1.542 Å, 45 kV, and 40 mA); The FTIR spectra were recorded
in a spectrophotometer Perkin Elmer RX-1, operating in attenuated
total reflectance mode (ATR); UV–vis-NIR spectra were recorded in
a spectrophotometer Perkin Elmer Lambda 950. Solid state nuclear
magnetic resonance (MAS NMR) measurements were performed
in an Avance-400 Bruker (9.39 T) spectrometer. 13C CP MAS NMR
spectra were acquired when the spectrometer was  operated at
a resonance frequency of 100.2 MHz, with contact time of 1 ms
at 5 kHz spinning rate, and 90◦ pulses of 4 ms, at least 20,000
scans were made. Chemical shifts were referenced to solid CH2
adamantane shift at 38.2 ppm relative to TMS. The thermal analysis
was carried out in a Perkin Elmer STA 6000 (DSC/TGA) appara-
tus. 5 mg  of sample were heated from room temperature to 700 ◦C
(ramp = 10 ◦C min−1) in a nitrogen flow of 40 mL  min−1. Scanning
electron microscopy (SEM) images of the samples were taken
on a microscope BENCHTOP JCM-6000 equipped with energy-
dispersive X-ray (EDX) facility. The samples were coated with gold
using sputter coating to avoid charging. Analysis was carried out at
an accelerating voltage of 15 kV.

2.3. Adsorption and photodegradation measurements

The MV2B adsorption experiments on LDH Cu/Al were carried
out in a glass reactor (batch operation) at room temperature and
atmospheric pressure. Typical run adsorption conditions were as
follows: 60 mg  of LDH were dispersed in 60 mL  of MV2B aqueous
solution at different concentrations (50, 75, 100 and 200 mg L−1)
at pH 7–8. The suspension was  kept under vigorous agitation; in
order to prevent sunlight interact with suspension the reactor was
kept in dark. The reaction evolution, sampling over the time, was
followed by UV–vis spectroscopy. The absorbance was  measured
at the wavelength of 627 nm.

The photocatalytic experiments were conducted after the
adsorption equilibrium was  reached (120 min) using a UV light
power source at 365 nm (4 W).  The reaction evolution, sampling
over the time, was  followed by chemical oxygen demand (COD)
removal parameter which was  measured in a Hacht apparatus
employing Hanna kits (HI93754C certified COD reagents) and
total organic carbon (TOC) which was measured in TOC-V-CSN
equipment.
2.4. Electron paramagnetic resonance (EPR) experiments

EPR spectroscopy (spin trapping technique) was employed
to verify the formation of •OH radicals. Samples were analyzed
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t room temperature using X-band EPR (9.8 GHz), spectra were
ollected using an EMX Plus Bruker System, with an ER 041
G microwave bridge and an ER 4102ST cavity. The following
onditions were used: 4096 points; microwave power, 20 mW;
odulation amplitude, 4 G; modulation frequency, 100 kHz; time

onstant, 327 ms;  conversion time, 8 ms;  and averaging over 2
cans. DMPO, 5,5-Dimethyl-1-pyrroline N-oxide, was purchased
rom D5766 Sigma–Aldrich, with purity ≥97%, it was  used as radi-
als spin-trapped.

. Results and discussion

.1. Dye

The FT-IR spectra of MV2B powder is exhibited in Fig. 1A. The
bsorption bands at 3072 cm−1, 1171 cm−1 (� C H), 1567 cm−1

� C C) and 800 cm-1 (ı C H) are characteristic of aromatic com-
ounds; the vibrations associated to aliphatic groups in the MV2B
re responsible of the bands at 497 cm−1 (� C C), 1625 cm-1 (�

 C), 2856 cm−1 (�sym C H), 2925 cm−1 (�asym C H), 1457 cm−1

ıasym C H) and 1342 cm−1 (ısym C H); whereas, the presence
f amine group results in the bands around 3500 cm−1 (� N H),
300 cm−1 (� Carom N), 1104 cm−1 (� Caliph N), 3493 cm−1 (�

 H), 3303 cm−1 (� C N), 1600 cm−1 (ı N H) and 619 cm−1 (asso-
iated to torsional vibration) [24]. This compound in solution
xhibited two absorption bands in the UV spectral window (Fig. 1B),
he bands at 194 and 274 nm are attributed to electronic transition

 → �* for aromatic ring and n → �* for C N, while in the visible
egion presented three bands 408, 575 and 627 associated to chro-
ophore groups; especially the band 627 nm has been assigned to

he simultaneous adsorption phenomena due to (i) a trap level near
he LUMO band and (ii) a charge transfer resonance between the
OMO level [36,37]. The MV2B structure is shown in the inset of
ig. 1B.

.2. Layered double hydroxides Cu/Al

Lamellar structure of LDH was confirmed by X-ray diffraction.
he powder X-ray diffractogram of the synthesized LDH is shown in
ig. 2A. The pattern matched to that of a hexagonal lattice with R3m
hombohedral symmetry (JCPDS card 22-0700); the calculated cell
arameters from X-ray data and the molar ratio between MII/MIII

re listed in Table 1.
The corresponding FT-IR spectrum is exhibited in the inset of

ig. 2A. The intense and broad lines are observed between 3416
nd 3388 cm−1 and ascribed to the O H stretching vibration mode
f water molecules, which are intercalated in the interlayer space.

Besides, water molecules, hydrogen-bonded hydroxyl groups
long the cationic sheets are also responsible for broadening of the
and. The medium-intensity band around 1735 cm−1 is related to
he bending mode of water molecules (ıH2O). The stretching mode
f CO3

2− anions is responsible for the sharp and strong band around
362 cm−1. The stretching and bending vibrational modes associ-
ted to hydroxometallic octahedral complexes, which constitute
he [MII

1−xMIII
x (OH)2]x+ cationic brucite-like sheets, are responsi-

−1
le for absorption at lower wavenumbers (<800 cm ) [38].
The UV–vis spectrum of LDH Cu/Al is showed in the Fig. 2B, two

ypes of bands were identified: ligand-to-metal charge-transfer
LMCT) band in the 350−200 nm range and d–d transition bands

able 1
olar ratio, cell parameters and bandgap of LDH Cu/Al material.

Sample MII/MIII ratio d003 (Å) a (Å) c (Å) Eg (eV)

LDH Cu/Al 3.0 7.55 3.08 22.65 2.85
ce Science 363 (2016) 372–380

in the 850−600 nm range, this d–d transition is associated to
2Eg(D) → 2T2g(D), which is expected transition for Cu2+ in a dis-
torted – six-fold coordination with octahedral arrangement, as
occurs in the LDH framework due to Jahn–Teller effect [39]. It is
well-known that light absorption by the materials and the migra-
tion of the light-induced electrons and holes are the key factors
controlling a photocatalytic reaction which is relevant to the elec-
tronic structure of the material. In principle, the photo absorption
of the photocatalyst depends on the mobility of electron–hole
pairs, which determine the probability of electrons and holes to
reach reaction sites at the surface of the photocatalyst. The photo-
absorption properties of the LDH material detected by UV–vis are
illustrated in Fig. 2C.

For a crystalline semiconductor, the optical bandgap is deter-
mined by the following equation using the optical absorption data
near the band edge [40]:

(˛h�)2 = A(h� − Eg) (1)

where ˛, �, A, and Eg are the absorption coefficient, light frequency,
proportionality constant, and band gap, respectively. However,
when the material scatters in a perfectly diffuse manner following
expression can be used:

[F(R)h�]2 = B(h� − Eg) (2)

where F(R) is the so-called remission or Kubelka–Munk function
and B is proportionality constant. Therefore, plotting [F(R)h�]2

against h�, the band gap Eg of a sample can be determined by extrap-
olating the linear region of the plot to zero absorption, the value
obtained is reported in Table 1.

