
RESEARCH ARTICLE

Removal of two anionic reactive textile dyes by adsorption
into MgAl-layered double hydroxide in aqueous solutions

Saber Boubakri1,2 & Mohamed Amine Djebbi3,4,5 & Zaineb Bouaziz3,6 & Philippe Namour5 & Nicole Jaffrezic-Renault4 &

Abdesslem Ben Haj Amara3 & Malika Trabelsi-Ayadi1 & Ibtissem Ghorbel-Abid2
& Rafik Kalfat2

Received: 31 October 2017 /Accepted: 23 May 2018 /Published online: 6 June 2018
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Textile dyes pose a significant challenge for water pollution due to the poor degradability of their complex aromatic structures
(e.g., RR-120 and RBB-150). In order to minimize the harmful effects of RR-120 and RBB-150, the capacity of MgAl-layered
double hydroxide for removing of these contaminants was studied herein. Batch adsorption experiments were conducted to
investigate the effect of various operating parameters, such as solution pH, contact time, dye concentration, and temperature in
order to provide optimal conditions for removal. Structural and morphological analyses were used to highlight the assembly and/
or interaction LDH-dye. The state of equilibrium of RR-120 and RBB-150 adsorption was pH- and temperature-dependent and
followed the pseudo-second-order rate model. Also, the equilibrium adsorption data of both dyes were found to adopt the
Langmuir type isotherm model, which assumes a monolayer arrangement in LDH-dye. Furthermore, the effects of four major
coexisting and competing mono- and divalent interlayer anions, such as NO3

−, Cl−, CO3
2−, and SO4

2−, on the uptakes of RR-120
and RBB-150 were studied and the results showed that NO3

− anions had insignificant effect on the uptakes of RR-120 and RBB-
150 by MgAl. An equivalent study on the presence of both dyes in competitive trial adsorption/desorption from binary aqueous
solution was investigated. And finally, the reuse operation of recovered material after dye adsorption was tested in up to 5 cycles
of recyclability.
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Introduction

Clean water is a finite and vulnerable resource essential for all
living organisms to sustain life, development, and environ-
ment. Preventing contamination and minimizing waste be-
come a serious question worrying the society. However, the
growing demand for new and more diverse products and tech-
nological developments influences our society and spurs the
rising use of synthetic chemicals, which in turn increases the
emission of pollutants and by-products harmful to human
health and ecosystem.

Over a large range, synthetic dyes resulting from the indus-
trial use, including textiles, leather, dyeing, paints, and print-
ing, in food and pharmaceutical or cosmetic applications, and
in metallurgy process, plastics, and agro-chemistry are one of
the most pollutants releasing industries of the world (El
Hassani et al. 2017; Santos et al. 2017). They are continuously
causing unimaginable harm to the environment. Indeed, the
presence of these substances in aquatic environment reduces
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light penetration and disturbs biological cycles of aquatic bi-
ota, potentially affecting the photochemical activities
(McMullan et al. 2001; Robinson et al. 2002; Pereira and
Freire 2005). Moreover, the presence of these toxic pollutants
in drinking water may cause severe damage to human beings,
such as renal dysfunction, reproductive system, liver, brain,
and central nervous system, and have been characterized as
mutagenic and carcinogenic (Özcan and Özcan 2004;
Abdellaoui et al. 2017; Mahjoubi et al. 2017). Particularly,
reactive dyes represent the major category of the synthetic
dyes. They are extensively used in textile industries, due to
their excellent binding ability with textile fibers through co-
valent bonds between reactive group and fiber (Darsana et al.
2015).

Reactive Red-120 (RR-120) and Reactive Blue Bezaktiv-
150 (RBB-150) are one of the oldest synthetic dyes that are
frequently employed in many industrial sectors especially in
dyeing clothes. However, dyeing processes based on the use
of reactive dyes generate a massive amount of unfixed dyes
and the wastewater as by-product of this process may interfere
with the ecosystem through the effluent discharges. Surveys
show that nearly 20% of total global production is lost during
dyeing process and disposed in wastewater (Hossein and
Behzad 2012). Consequently, by virtue of poor degradability
and the detrimental effect on the environment, parallel to the
substantial amount discharged into wastewater, various
methods of removing and degrading these compounds have
been studied taking into account the rational and efficiency
factors. Among them, membrane filtration, biological treat-
ment, adsorption, electrochemical and photochemical
methods, coagulation/flocculation, degradation, and ozona-
tion (Dos Santos et al. 2007; Singh and Arora 2011).

