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The adsorption of textile dyes onto Layered Double Hydroxides (LDH) and their thermally decomposed products
is a promising strategy for the treatment of contaminated effluents - combining high removal efficiency with rea-
sonable cost. The main purpose of this paper was to investigate the adsorption of textile azo dye Acid Yellow 42
(AY) onto calcined and uncalcined Mg-AI-COs-LDH. A set of analytical techniques was used to characterize the
materials, namely X-ray diffraction (XRD), Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR), thermogravimetric analyses (TGA), N, adsorption-desorption isotherms and Scanning Electron Mi-
croscopy (SEM). In the study of azo dye adsorption, the following factors were assessed: kinetics, adsorption ca-
Memory effect pacity, effect of temperature, initial pH value, and recyclability of the adsorbent material. The adsorption capacity
Intercalation of calcined LDH (CLDH) was almost four times greater than that of the LDH precursor: 1266 mg-g~'
Dye (1.669 mmol-g~ ') and 330.0 mg-g~ ! (0.4350 mmol-g '), respectively, at pH equal to 7.0 and 25 °C. The greater
Recyclability adsorption capacity for CLDH is related to the recovery property of these materials in light of the so called “mem-
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ory effect”, which allows an intercalation process of the anionic dye, as demonstrated by XRD data.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The pollution of rivers and lakes by textile dyes has resulted in a se-
ries of environmental problems with serious consequences for fauna
and flora. Approximately 100,000 kinds of dyes are available worldwide
with annual production exceeding 10,00,000 tons (Robinson et al.,
2001; Tan et al.,, 2015). During dye production and the dyeing process,
about 15% of all dyes are disposed of in wastewaters, primarily due to
incomplete fixation of the dye onto the fabric (Tan et al., 2015). Adsorp-
tion processes have been extensively studied for the removal of dyes
from textile wastewaters. High removal efficiency, low cost of installa-
tion, and management are key factors in the implementation of adsorp-
tion processes on the industrial scale (Gupta and Suhas, 2009;
Darmograi et al,, 2015).

The Layered Double Hydroxides (LDH), also called hydrotalcite-like
compounds, and their thermal decomposition products are receiving
greater levels of interest in the removal of various contaminant species
such as dyes, surfactants, agrochemicals, and inorganic anions from
aqueous solutions (Dos Reis et al., 2004; Santos et al., 2013; Lu et al.,
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2015; Zhao et al., 2015). LDH can be described by the general formula
M"; _ , M", (OH),] A"~ n-mH,0, abbreviated as [M"-M"-A], where
M!" and M™ are divalent and trivalent metal cations, A"~ is the interca-
lated anion with n — electrical charge, and m denotes the number of in-
terlayer water molecules (Forano et al., 2013). The calcination of LDH at
moderate temperatures (400-550 °C) can lead to the formation of
metastable mixed oxides. These mixed oxides demonstrate an interest-
ing property known as the “memory effect”, which is the recovery of the
layered structure of LDH upon contact with water or aqueous solutions
containing anions (Forano et al., 2013; Baskaran et al., 2015).

In literature, several studies have described the adsorption of dyes
by LDH compounds (Jia et al., 2015; Shan et al., 2015; Koilraj et al.,
2016; Yang et al., 2016). El Gaini et al. (2009) showed the efficiency of
calcined MgAI-LDH in the removal of Indigo Carmine (IC) dye from
aqueous solutions. The adsorbent material calcined at 600 °C showed
the highest efficiency of dye removal, with a maximum adsorption ca-
pacity of 3.83 mmol-g~'. The intercalation of the organic anion, as
well as the recovery of the initial layered structure, was clearly evident
by the peak dislocation d(003) from 0.76 to 2.13 nm (El Gaini et al.,
2009).

In another study, Ni et al. (2007) reported the application of calcined
ZnAl-LDH for the Methyl Orange (MO) dye adsorption. The maximum
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adsorption capacity was 0.56 mmol-g~ . The recycling capacity tests of
the adsorbent material (calcined LDH) showed, in repeated calcination/
adsorption cycles, that the material can be reused in more than three cy-
cles with no significant loss of its adsorption capacity (Ni et al., 2007).