In order to verify that the LDH Cu/Al exhibits semiconduc-
tor properties, electrochemical experiments were carried out.
Fig. 2D includes results of measurements of temporal transients of
open-circuit potential (EOCP–t) applied to the electrode–electrolyte
interface which indeed are a sensitive resource for a major under-
standing on the behavior of electrochemical phenomena with
regard to light excitation at semiconductor materials. The initial
seconds in this figure corresponds to the OCP variation under dark
conditions. Note that, after turn-on the UV-lamp a drastic modifica-
tion of potential toward more negative values was evident. When
the lamp is turned-off, the corresponding EOCP transient tended to
reach the initial value. The decrease in OCP was due to the genera-
tion of electron–hole pairs that leaded to changes in the flat band
potential and, therefore, to a decrease in the OCP down to more neg-
ative potentials. In fact, the potential decay allows evaluating the
hole and electron reactivity and, therefore, the potential efficiency
of the photocatalyst [41].

3.3. MVB  adsorption

3.3.1. Adsorption uptakes
The effect of contact time between MV2B and 60 mg  of LDH

Cu/Al was studied in different solutions where the concentration
of the dye was  50, 75, 100 or 200 mg  L−1; the experiments were
monitored for 270 min. Fig. 3A shows that a large amount of MV2B
remained adsorbed onto LDH Cu/Al after a very short contact time.

Uptake of MV2B, Qe (mg  g−1), by LDH adsorbent was calculated
using the relation:

Qe = (C0 − Ct)V
M

(3)

where C0 and Ct (mg  L−1) being the initial concentration of MV2B
and concentration at time t in solution, V being the volume of the

solution (L) and M the mass of dry adsorbent (g).

The results are presented in Fig. 3B. It is remarked that the Qe

(adsorbed amount of MV2B at time t) increases rapidly in the first
15 min. The initial removal of MV2B from aqueous solution is a
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The Ki values are calculated from the slope of the straight line.
The kinetics parameters and correlation coefficients, R2, val-

ues of dye adsorption varying the dye concentration are reported
in Table 2. These values show the data-fits had extremely high

Table 2
Kinetic values of adsorption from different models.

Kinetics model 50 (mg  L−1) 75 (mg L−1) 100 (mg L−1) 200 (mg  L−1)

Pseudo first-order
K1 (min−1) 0.2326 0.1224 0.1074 0.2044
R2 0.985 0.983 0.988 0.982

Pseudo second-order
K2 (g mg−1 min−1) 1.1 × 10−5 6.3 × 10−6 3.4 × 10−6 2.2 × 10−7

R2 0.999 0.999 0.999 0.999
Elovich equation

˛ (mg  g−1 min−1) 34.38 3.30 3.39 4.65
ˇ  (g mg−1) 0.077 0.041 0.038 0.020
ig. 3. (A) Concentration profiles of MV2B as a function of time during adsorption an

apid process, where, more than 90% of the dissolved MV2B being
emoved within only 15 min, so that; an equilibrium adsorption
tate was reached after 100 min  (removal percentage higher than
5%).

.3.2. Kinetics sorption model
Several steps can be used to express the mechanism of solute

orption onto a sorbent. In order to investigate the mechanism of
orption, various kinetics models, namely, the pseudo-first-order,
he pseudo-second-order, the Elovich and the intra-particle diffu-
ion kinetic models, were tested [42].

The linear form of pseudo-first order equation of Lagergren is
xpressed as follows:

og (Qe − Qt) = log Qe − K1

2.303
t (4)

here Qe is the amount of dye sorbed at equilibrium in mg  g−1; Qt is
he amount of dye sorbed at time t in mg  g−1; K1 is the equilibrium
ate constant of pseudo-first sorption in min−1.

In order to obtain the rate constants, the straight line plots of
og (Qe − Qt) against t for different concentration of MV2B.