Despite the above-mentioned water treatment methods,
most of them are highly operation and maintenance costs. Of
all these methods, adsorption process has wide industrial
applicability/utility and has been proved to be an effective
and economically feasible technique to treat colored effluents,
since it combines low-cost, simple operation, availability of
different adsorbent, and high removal rate (Santhosh et al.

2016). However, the tangible drawback of this method is the
high-cost and tedious procedure for the regeneration of the
conventional sorbent (i.e., activated carbon); hence, the need
for a cheaper and equally effective substitutes is still required
to meet this difficult task. Attention has been focused on the
development of the substitutes occurring from natural clay
materials.

Synthetic hydrotalcite-like materials (HT), such as layered
double hydroxide (LDH), have received extensive attention
over the last decade in the removal of various contaminant
species from aqueous solutions (Forano 2004; Rojas 2012,
Zubair et al. 2017). Also defined as anionic clay, LDH consists
of brucite-like layers in which a part of divalent cations are
substituted by trivalent cations. The general LDH formula can
be expressed as [MII

1-xM
III
x(OH)2]

x+[An-
x/n∙yH2O] (abbrevi-

ated as MIIMIII-A, where MII is a divalent metal cation, such
asMg2+, Mn2+, Ni2+, Zn2+, Co2+, Fe2+, and Cu2+, andMIII is a
trivalent metal cation, such as Al3+, Fe3+, Co3+, Ni3+, Mn3+,
and Cr3+). The metal cations occupy the octahedral interstices
of brucite-like layers and giving rise to excessive positive
charge on the surface of sheets, while An− represents the in-
tercalated anions ensuring the neutrality of the lamellar edifice
(Fig. 1) (Djebbi et al. 2016). LDH materials exhibit attractive
structural properties favorable for the adsorption of pollutants
such as dyes, which is exciting for an environmental scientist.
They have specific features like low-cost, easy handling, high
surface area, appropriate porosity, lamellar architecture (Gu et
al. 2015), no toxic, unhazardous (Carretero 2002; Delhoyo
2007), anion exchange property (Liang et al. 2013), and good
thermal stability (Mahjoubi et al. 2017). Thus, LDH is a per-
fect candidate that would offer a prospect for eco-friendly and
environmentally benign technologies of remediation.

In this optic, attempt was made to evaluate the removal
ability of MgAl LDH toward two anionic reactive dyes, RR-
120 and RBB-150, from aqueous solution in batch adsorption
experiments. The physicochemical features of the samples
were characterized by powder XRD, FTIR, SEM, TEM, and
BET. Factors restricting sorption performance, such as solu-
tion pH, time, dye concentration, and temperature, were

Fig. 1 Schematic representation
of the crystal structure of the
layered double hydroxide
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investigated. The dye uptake and recovery mechanisms sup-
ported by kinetic laws and isotherm models were also
discussed. Additionally, the competitive adsorption/
desorption of RR-120 and RBB-150 from binary system
was carried out to better understand the fixation and remobi-
lization of dye compounds in multi-dye contaminated envi-
ronments. This work devotes also to recover the adsorbent
after adsorption in order to ascertain the feasibility of
recycling operations.

Materials and methods

Materials and reagents

Reactive Red-120 and Reactive Blue Bezaktiv-150 (Fig. 2,
Table 1) were provided by a cotton dyeing company located in
Bizerte, Tunisia. The dyes were used as received. Dye stock
solutions were prepared by dissolving an appropriate amount
of dye (1 g/L) in deionized water and subsequently diluting to
required concentrations. Aluminum chloride hexahydrate (99%,
CAS 7784-13-6), hydrochloric acid (37%, CAS 7647-01-0),
magnesium chloride hexahydrate (98%, CAS 7791-400-6), so-
dium carbonate (≥ 99%, CAS 497-19-8), sodium chloride (≥
99%, CAS 7647-14-5), sodium hydroxide (97%, CAS 1310-
73-2), sodium nitrate ((≥ 99%, CAS 7631-99-4), and sodium
sulfate (≥ 99%, CAS 7757-82-6) were analytical grade, pur-
chased from Prolabo, and used without any further purification.