The main objectives of this work were to evaluate the potential for
MgAIl-LDH materials, in their uncalcined (LDH) and calcined (CLDH)
forms, as adsorbents in the removal of Acid Yellow 42 azo dye from
aqueous solutions. The effect of various factors such as kinetics, adsorp-
tion capacity, temperature, concentration, and initial pH value was stud-
ied. Furthermore, the recyclability of CLDH in repeated calcination/
adsorption cycles was assessed. The Acid Yellow 42 azo dye was chosen
in this study because it is widely used in industry for dyeing wool, silk,
polyamide fibers, and leather. Its presence in industrial textile effluents
is highly damaging to the environment.

2. Experimental
2.1. Materials

Aluminum nitrate nonahydrate, magnesium nitrate hexahydrate,
sodium hydroxide, sodium carbonate and hydrochloric acid were pur-
chased from Sigma-Aldrich®. Acid Yellow 42 dye (abbreviated as AY)
was supplied by BASF Company (commercial name Luganil Yellow
G®), Porto Alegre-RS, Brazil. The chemical structure and some charac-
teristics of AY are reported in supplementary material (Table S1). The
reagents - used as purchased without further purification - were all of
analytical grade. All solutions were prepared with high purity deionized
water.

2.2. Preparation of the adsorbent materials

LDH was prepared by a coprecipitation method at constant pH value
as follows: a solution containing Mg(NOs3),-6H,0 (54.0 mmol) and
Al(NOs)3-9H,0 (18.0 mmol) in water (250 mL) was added dropwise
under vigorous stirring to a solution containing Na,CO3 (73.0 mmol)
in water (1000 mL). A NaOH solution (2.00 mol-L™!) was added
dropwise to keep the pH value constant at 10.0. The resulting slurry
was aged at 65 °C for 24 h. After synthesis, the solid in suspension was
washed with deionized water by centrifugation/resuspension cycles
until the pH was 7. The material was subsequently dried at reduced
pressure in the presence of silica gel. To prepare the calcined LDH
(abbreviated as CLDH), LDH was heated in a tubular furnace at 550 °C
for 4 h under atmospheric air with a flow of 50 mL-min~ ! and heating

rate of 10 °C-min~— .

2.3. Synthesis of azo dye-intercalated LDH

AY-intercalated LDH (abbreviated as LDH-AY) was prepared by
coprecipitation at a constant pH value of 10.0 under nitrogen atmo-
sphere, avoiding the formation of carbonate-intercalated LDH. The
properties of this material were compared with those of the LDH and
CLDH submitted to adsorption tests. For this synthesis, a solution
containing Mg(NOs3),-6H,0 (5.40 mmol) and AI(NOs3)3-9H,0
(1.80 mmol) in water (25.0 mL) was added dropwise under vigorous
stirring to a solution containing AY (4.50 mmol) in water (100 mL).
The resulting slurry was washed with deionized water by centrifuga-
tion/resuspension cycles until the pH value was 7. The solid material ob-
tained was hydrothermally treated at 65 °C for 24 h. The material was
then dried at reduced pressure in the presence of silica gel.

2.4. Characterization methods

The elemental analysis was carried out using a ContrAA 300 high-
resolution continuum source flame atomic absorption spectrometer
(Analytik Jena). X-ray diffraction (XRD) was performed using a
Shimadzu XRD-6000 diffractometer with graphite crystal as

monochromator to select Cu-Koy; radiation (A = 1.5406 A), with a scan-
ning rate of 0.02°-s~ !. Thermogravimetric analyses (TGA) were carried
out under synthetic air atmosphere at 10 °C-min ™!, using TGA/DSC 490
PC Luxx. Attenuated Total Reflectance with Fourier Infrared Spectrosco-
py (ATR-FTIR) spectra were recorded on a Jasco FTIR 4100 spectropho-
tometer. The specific surface area and pore distribution of the material
were analyzed by N, adsorption-desorption isotherms at — 196 °C on
a Micromeritics ASAP 2000 instrument. SEM analysis was accomplished
on a scanning electron microscope provided with a field emission gun
(FEG-SEM, JEOL-7500F). The samples were supported in the sample
chamber by dispersing the powder upon conductive double-sided
carbon tape.