The linear form of pseudo-second order equation is the follow-
ng:

t

Qt
= 1

2
+ 1

Qe
t (5)
K2Qe

here K2 is the equilibrium rate constant of pseudo-second order
orption in g mg-1 min-1 . The straight line plots of t/Qt against t
ave also been tested to obtain rate parameters.
T im e (m in u tes)

 Adsorbed amount of methyl violet as a function of time at different concentrations.

The simplified Elovich equation can be represented as follow:

Qt =  ̌ ln (˛ˇ) +  ̌ ln t (6)

where  ̨ is the initial dye sorption rate in mg  g−1 min−1 and  ̌ is the
desorption constant in g mg−1. Thus, the constants can be obtained
from the slope and intercept of the linear plot of Qt versus ln t.

The intraparticle diffusion equation is the following:

Qt = Kit
0.5 (7)

where Ki is the intraparticle diffusion rate constant, mg  g−1 min−0.5.
R2 0.854 0.867 0.852 0.846
Intraparticle diffusion

Ki (mmol  g−1 min−0.5) 0.028 0.042 0.046 0.105
R2 0.803 0.813 0.807 0.805
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orrelation coefficients (R2 = 0.999) when the pseudo-second order
quation was employed. The pseudo-second order model is based
n the adsorption loading of the solid phase and predicts the behav-
or over the whole range of the adsorption process; where the rate
onstant K2 decreases with increasing concentration of MV2B in
olution.

.3.3. Thermodynamic parameters
The adsorption isotherms, varying the initial dye concentration,

ere tested to match with three common adsorption models: Lang-
uir, Freundlich, and Temkin (Fig. 4) [43].
The Langmuir isotherm equation is based on the physical

ypothesis that the maximal adsorption capacity consists of a
onolayer adsorption onto an outer surface of the adsorbent,
hich contains a finite number of identical sites and there are
o interactions between adsorbed molecules. Based upon these
ssumptions, the linear form of Langmuir equation can be repre-
ented as follows:

1
Qe

= 1
Qo

+ 1
QoKLCe

(8)

where Ce is the equilibrium concentration of adsorbate (mg  L−1),
e is the amount of dye adsorbed per gram of the adsorbent at equi-
ibrium (mg  g−1), Qo is the maximum monolayer coverage capacity
mg  g−1) and KL is the Langmuir isotherm constant (L mg−1). The
lot of 1/Qe versus 1/Ce will gives a straight line of slope 1/Qo and

ntercept of 1/KLQo. The values obtained are showed in Table 3.

able 3
hermodynamic parameters from adsorption isotherms.

Langmuir
QO (mg  g−1) KL (L mg-1) RL R2

361.0 0.1047 0.087 0.92046
Freundlich

1/n  n KF (mg g−1) R2

0.7115 1.405 38.082 0.94169
Temkin

AT (L g−1) bT B (J mol−1) R2

1.17 32.774 76.61 0.90256
 Ce

gmuir, (B) Freundlich and (C) Temkin.

The RL value indicates that the equilibrium sorption was favorable;
with maximum monolayer coverage capacity (Qo) of 361.0 mg  g−1

(0.361 g g−1).
The Freundlich adsorption isotherm is commonly used to

describe the adsorption characteristics for the heterogeneous sur-
face. The Freundlich isotherm does not predict any saturation of the
adsorbent by the adsorbate and assumes that if the concentration of
solute in the solution at equilibrium, Ce is the equilibrium concen-
tration of adsorbate (mg L−1), n is the amount of solute adsorbed,
Qe is the amount of dye adsorbed per gram of the adsorbent at equi-
librium (mg  g−1) and Kf is Freundlich isotherm constant. The linear
Freundlich adsorption isotherm can be expressed by the following
equation:

log Qe = log Kf + 1
n

log Ce (9)

The Freundlich model permit verify a thermodynamically favor-
able adsorption of MV2B onto the LDH Cu/Al surface as the
Freundlich constant n is greater than 1.