Synthesis of MgAl-NO3-layered double hydroxide

The adsorbent MgAl LDH intercalated with NO3
− was pre-

pared using the co-precipitation method at room temperature

as follows (Djebbi et al. 2016): an aqueous solution (50 mL)
containing 33.0 mmol of MgCl2·6H2O and 16.5 mmol of
AlCl3∙6H2O with a molar ratio Mg2+:Al3+ of 2 was added
dropwise to a solution of 0.5-M NaNO3 (100 mL) under vig-
orous stirring and nitrogen gas flow. The mixture was main-
tained at pH 9.0 by adding 2 M of aqueous NaOH solution
with a constant flow of 0.12 mL/min using a syringe-pump
system (Razel) equipped with a pH meter (αlpha-pH1000
Eutech Instruments), which allows the pH to be maintained
constant. The suspension was aged for 24 h under stirring and
nitrogen gas flow. The resulting gel was then separated by
centrifugation, washed thoroughly with deionized water sev-
eral times until no Cl− ions are present, and finally dried and
kept at room temperature for 24 h.

Batch adsorption experiments

Determination of the diazo dye concentrations

The concentrations of RR-120 and RBB-150 in the supernatant
are determined eventually from the standard curve obtained
using an UV-Vis spectrophotometer (T60UV-Visible
spectrophotometer) by measuring the absorbance at 535 and
620 nm, respectively, in a quartz cuvettewith 10-mmpath length.

Initial pH effect on dye removal

To study the effect of pH on the adsorption of RR-120 and
RBB-150 dyes ontoMgAl-NO3 LDH, the suspension pH was
prepared by adding 50 mg of LDH to 100 mL of dye solutions
(200 mg/L). The tested initial pH values were adjusted in the
range 3.0–12.0 by adding 0.1-M HCl or 0.1-M NaOH. The
final pH was measured at the end of the experiments.

All experiments were performed in triplicate.

Adsorption kinetics

Kinetic experiments were conducted on the dynamic of dye
uptake onto LDH and on the quantification of the adsorption
rate. The kinetics of RR-120 and RBB-150 retention by
MgAl-NO3 LDH was investigated at 25 °C in a thermostatic
bath under stirring for different times (0–120 min). Typically,
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Fig. 2 Molecular structure of a RR-120 and b RBB-150

Table 1 Physicochemical properties of used dyes

Dye name Reactive Red-120
(RR-120)

Reactive Blue
Bezaktiv-150
(RBB-150)

Chemical formula C44H24Cl2N14Na6O20S6 C26H21N5Na4O19S6
Nature Anionic diazo Anionic diazo

Molecular weight
(g/mol)

1469.98 960

λmax (nm) 535 620
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50 mg of the LDH was added to 100 mL of dye solutions
(200 mg/L). At pre-set time intervals, suspensions were sepa-
rated through centrifugation and examined spectrophotomet-
rically in order to estimate the amount of dye adsorbed at time
t, qt (mg/g) Eq. (1).

qt ¼ C0−Ctð Þ V
m

ð1Þ

where C0 and Ct are the initial concentration and the concen-
tration at specified time t of dye, respectively, V (L) is the
volume of the dye solution, and m (g) is the mass of the
adsorbent.

All experiments were performed in triplicate.

Adsorption isotherms and thermodynamic study

Adsorption isotherms were performed using the batch equilib-
rium method by plotting the amount of adsorbed dye qe (mg/
g) vs. the equilibrium concentration in the solution Ce (mg/L).
Typically, 50 mg of LDH was dispersed into a series of 200-
mL flask containing 100 mL of diluted dye solutions ranged
from 10 to 500 mg/L. The suspension flasks were stirred and
kept in a thermostatic bath at 25, 30, 35, and 40 °C.
Afterwards, the suspensions were separated through centrifu-
gation and analyzed by UV-Vis spectrophotometry, and the
percentage of the dye removal and the amount of dye
adsorbed at equilibrium qe were calculated using the following
equations:

qe ¼ C0−Ceð Þ V
m

ð2Þ

Dye removal %ð Þ ¼ 100
C0−Ce

C0
ð3Þ

where C0 and Ce are the initial concentration and the equilib-
rium concentration of dye, respectively, V (L) is the volume of
the dye solution, and m (g) is the mass of the adsorbent.

All experiments were performed in triplicate.