2.5. Batch adsorption tests

2.5.1. Analysis of the azo dye concentration

The concentration of AY in the supernatant - determined eventually
by comparison with a previously obtained standard curve - was obtain-
ed using a UV-vis spectrophotometer (Evolution 300, Thermo) with the
absorbance being measured at A = 410 nm in quartz cuvettes with an
optical path length of 10 mm.

2.5.2. Effect of initial pH value

As the dye adsorption capacity of the CLDH was much greater
than that of LDH, the effect of pH value, temperature and the adsorption
kinetics were studied only for CLDH. Suspensions were stirred in a
thermostatic bath at 25 °C for 420 min. The tested initial pH values - ad-
justed by NaOH or HCl solution addition - were 4.0, 7.0, and 12.0. The
dye concentration of these solutions ranged from 50 to 2000 mg-L™ .

2.5.3. Adsorption kinetics

The suspensions were prepared by adding CLDH (10 mg) to 20 mL
AY solutions (250, 500, 1000 and 2000 mg-L~") at a pH of 7.0. The sus-
pensions were placed in a thermostatic bath at 25 °C under stirring for
different times (0-420 min) and the solid material was then separated
by centrifugation. The kinetic models of pseudo-first order (Eq. (1)),
pseudo-second order (Eq. (2)) and intraparticle diffusion (Eq. (3))
were tested.

k
log(qe—q,) = logde— 5355t (1)
t 1 1
— = +—t 2
q; kaQe? Qe @
e =kit"/? +C (3)

where ge and q; are the adsorbed amounts (mg-g~!) of AY per gram of
adsorbent at equilibrium and at time t (min), respectively; k; and k; are
the velocity constants of pseudo first-order and pseudo second-order,
respectively; k; is the constant representing the intraparticle diffusion
rate, and C is the intercept.

2.5.4. Adsorption isotherms and thermodynamic study

Adsorption isotherms were determined from the adsorption equilib-
rium of the kinetic experiments (420 min). The dye concentration of
these solutions ranged from 50 to 2000 mg-L~!. The suspensions
were stirred in a thermostatic reciprocating shaking bath at 25, 30, 35
and 40 °C. The amount of AY adsorbed at equilibrium (qe, mg-g~")
was calculated using the following equation:

Co—C,
g = vt @)
where G, is the initial dye concentration (mg-L™"); C, is the equilibrium
dye concentration (mg-L™!); Vis the volume (L) of the dye solution;
and m is the mass (g) of LDH or CLDH.
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2.5.5. Recyclability of the adsorbent

The recyclability of the adsorbent was evaluated by repeated adsorp-
tion/calcination cycles using the same CLDH sample. A constant dosage
of CLDH (500 mg-L™!) was placed in 250 mg-L~! AY solutions at 25 °C
and kept in contact for 420 min. This procedure was repeated five times,
with the adsorption capacity being calculated for each cycle.

3. Results and discussion
3.1. Materials characteristics

According to the elemental analysis and TGA curve, the molar Mg:Al
ratio was equal to 2.70 and the water amount was 14.3%, respectively,
corresponding to the LDH formula [Mgg_73Alg27(OH)3] (CO3)0.13-0.62
H,0. Considering that AY?~ dye can be immobilized on LDH by ion ex-
change reaction, its expected AY dye adsorption capacity is
1.724 mmol-g~'. Nevertheless, it is well known that the carbonate an-
ions are not easily exchanged by other anions. In this context, the ad-
sorption studies will be focused on CLDH, due to the carbonate
decomposition during the calcination. The mixed oxide put in contact
with an anionic solution, is rehydrated, recovering the LDH structure,
allowing the intercalation of anions to balance the positive charged
LDH layers.