The Temkin isotherm contains a factor that explicitly taking
into the account of adsorbent–adsorbate interactions. By ignoring
the extremely low and large value of concentrations, this model
assumes a uniform distribution of binding energies between the
molecules adsorbed and adsorbent. Plotting the amount adsorbed
Qe against ln Ce is possible obtained the constants from the slope
and intercept according to the following model:

Qe = B ln AT + B ln Ce (10)

where AT is Temkin isotherm equilibrium binding constant (L g-1)
and B is constant related to heat of sorption (J mol-1). From this
model, the following values were estimated AT = 1.17 L g-1 and
B = 76.61 J mol-1, which is an indication of the heat of sorption indi-
cating a physical adsorption process.

The next lines are in order to discuss our results vis a vis another

studies, involving MV  dye adsorption on different materials, for
example, Dogan et al. [44] reported that the adsorption onto perlite
is favored with the temperature and pH, the process is controlled by
the diffusion. Azizian et al. [45] obtained a 0.095 g g-1 as maximum
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dsorption capacity using granular activated carbon. On the other
and, the NiAl-LDH possessing hierarchically porous nanoarchitec-
ures showed the maximum p-nitrophenol adsorption capacity of
7.7 mg  g−1 (0.0777 g g−1) reported by Sun et al. [25]. Our result

s in the same range for calcined Fe–Mg LDH in the adsorption of
range G, exhibiting a maximum sorption capacity of 0.3788 g g−1

46], considering these results, it is clear that the LDH Cu/Al material
s a good candidate to be used as sorbent.

Whit the purpose of evaluates some physical characteristics
efore and after adsorption, thermal and SEM studies were per-
ormed. Thermal Analysis profiles (TGA) for LDH Cu/Al as prepared
nd with MV2B adsorbed are shown in Fig. 5A, three main region
re shown from 40 to 400 ◦C. The first from 40 to 150 ◦C, for LDH
u/Al the peak observed around 129 ◦C (the peaks were obtained
rom first derivate), corresponds to the around 12% of mass loss in
he TGA curve, which was related to the desorption of the physi-
ally absorbed water into LDH layers, while for the LDH Cu/Al with
V2B adsorbed, the desorption temperature shifted to 124 ◦C. In

he second region from 150 to 280 ◦C, the weight loss was  about 15

nd 10% for the as prepared sample and adsorbed one respectively,
he peak ca. 180 ◦C is assigned to the desorption of interlayer water
f LDH [47]; for the adsorbed sample shifts to 184 ◦C, this fact can be
 reflectance UV–vis spectra and (F) 13C NMR  of: (a) LDH Cu/Al, (b) MV2B adsorbed

associated to the water interaction with the layer and dye. In the
last region from 280 to 400 ◦C, clearly only one peak appears ca.
322 ◦C and is assigned to the weight loss of MV2B adsorbed on the
LDH (nearly 6%) because for LDH Cu/Al any change was  detected,
the amount of dye adsorbed calculated from TGA was  350 mg  g−1

of solid. Up to 350 ◦C appears the weight loss (not shown) asso-
ciated to the decarbonatation, dehydroxylation and mixed oxides
formation [48].

Concerning to the morphology from SEM images, LDH Cu/Al
shows platelet form particles (Fig. 5A) while a change in the sur-
face morphology was  observed in the LDH Cu/Al after adsorption
process producing flake shape aggregates (Fig. 5B).

The MV2B-LDH Cu/Al interaction upon the adsorption process
is in line with the following, explanation. From the maximum
diffraction of plane 003 (Fig. 5C), is possible to conclude that the
interlamellar space of LDH was  not modified as a consequence
of the MV2  V adsorption, therefore the dye was not intercalated
between the layers, probably interacting with Al3+ cations which
commonly are present at surface and have a higher polarizing