Competing effect of interlayer anion

Single-point batch experiments of RR-120 and RBB-150 dye
solutions containing different competing inorganic anions
(i.e., NO3

−, Cl−, CO3
2−, and SO4

2−) were prepared by dissolv-
ing various amount of their sodium salts along 100 mL of
diluted dye solutions (500 mg/L) in different concentrations
ratios (1/4, 1/2, 1/1, 3/2, and 2/1). Fifty-milligram LDH then
was added to each of the solutions on a shaker. The solid and
solution phases were separated by centrifugation, and super-
natant solution was collected for dye analysis.

All experiment was performed in triplicate.

Competitive adsorption/desorption

For competitive experiments, the same adsorption experiment
conditions were followed; 50 mg of LDH was dispersed into
100 ml of mixed dye solution (the initial dye concentration
was fixed at 500 mg/L, and the mass ratio of RR-120 and
RBB-150 was 1:1) at pH 5 and for contact time of 120 min
(25 °C). The desorption efficiency is determined by injecting a
known amount of dye onto the sorbent with 100 mL of deion-
ized water for 24 h, desorbing it, and analyzing the amount
recovered, referring to the following equation:

Desorption %ð Þ ¼ 100
Released dye

Retained dye
ð4Þ

All experiments were performed in triplicate.

Adsorbent reusability

The reusability of the adsorbent was evaluated by repeated
adsorption-calcination-rehydration cycles. An amount of
50 mg of LDH was dispersed into 100-mL dye solutions
(500 mg/L) and stirred for 120 min at 25 °C. After the adsorp-
tion, the adsorbent was submitted to calcination process at
500 °C for 4 h in order to obtain magnesium-aluminum-
layered double oxide MgAl LDO and then the calcined prod-
uct was rehydrated into the same volume of the dye solutions
(200 mg/L) for further reconstruction. This procedure was
repeated three times and the residual concentration of dye
was determined as above.

Characterizations

X-ray diffractograms were recorded with a conventional θ–θ
Bragg–Brentano configuration (Ni-filtered CuKα1,2 =
1.5406 Å, at 20 mA, 40 kV) using a model D8 Advance
Bruker-AXS Powder X-ray diffractometer coupled with a lin-
ear Vantec-1 detector. The diffraction patterns were performed
between 2 and 70° (2θ) with angular and time steps of 0.0330°
and 1,006,952 s, respectively.

Fourier-transform infrared spectra (FTIR) in absorbance
mode were recorded using a Nicolet 200 FTIR (Thermo
Scientific) spectrophotometer in the range of 4000–
400 cm−1. The spectra were recorded during 64 scans and with
a resolution scan of 1 cm−1.

Quantitative determinations of loaded and released dyes
were acquired using T60UV-Visible spectrophotometer with
scanning rate of 1 nm s−1.

Scanning electron micrographs (SEM) were recorded on a
Jeol JSM-5400 and Hitachi S-4800 microscopes working at
electron energies of 15 and 10 kV, respectively.
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Transmission electron nanographs (TEM) were performed
on a FEI Tecnai G2 microscope with an accelerating voltage
of 200 kV.

Surface area analysis was determined by N2 adsorption/
desorption at 200 °C on an ASAP 2020 surface area analyzer
(Micromeritics Instrument Corporation, USA).

Results and discussions

Physico-chemical characterizations of the sorbent

The MgAl-NO3 LDH pattern exhibits characteristic reflections
typical of hydrotalcite-like compounds (Fig. 3), with intense,
symmetric 00l and 11l reflection lines and less intense, asym-
metric 01l lines and can be indexed in a hexagonal lattice with
an R3 m rhombohedral space group symmetry (Chitrakar et al.
2008; Feng et al. 2012). The intense reflection lines 003 and
006 at low 2θ angles (11.44°–23.09°), whose positions depend
on the size of the intercalated anion provide an information on
the basal spacing and allow to calculate the lattice parameter c
(c = 3

2 [d003 + 2d006]), while the reflection line 110 at high 2θ
(62.19°) provides an information on the average cation-cation
distance and allows to calculate the lattice parameter a (a =
2d110) (Perez-Ramírez et al. 2001). Determined parameters c
and a are shown in Table 2. The values of the basal spacing
d003 and d110 are in the order of 0.872 and 0.152 nm, respec-
tively (Table 2), corresponding to hydrotalcite with nitrate as
interlayer anion and a molar ratio Mg2+:Al3+ of 2 (Evans and
Slade 2006). The crystallite size calculated by a Scherrer calcu-
lator using PANalytical X’Pert HighScore Plus software from
the full-width at half-maximum (FWHM) intensity of the 003
reflection is estimated to be roughly 112.5 nm, revealing in a
higher surface area of 159 m2/g and higher exchange capacity
of 360 mEq/100 g (Table 2).