The XRD patterns (Fig. 1) of the materials LDH, CLDH, RLDH (sample
obtained after CLDH contact with a 2000 mg-L~" AY solution at pH
value 7.0 for 420 min at 25 °C) and LDH-AY were recorded. For the
LDH sample, basal reflections, which are related to the lamellar stacking
plane characteristic of LDH structure, can be observed for (00l) planes,
where | = 3, 6 and 9 (Fig. 1a.). For this material, the interlayer space
(d) calculated from the Bragg equation (n\ = 2d-sen 6) is 7.65 A,
which can be assigned to the intercalation of carbonate ions between
the inorganic lamellae (Forano et al., 2013). For CLDH, the XRD analysis
(Fig. 1b) showed a collapse of the layered structure, evidenced by the
disappearance of the basal reflections, and the typical formation of the
defect periclase MgO structure (Mg(Al)O), (Thomas et al., 2006). The
diffractogram of RLDH (Fig. 1c¢) indicates the presence of two LDH
phases. One phase is related to the intercalation of AY, labeled as
squares in Fig. 1, with dgo3 equal to 20.0 A. The other phase with dgos
equal to 7.54 A, labeled as triangles in Fig. 1, is attributed to the
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Fig. 1. XRD patterns of (a) LDH, (b) CLDH, (c) RLDH and (d) LDH-AY. A = LDH; O =
periclase MgO phase (ICSD no. 95468), O = LDH-AY phase.

intercalation of hydroxide and/or carbonate ions. The recovery of the la-
mellar structure after the adsorption experiments is related to a proper-
ty known as the “memory effect” (Forano et al., 2013; Baskaran et al.,
2015). The diffractogram of LDH-AY (reported here for the first time)
(Fig. 1d.) shows the presence of basal reflections (003), (006) and
(009) and an interlamelar space value equal to 20.2 A. This value is
very close to that one observed for RLDH, which indicates an intercala-
tion process of the AY when using CLDH.

The ATR-FTIR spectrum of LDH (Fig. 2a) shows characteristic bands
of hydrotalcite-type compounds. The bands at 3440 and 1640 cm ™!
are attributed respectively to the O—H stretching and bending vibra-
tions of hydroxyl groups and water molecules (Benselka-Hadj
Abdelkader et al., 2011). The band at 1364 cm™ ' is assigned to a vibra-
tional mode of the CO3 anions (Roelofs et al., 2002; Li et al,, 2016). The
ATR-FTIR spectrum of CLDH (Fig. 2b) shows bands in the region below
850 cm™ !, which are assigned to the vibrational modes of Al—0 and
Mg—oO in the Mg(Al)O resultant material (Auxilio et al., 2009; Santos
et al,, 2013). The ATR-FTIR spectrum of RLDH (Fig. 2c) displays several
bands characteristic of the organic dye (Fig. 2d), and the existence of a
band at 1650 cm ™! attests that the CLDH sample was rehydrated. In
the RLDH spectrum, the bands corresponding to the antisymmetric vi-
brational modes of the sulfonate groups of AY are observed at 1367
and 1337 cm™ !, and the symmetric vibrations at 1024 and 997 cm™ .
Bands at 2910 cm™ ! and 1461 cm™ ' are also observed, which are relat-
ed to the axial deformation and bending of the C—H of the CHs in the
dye structure respectively, while the bands at 1148 cm™ ' and
1157 cm~ ! are related to the C—N vibration (Extremera et al., 2012).
The bands at 1600-1400 cm™ ! and 800-700 cm™ ! regions are attribut-
ed to the aromatic ring stretching and bending, respectively. These
bands confirm that the AY molecules adsorbed into the material, thus
keeping their original structure.

The TGA curve of LDH (Fig. 3a) shows the usual thermal decomposi-
tion profile of these materials (Forano et al., 2013). The events can be di-
vided into three main steps: the first one occurs between room
temperature and 210 °C (mass loss of about 14%) and corresponds to
the evaporation of weakly adsorbed water molecules on the surface,
as well as water molecules from the interlayer space. The second
event, which ranges from 210 °C to 450 °C (mass loss of 18%), is related
to the decomposition of the hydroxide layers. The third step has an
overlap with the second one (mass loss of 3%), and is ascribed to the de-
composition of CO3 ™~ anions from the interlamellar space, leading to the
collapse of the layered structure concomitantly with the oxide crystalli-
zation (Constantino and Pinnavaia, 1995). TGA curve of RLDH sample
(Fig. 3b) also presents events that can be divided into three main
steps. The first one occurs from room temperature to 218 °C (mass
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Fig. 2. FTIR spectra of (a) LDH, (b) CLDH, (c) RLDH and (d) AY.
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Fig. 3. Simultaneous TG, DTG and DSC analysis profiles for (a) LDH and (b) RLDH samples.