power than CuII ones. IR results (Fig. 5D) showed that the band
due to C C in the aromatic ring was shifted 9 cm−1 towards higher
wavenumber when dye is adsorbed on HDL, meaning that main
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Fig. 6. Interaction mechanism for the adsorption process of MV2B onto LDH Cu/Al.
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xe of dye molecule is parallel to surface of LDH. Fig. 5E compares
V–vis-NIR spectra of the LDH Cu/Al, after adsorption and MV2B
igment solid samples. The colorant exhibits an absorption broad
and between 300 and 750 nm,  the electronic transitions observed

n colored solution are no evident, while for the sample after MV2B
dsorption the electronic transitions are clearly observed, suggest-
ng that exists also the interaction between the colorant and the
dsorbed water or OH of LDH. It seems that unbounded electron
air of amino group of dye interacts with Al3+ centers (of LDH)

eading to the delocalization of � electrons in the double bonds
 N and C C.

13C RMN  results (Fig. 5F) are in line with discussion above
escribed. It is evident that dislocation of � electrons results in a
ariation of relative intensities of NMR  signals as the local electronic
nvironment changing the relaxation time of signal. Note that sig-
als the most modified are that close to polar groups (amines),
hich are the ones expected to interact with the surface of LDH.

The high adsorption capacity of LDH Cu-Al can be attributed to
he stacking of colorant in layers by the �–� interactions from the
romatic rings; the adsorption mechanism proposed are exhibited
n Fig. 6.

.4. Photocatalysis

In order to evaluate the photocatalytic activity of LDH Cu/Al,
dsorption experiment in dark condition for 265 min  was per-
ormed (Fig. 7A red line), the uptake of approximately 95% of

he molecules in solution (100 mg  L−1 of MV2B) was noticed after
00 min. It could be seen that an equilibrium adsorption of MV2B
as reached within 150 min. After 265 min  the solution was stirred
nder UV light irradiation in order to start the photocatalytic
on of MV2B (light on), (C) pseudo first order kinetics degradation from L–H model,
r in text, the reader is referred to the web version of this article.)

reaction (Fig. 7A blue line), after 100 min  of irradiation the 100%
removal of MV2B was  achieved, whereas by photolysis using a con-
centration of MV2B of 0.25 mg  L−1, the colorant degradation was
not evident, verifying that the process is attributed to the photo-
catalytic activity of LDH Cu/Al (Fig. 7B).

The kinetic data of photodegradation mediate by LDH Cu/Al was
analyzed as a simple rate expression of Langmuir–Hinshelwood
(L–H) model [49]:

ln
(

Ct

C0

)
= kapt (11)

Yielding half-life, t1/2 (in min) as:

t1/2 = 0.693
kap

(12)

where kap is the apparent reaction rate constant and t is the reac-
tion time. Rate constant kap independent of used concentration
can be determined from the slope of the curve ln Ct/C0 versus t
(Fig. 7C). The linearity of the curves indicates that the kinetics
for the photocatalytic decomposition of MV2B follows pseudo-
first-order rate. The apparent decomposition rate constant was
0.00314 min−1 (t1/2 = 220 min).

To confirm the photo-degradation of MV2B, parameters as
chemical oxygen demand (COD) and total organic carbon (TOC)
were related to the absorbance, which also was measured dur-
ing the evolution of photocatalytic reaction (Fig. 7D and E,

respectively). Clearly, the absorbance in both analyses decreased,
confirming that the colorant is not present in solution otherwise the
absorbance values were higher, while the TOC and DQO profiles are
complexes. This behavior can be explained due to the occurrence of
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Fig. 8. EPR spectra of DMPO/•OH and DMPO/•OOH adducts formed during the pho-
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[1] V. Golob, A. Vinder, M.  Simonic, Efficiency of the coagulation/flocculation
odegradation. (For interpretation of the references to color in text, the reader is
eferred to the web  version of this article.)

imultaneous processes, one of them is associated to the desorption
f degradation products from MV2B.