The FTIR spectra included in Fig. 4 revealed the character-
istic bonds corresponding to hydrotalcite-like structure. The
broad and strong band centered at 3491 cm−1 is attributed to
the stretching modes of hydroxyl groups derived from both
brucitic sheets and water molecules located into the interlayer
space and on the external surface of the sheets. A standard area
is observed in the range 2750–1750 cm−1, corresponding to
the background noise. The bands recorded at the medium
region correspond to the bending mode of water molecules
(1650 cm−1) and the vibration mode of the NO3

− interlayer
anions (1382 cm−1). Finally, the bands in the region bellow
1000 cm−1, which are assigned to the intrinsic vibrations of
tetrahedral and octahedral sites M▬O (599 and 839 cm−1)
and O▬M▬O (423 cm−1) inside the brucitic sheets (Rives
2001).

The morphology and the nanostructure of the MgAl-NO3

LDH sample were investigated using scanning and transmis-
sion electron microscopy, respectively, and are illustrated in
Fig. 5. As shown, the MgAl-NO3 sample consists of nano-
sphere platelets of dimensions ranging between 50 and
200 nm (panels c and d), agglomerated in Bsand rose^ form,
which is the typical structure of the hydrotalcite-like com-
pound (Evans and Duan 2006). Panel e displays the SAED
pattern of the LDH nanoparticles, and the observed diffraction
rings clearly indicate high crystallinity of the sample and can
be indexed to hexagonal polycrystals. These diffraction rings

Fig. 3 Powder XRD pattern of MgAl-NO3 LDH

Table 2 Crystallographic data of MgAl-NO3 LDH, specific surface
area (m2/g), and anionic exchange capacity (mEq/100 g)

LDH d003
(nm)

d110
(nm)

Crystallite
size D
(nm)

Lattice
parameters

SBET
(m2/g)

A.E.C.
(mEq/
100 g)

c
(nm)

a
(nm)

MgAl-NO3 0.872 0.152 112.5 2.616 0.304 159 360
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Fig. 4 FT-IR spectra of MgAl-NO3 LDH
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were attributed to (003), (006), (015), and (018) LDH planes.
Thus, the resulted data are in good agreement with those ob-
tained by theoretical computation based on the PXRD
measurements.

Adsorption measurements

Effect of initial pH

Initial pH value is one of the important factors controlling
the adsorption at water-adsorbent interface. It can affect both
the adsorbent binding sites (acting on surface charge of ad-
sorbent by protonation and deprotonation of functional
groups) and the chemistry of the dyes in solution (the degree

of ionization of dyes) (Ai et al. 2011). In order to evaluate
the effect of pH, adsorption experiments were conducted at
varying pH (pH 3.0–12.0) with dye solutions of concentra-
tion of 200 mg/L and adsorbent dosage of 50 mg for
120 min. Figure 6 shows the variation of the removal effi-
ciency of dyes at different pH values as well as the adsorp-
tion capacity qe. As can be seen from Fig. 6, the adsorption
of RR-120 and RBB-150 is obviously dependent on initial
solution pH. Maximum adsorption of dyes increased in acid-
ic pH from 3.0 to 5.0 and decreased as the solution pH is
above 5.0. Similar results were reported in the literature
showing higher uptake in acidic medium (Bazrafshan et al.
2013; Abidi et al. 2014; Naghmouchi and Nahdi 2015).
Subsequently, the adsorption experiments were carried out