loss of 14%) and it is related to the material dehydration. The second
step is observed from 218 °C to 580 °C (mass loss of 31%) and it is
assigned to the occurrence of concomitant events: (i) the release of
water molecules from dehydroxylation process of the LDH layers; (ii)
the decomposition of the adsorbed and intercalated AY anions. In the
second step of decomposition, DSC curve presents one overlap of two
exothermic processes associated to the release of CO, from adsorbed
and intercalated AY anions. The third step occurs at temperatures
above 580 °C and the small weight loss of about 1% can be associated
to release of CO, derived of reminiscent AY anions. Based on the residue
mass of the two samples, RLDH has more volatile products than LDH,
corroborating with the proposal of AY adsorption/intercalation into
the inorganic adsorbent, as already suggested by XRD and vibrational
spectroscopy data.

N, adsorption/desorption isotherms of LDH and CLDH are shown in
Fig. 4. According to the IUPAC classification, the LDH and CLDH samples
displayed the II-type adsorption isotherm characterized by the absence
of a plateau in the relative pressure close to 1, evidencing the presence
of macroporous, i.e. pore sizes larger than 50 nm. However, the hyster-
esis loop between the adsorption and desorption branches is character-
istic of mesoporous materials with pore sizes smaller than 50 nm.
Therefore, the presence of both features hints on the coexistence of
mesopores and macropores. The shape of the hysteresis loop is in accor-
dance with the H3 type of IUPAC classification, usually associated to slit-
shaped pores formed by platelet aggregation resulting in large pores
size distribution. The inset information in Fig. 4 shows a wide range of
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Fig. 4. N, adsorption/desorption isotherms of the LDH and CLDH samples. Inset shows the
pore size distribution of the materials.

pore size distribution for both materials, but a large increase in the fre-
quency of mesopores with size lower than 70 A is verified after LDH cal-
cination. This result was expected due to the release of water and
carbonate from the structure (the latter as carbon dioxide), giving rise
to a new mesopores family. This inherent mesoporosity, makes the
CLDH material appropriate for adsorption processes involving species
with dimensions between 5 and 20 A (Auxilio et al., 2009).

The textural properties of the materials are reported in Table 1.
The mean mesopore size was determined by the ratio between
the mesopore volume (Vi) and the specific surface area (Sggr), 4Vimp/
Sger, encompassing the different pore shapes and families. The analysis
of the specific surface area and mesopore volume shows that the cal-
cined material performs twice as well as the precursor material, while
the mean mesopore size decreased to a half. These features evidence
that LDH calcination lead the formation of small mesoporous due to
the emptying of the interlamellar space induced by the release of the in-
tercalated species. On opposite the specific surface area and pore vol-
ume of RLDH considerably decreased (7.5 and 9.5 times, respectively),
while the mean mesopore size increased, due recovery of the lamellar
structure during the AY adsorption.

The SEM images of LDH and CLDH (Fig. 5a and b) presented platelets
arrayed in a rosette aggregate crystal shape. In the case of CLDH
(Fig. 5b), the collapse of the LDH structure, due to the calcination pro-
cess, produces a rearrangement of the platelets. The SEM images of
RLDH (Fig. 5¢) suggest the coating of platelets by AY anions, resulting
in a structure with defects and interconnected edges.

3.2. Batch adsorption tests

3.2.1. Effect of initial pH value

The effect of solution pH value on the removal of AY by CLDH was
studied and adsorption isotherms at 25 °C are displayed in Fig. 6.
When the pH of the initial solution was 4.0, the efficiency of dye remov-
al by CLDH was lower than at pH 7.0. This can be explained by the in-
creased solubility of CLDH in an acidic medium. At pH value 12.0, the

Table 1
Experimental textural properties of the samples.