On the other hand, the detection of several radicals by EPR spin
rapping with DMPO (this has been widely used to trap •OH in bio-
ogical systems as the DMPO–OH adduct) were tested in a system
ontaining 50 mM DMPO [50], LDH Cu/Al and solution containing
ye in the presence of UV light for a period of 90 s. An intense
PR signals exhibit the formation of various radicals that could be
ssociated with formation of superoxide and hydroxyl radicals and
ther organic radicals [51]. The most intense signals were assigned
o a DMPO/•OH complex (aN = 14.2 Gauss), which had a relative
ntensity of 1:2:2:1 as shown in Fig. 8(red mark). Another specie
ounded in solution was the superoxide radical, as is showed in the
ig. 8 (blue mark), with values of DMPO/•OOH adduct, aN = 14.2 and
8.2 Gauss. These results were reproducible in a repetition of the
xperiment.

EPR spectra show that hydroxyl radical, superoxide radical and
ther carbon centered radical were observed in solution, but super-
xide founded has less concentration, due to this radical is formed
rst, and the hydroxyl formed is part of the decay of superoxide.
MPO/•OH adduct has a half-life in the range of 12–156 min  in neu-

ral solutions. Hydroxyl radicals (•OH) in the presence of dissolved
olecular oxygen is converted into the superoxide anion (•O2

−)
52].

These data confirm presence of several radicals in solution and
hey are the support for describe a mechanism that includes the
ormation at least two species, hydroxyl and superoxide radicals.
he hydroxyl radical has been known that promotes the degrada-
ion of organic matter and thus be useful for improving the quality
f water contaminated with dyes. In the spectra appeared other sig-
als that can be assigned to another organic radical from products
f decomposition of dye as shown in the next scheme [53].

Catalyst + h� → Catalyst (e− + h+)

Catalyst(h+) + H2O → Catalyst + H+ + •OH

Dye + •OH → CO2
Catalyst(e−) + O2 → Catalyst + O−·
2

O−·
2 + dye → Products from dyes
Fig. 9. 13C NMR  spectra of (a) MV2B dye, MV2B adsorbed on LDH Cu/Al: (b) before
and (c) after photodegradation.

Fig. 9 compares the 13C NMR  MAS  spectra of pure dye, adsorbed
dye on LDH and dye after adsorption and subsequent photo-
catalysis. Significant changes regarding the aromatic carbons are
observed. The pure dye shows intense signals within 100–170 ppm
range but the signal intensity decreased significantly upon dye
adsorption with is explained because the low amount of dye
adsorbed and also because the change in the relaxation of signals as
explained above. With photocatalysis the spectrum is again mod-
ified, evidencing signals at stronger field, actually the signal close
to ppm is hard to assign to carbon bonded to nitrogen coming from
amine group, rather match with a carbon bonded to nitrogen of
a nitro group. It seems then that also the NH2 group is oxidized
to NO2.

4. Conclusions

LDH Cu/Al material was prepared by coprecipitation method;
the structure was confirmed by XRD and FTIR analyses. Adsorption
of MV2B dye process was described using Langmuir, Freundlich
and Temkin models, from this, high adsorption capacity in the
value of 361.0 mg  g−1 was obtained, associated to the physisorption
thermodynamically stable, the kinetics fitted to the pseudo-second
order mechanism. The high adsorption capacity of LDH Cu-Al can be
attributed to the stacking of colorant in layers by the �–� interac-
tions from the aromatic rings, more than 90% of the dissolved MV2B
was removed in the firsts 15 min. LDH Cu/Al showed photoab-
sorption characteristics giving an optical bandgap Eg = 2.85 eV; this
propriety was  evaluated in the photodegradation using UV power
source after adsorption equilibrium, the degradation process was
confirmed by the presence of radicals detected using spin trapping
technique (EPR) and the evolution of COD and TOC parameters. The
reaction degradation kinetics for the photocatalytic decomposition
of MV2B follows pseudo-first-order rate, the apparent decomposi-
tion rate constant was 0.00314 min−1 and t1/2 = 220 min. Important
characteristics were detected by 13C NMR  MAS  for the adsorbed and
after degradation samples.
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