Fig. 5 SEM (a, b), TEM (c, d),
and SAED (e) images of MgAl-
NO3 LDH
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at pH of 5.0 in order to reach the optimal adsorption. Indeed,
the maximum adsorption capacity of the MgAl-NO3 LDH at
pH 5.0 was 346.8 mg/g, about 86% of removal for RR-120,
and 389.6 mg/g when 97% of RBB-150 was removed.
Differences in removal rate values may have arose from
the affinity of each dye for the LDH. The higher uptake of
RBB-150 at pH 5.0 can be explained by the fact that RBB-
150 structure contains four benzene rings compared to seven
in the structure of RR-120, making it smaller than the latter
and favors its access to the positive binding sites of the
LDH. Moreover, RBB-150 has pKa values lower than zero
(Aguiar et al. 2014), whereas the RR-120 has a pKa value of
4.4 (Errais et al. 2012) and is thus completely ionized at pH
5, with negative charges even in highly acidic solutions due
to their sulfonate and sulfato-ethyl-sulfone groups. In this
respect, the affinity effect due to having lower pKa is offset
by better dissociation and more negative charge making
RBB-150 better and preferentially adsorbed than RR-120
at pH 5.0.

However, the low removal at alkaline conditions is due on
the one hand to the competition effect between the excess
OH− in the solution and the anionic molecules of RR-120
and RBB-150, and on the other hand, to the electrostatic re-
pulsion between the latter and the negatively charged active
adsorption sites on the LDH. The results (Fig. 7) indicated that
the pH of the zero point of charge (pHpzc) of MgAl-NO3 LDH
nanoparticles is around 5.5. Let’s recall that the surface of
LDH consists of hydroxyl groups (▬OH); thus, when pH
increases above pHpzc, the hydroxyl groups are ionized and
the negative charge density on the surface increases. While at
lower pH values below pHpzc, the surface of LDH becomes
protonated and gets more positively charged, the electrostatic
attraction occurs between the positively charged active ad-
sorption sites and the anionic dye molecules, which results
in increase of dye removal. This why the maximum adsorp-
tion occurred at pH 5.

Kinetics: effect of contact time

The contact time between the pollutants and the adsorbent
is one of the most important parameters to control. It
gives an insight into the deeper implication of mechanism
enabling the removal of pollutants. Figure 8 shows the
evolution of the adsorption process of RR-120 and
RBB-150 versus time periods ranging from 5 to 120 min
on 50 mg of MgAl-NO3 LDH adsorbent at pH 5.0 and for
initial dye concentration of 200 mg/L. The figure indi-
cates that the adsorbed amounts of RR-120 and RBB-
150 onto the LDH increased drastically after 60 min of
contact time and then continue to increase at a relatively
slow speed until a state of equilibrium is reached within
120 min. Naghmouchi and Nahdi (2015) reported similar
findings in their study of the adsorption of RR-120 and
RBB-150 by Tunisian raw clay. To ensure that the equi-
librium state is fully attained, the dye adsorptions must be
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subsequently performed with a contact time of 120 min.
The removal efficiency of RR-120 was found to be about
89% (356.4 mg/g) and that of RBB-150 near 98%
(394.4 mg/g). Based on these results, the adsorption phe-
nomenon proceeds in linear progression characterized by
a fast rate at the initial stage due to the fact that an abun-
dant number of vacant adsorbent sites are available for
adsorption and the higher concentration gradient between
the liquid phase and solid-liquid interface. As time pro-
ceeds, the access for the remaining vacant surface sites is
limited, given the repulsive forces between the dye mole-
cules on the solid and bulk phases, and resulting in a
slower rate of adsorption characterized by a Bplateau^
effect (Bazrafshan et al. 2013; Zhang et al. 2017).

For a deeper understanding on mechanisms involved in
the process of adsorption and determining the parameters
governing the adsorption kinetics of RR-120 and RBB-
150 onto MgAl-NO3 LDH, the following kinetic models
were studied: Lagergren’s pseudo-first-order Eq. (5) and

pseudo-second-order Eq. (6) (Lagergren 1898; Ho and
McKay 1999) and Weber’s intra-particle diffusion Eq.
(7) (Weber and Morris 1963).

ln qe−qtð Þ ¼ lnqe−
k1

2:303

� �
t ð5Þ

t
qt

¼ 1

k2q2e

� �
þ 1

qe

� �
t ð6Þ

qt ¼ k it0:5 þ C ð7Þ
where qe and qt are the equilibrium adsorption uptake and
adsorption uptake at time t, in mg/g, respectively, k1, k2, and
ki are the adsorption rate constants of the first- and second-
order kinetics and intra-particle diffusion model, in min−1,
g mg−1 min−1, and mg g−1 min−1/2, respectively, and C
(mg g−1) is the intercept.