Sample Surface area® Average pore diameter” Pore volume®
(m?-g™") (A) (cm®-g™")

LDH 48 144 0.175

CLDH 105 80 0.361

RLDH 14 99 0.038

2 BET method.
> BJH method.
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Fig. 5. SEM micrograph of (a) LDH (b) CLDH, and (c) RLDH.

isotherm shows a lower efficiency of dye adsorption than at pH 4.0 and
7.0 due to the decrease in positive charge density on the surface of CLDH
- neutralized by the excess OH™ ions present in the medium. The iso-
electric point of Mg-Al-CO3-LDH is 10 and its zeta potential at pH 12 is
—30 mV, i.e, the LDH surface is very negatively charged above pH 10
(Pavan et al., 1999). The efficiency of AY adsorption was highest at pH
value 7.0, which means that this type of adsorbent material is more at-
tractive for anionic dye adsorption in aqueous neutral solutions. The
LDH has a positive zeta potential at pH 7.0 and the dye is negatively
charged, therefore electrostatic interactions are favored.

3.2.2. Kinetics of AY adsorption onto CLDH

The kinetic study for LDH was not included in this work due to the
lower adsorption capacity for this material compared to CLDH. The ef-
fect of the initial concentration of AY dye solution on the kinetics of
AY adsorption onto CLDH was verified (Fig. 7). The amount of adsorbed
AY increased rapidly in the first hour and reached steady state equilibri-
um after about 5 h.

The experimental data were best fitted using a pseudo-second-order
equation (Fig. 7a dashed lines), showing that the process is controlled
by chemical adsorption. The kinetic parameters for the adsorption of
AY onto CLDH were calculated (Table. 2).

The intraparticle diffusion model (Fig. 7b) provides a possible mech-
anism by which the adsorption occurs as a function of contact time.
Since the adsorbent material has a textured porous structure, the ad-
sorption process can occur in a complex way and at different stages,
such as external mass transfer, inner diffusion of the adsorbate into
the pores, and adsorption onto actives sites. For sample in contact
with 1000 and 2000 mg-L™! AY solutions the plots of the intraparticle
diffusion model show three main region shapes, which are attributed

@ pH=70
: @ pH=40
200 @ pH=120
e e Langmuir isotherm model
0 T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600

C, (mg.L™)

Fig. 6. Kinetics of AY adsorption on CLDH at different initial concentration and data fitting
by (a) pseudo second-order kinetic model and (b) intraparticle diffusion model (T =
25 °C; Co = 500 mg-L~ ' CLDH; pH = 7.0).

to external surface instantaneous adsorption (kp;), gradual intraparticle
diffusion (kpz) and the final equilibrium stage (kps), where the avail-
ability of active sites decreases and the intraparticle diffusion slows
down (Zhang et al., 2014). The first step shows a higher adsorption
rate in the first hour. The second step is related to the rate-determining
step in which the process occurs by intraparticle diffusion. The last step
also occurs as a rate-determining step but as a consequence of the ther-
modynamic equilibrium reached with the gradual saturation of the ad-
sorption sites. For the less concentrated AY solutions (500 and
250 mg-L~ 1), the profile of adsorption process is characterized by a sin-
gle step, during the first 2 h, followed by a plateau. This feature indicates
that the adsorption occurs mainly on the external surface for solutions
with low AY concentration.
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Fig. 7. Adsorption isotherms of AY onto CLDH at different temperatures. Inset shows the
adsorption isotherm using uncalcined LDH at 25 °C.
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Table 2

Pseudo second-order parameters for the adsorption kinetics of AY on CLDH.
Co (mg-L™") ko (g-mg™'-h™") Ge (mg-g~") RS
250 1.14-1073 641.0 0.984
500 4.45-1074 1178 0.985
1000 8.00-104 1382 0.998
2000 1.05-10—3 1399 0.999

3.2.3. Adsorption isotherms

As stated above, batch experiments were used to interpret the ad-
sorption equilibrium. In this study, the experimental data were ana-
lyzed according to the Langmuir and Freundlich isotherm models
presented in the Supplementary information. The adsorption capacity
of LDH and CLDH samples (Fig. 8) increased gradually when the dye
concentration in the aqueous phase increased, reaching saturation at
high concentrations.

The equation for the line of best fit obtained for the Langmuir model
showed a greater correlation coefficient (R?) than for the Freundlich
model (R2) (Table 3), indicating homogeneity of the surface of the ad-
sorbent material and the formation of a monolayer of azo dye species
covering the surface of the adsorbent.

The adsorption capacity of CLDH was almost four times greater
(1266 mg-g~ ! or 1.669 mmol-g~') than that of the precursor LDH
(330.0 mg-g~ ! or 0.4350 mmol-g~!), demonstrating a higher affinity
between the adsorbent and the adsorbate. The high adsorption capacity
of the CLDH is due to the recovery process (intercalation and adsorp-
tion), its greater specific surface area and its positive charged sites
(Guo et al., 2013). Considering the specific surface area of both CLDH
and LDH materials, the adsorption capacities could be expressed respec-
tively as 12.06 and 6.875 mg-m™ 2, showing that the calcined material
has almost twice of available adsorption sites per m? than the pristine
LDH. Taking the CLDH formula and considering that all carbonate anions
are lost in calcination (and all LDH is recovered), the expected adsorp-
tion capacity was 3.125 mmol-g~', by the following reaction with AY
anions (Extremera et al.,, 2012):

Mg 73Al02701 135 + 0.135AY>~
+ (m + 1‘135) HZO_) [Mg0.73AIO.27(OH)2} AY0_135 . mHzo
+0.270H™

In this case, the recovery of the LDH structure occurs by the adsorp-
tion process, where the AY ions are neutralizing the positive electrical
charge of the layers. The experimental adsorption capacity of
1.669 mmol-g~! is half of the expected capacity (3.125 mmol-g~!)

1400
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‘_E’ 1
o 600 ; LDH
o ° CL?E' 150{ ¢ o 25°C
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- Qo 3
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------ Langmuir isotherm model
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Fig. 8. Effect of pH on the AY adsorption onto CLDH at 25 °C.

Table 3
Langmuir and Freundlich parameters for the adsorption of AY on LDH and CLDH.
Adsorbent Temperature Langmuir constants Freundlich
(°C) constants
Qmax ky RE* Kk N RE
(mg-g~') (L-mg™")
LDH 25 330.0 0.1264 0.999 201.0 127 0.937
CLDH 25 1266 0.1364 0.999 609.8 945 0.851
CLDH 30 1312 0.1323 0.999 5221 739 0.744
CLDH 35 1328 0.1747 0999 6249 9.03 0818
CLDH 40 1363 0.1763 0.999 628.1 8.77 0.846

2 R? and R$: correlation coefficients of Langmuir and Freundlich, respectively.

due the incomplete LDH recovery and the formation of the carbonate-
or hydroxide-intercalated LDH phase, as suggested by XRD and vibra-
tional spectroscopy data. Similar findings were reported in the literature
for calcined Mg-Al-CO3 LDH (Auxilio et al., 2009; Santos et al., 2013).
Some (ax Values reported in the literature for dye adsorption/sorption
on CLDH are gathered in Table 4. The results highlight the higher perfor-
mance obtained in this work in comparison with the cited studies for
dyes applied in various dyeing processes.

3.2.4. Thermodynamic study

The effect of temperature on AY adsorption by CLDH was investigat-
ed using the adsorption isotherms at each temperature (Fig. 8). The
amount of AY adsorbed on CLDH improved with increasing tempera-
ture, which are expected for endothermic process. The thermodynamic
adsorption properties AH, AS and AG were calculated using Egs. (5) and
(6) (Van't Hoff equation):

AG ° = —RT Inkg (5)
Inkgg = —AH °/RT + AS °/R (6)

where k,q is the Langmuir constant (L-mg™~") - obtained in each adsorp-
tion isotherm - multiplied by the density of water (10° mg-L™1!) (Yu et
al., 2015). The extensive thermodynamic properties can be evaluated
from the Van't Hoff plot shown in Supplementary information (Fig.
S1), and the results are reported in Table 5.

The positive value of enthalpy (AH®) confirms the endothermic na-
ture of the process, while the positive value of entropy (AS°®) suggests
an increase in disorder at the solid-solution interface. The negative
values for Gibbs free energy (AG®) indicate that the adsorbed dye is
more stable than when in solution. Similar results for increased adsorp-
tion capacity at higher temperatures are reported in the literature for
different CLDH of Zn—Al, Mg—AIl, Mg—Fe (Ni et al., 2007; Asouhidou
et al,, 2012; Extremera et al., 2012).

Table 4
Comparison of several qmax Values reported for dye adsorption/sorption on CLDH.
Mg:Al molar Dye Qmax Reference
ratio (mg-g~ 1)
3:1 Acid orange 10 227.089 Extremera et al.
(2012)
2:1 Remazol orange GR110  106.27 Teixeira et al. (2012)
2:1 Remazol golden yellow  657.2 Teixeira et al. (2012)
RNL
3:1 Acid orange 10 134.37 Asouhidou et al.
(2012))
2:1 Methy! orange 5775 Zheng et al. (2012)
3:1 Acid green 68:1 154.8 Santos et al. (2013)
2:1 Brilliant blue R (BBR) 620 Zhu et al. (2005)
2:1 Benzopurpurine 4B 417.36 Drici Setti et al.
(2010)
1:1 Congo red 143.27 Liet al. (2016)
2:1 Methy! orange 1219.5 Deng et al. (2016)
3:1 Acid Yellow 42 1265.9 This study




138 R.M.M. Santos et al. / Applied Clay Science 140 (2017) 132-139

Table 5
Thermodynamic parameters at various temperatures.

Temperature (°C) Thermodynamic parameters

AG (K-mol™")  AH(KJ-mol™")  AS(kJ-K~'-mol~")
25 —29.29 16.23 0.1520
30 —29.71
35 —30.91
40 —31.43

3.2.5. Recyclability of the adsorbent

The material collected after the adsorption experiments can be
reused following a thermal treatment at 550 °C for 4 h under an oxygen
atmosphere. Fig. 3b shows that this temperature value is suitable for the
adsorbed AY decomposition. Besides, the adsorbent can be recycled if
heated at 550 °C with a crystalline structure similar to that of the sample
calcined previously.

The capacity of AY to adsorb onto CLDH was tested in five regenera-
tion cycles (Fig. 9). After the first use, the adsorption capacity reached
100, 98.9, 90.1 and 62.5% of the initial capacity. Crepaldi et al. (2002)
also reported the possibility of regeneration of CLDH after terephthalate
adsorption with only a small and gradual reduction in adsorption capac-
ity, indicating an important ecoefficient property (Crepaldi et al., 2002).
The decrease of the adsorption values can be explained by the progres-
sive loss of crystallinity during the recovery of the precursor materials as
well the incorporation of certain amounts of decomposition compounds
of azo dye in the regenerated materials (Zhu et al., 2005).

4. Conclusion

The Mg-Al-CO3-LDH was prepared by coprecipitation at constant pH
value. The XRD for this material showed the presence of characteristic
basal reflections for the formation of Mg-Al-COs-LDH with a interlayer
space of 7.65 A. The XRD pattern of calcined LDH showed typical
peaks of MgO phase. For RLDH sample recovered after the azo dye ad-
sorption, the diffraction pattern showed a phase with the presence of
basal reflections related to the intercalation of azo dye AY42, with a in-
terlayer space of 20.02 A, and the other phase with basal reflections re-
lated to the intercalation of hydroxide or carbonate ions, with a basal
space of 7.54 A.

The adsorption capacity of calcined sample (CLDH) was almost four
times greater than that of the precursor material, 1265.9 mg-g ™!
(1.67 mmol-g~!) and 330.033-mg g~ ' (0.435 mmol-g~!), respective-
ly. The adsorption isotherms fitted best to the Langmuir model. Kinetic
experiments showed that the concentration reaches steady state equi-
librium between 240 and 360 min, depending on the dye solution con-
centration, and the kinetic models showed that the adsorption rate is

100% 100% 98.9%

500+ 90.1%

62.5%

1 2 3 4 5
Cycle number

Fig. 9. Recycling of the adsorbent CLDH after azo dye adsorption, Co = 250 mg-g~ !

at25°C.

controlled by the chemisorption. Though the calcination method is not
environmentally friendly as it produces air pollution and consumes a
lot of energy, the recycling of the material for reuse after azo dye
adsorption showed good efficacy in up to five cycles of recyclability.
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