Figure 8 shows the straight-line plots of ln(qe − qt) vs. t
(Fig. 9a) for the pseudo-first-order, t/qt vs. t (Fig. 9b) for
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pseudo-second order, and qt against t
1/2 (Fig. 9c) for intra-

particle diffusion model. As seen from the graphic plotting
(Fig. 8), the pseudo-first-order and the intra-particle models
do not fit well with the full range of times. The calculated
values of the kinetic modeling are included in Table 3.
According to the table below, the determination coefficient
values (R2) of pseudo-first-order and intra-particle diffusion
kinetic models are lower than that of pseudo-second-order,
favoring the latter over the formers, and the latter better ex-
pressing the sorption of the dyes. Also, the calculated qe
values obtained from the pseudo-second-order agree very well
with the experimental data. Nevertheless, these results suggest
that the pseudo-second-order adsorption mechanism is pre-
dominant and that the overall rate constant of adsorption

process appears to be controlled by chemisorption process in
conjunction with the chemistry of the LDH and dye mole-
cules. This assumes that the rate of adsorption is proportional
to the square rate of the total number of available sites. A
similar phenomenon is observed in the adsorption of RR-
120 and RBB-150 onto cetylpyridinium-bentonite (Tabak et
al. 2010), organophilic clay (Abidi et al. 2014), and Tunisian
raw clay (Naghmouchi and Nahdi 2015).

Adsorption isotherms: effect of dye concentration

The initial concentration of dye plays an important role to over-
come all mass transfer resistance of dye between the aqueous
and solid phase because a certain mass of the solid can absorb
only a determined amount of the dye (Anbia and Hariri 2010).
The adsorption experiments of RR-120 and RBB-150 were car-
ried out with varying initial dye concentrations in the range of
10–500mg/L on 50mg ofMgAl-NO3LDH adsorbent at pH 5.0
and for contact time of 120 min. The sorption results (Fig. 10)
reflect that the adsorption capacity (Fig. 10a) increased gradually
with the increase in initial concentration until saturation was
reached, while the percent removal (Fig. 10b) decreased upon
increasing the dye concentration. Indeed, the maximum adsorp-
tion efficiency decreased from 99 to 80% for RR-120 and from
99 to 93% for RBB-150, when the dye concentration increased
from 10 to 500 mg/L and the equilibrium adsorption capacity of
RR-120 was found to be 800 mg/g and that of RBB-150 at
910 mg/g. These results suggest that the adsorption of RR-120
and RBB-150 dyes onto MgAl-NO3 LDH is highly dependent
on initial concentration of dye. Furthermore, the difference in
efficiency rate of adsorption between RR-120 and RBB-150
may be due to the difference in the molecular structure between
them. This is in accordance with previous results obtained by
Naghmouchi and Nahdi (2015).

Table 3 Adsorption kinetic parameters of RR-120 and RBB-150 on
MgAl-NO3 LDH

Kinetic model RR-120 RBB-150

Pseudo-first-order

qe(exp) (mg/g) 355.6 391.0

qe(cal) (mg/g) 145.0 196.1

k1(min
−1) 0.15 0.12

R2 0.912 0.910

Pseudo-second-order

qe(exp) (mg/g) 355.6 391.0

qe(cal) (mg/g) 370.3 400.0

k2 (g mg−1 min−1) 1.25 × 10−3 1.60 × 10−3

R2 0.999 0.992

Intra-particle diffusion

qe(exp) (mg/g) 355.6 391.0

C (mg g−1) 284.5 279.7

ki (mg g−1 min−1/2) 7.73 11.76

R2 0.871 0.939
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To further understand the interaction of the dye molecules
with the adsorbent, the experimental data (Fig. 10a) were an-
alyzed according to the Langmuir Eq. (8) and Freundlich Eq.
(9) isotherm models presented below. The models were deter-
mined by nonlinear regression analysis.

qe ¼
qmaxkLCe

1þ kLCe
ð8Þ

qe ¼ K F:C1=n
e ð9Þ

where qmax (mg/g) is the maximum monolayer adsorption
capacity, kL (L/mg) is the Langmuir constant related to the
rate of adsorption, and KF and n are the Freundlich constants
related to adsorption capacity and adsorption intensity, respec-
tively. The calculated parameters of the Langmuir and
Freundlich isotherms are listed in Table 4.

Figure 10a displays the typical BL^ shape according to
Giles’s classification (Giles et al. 1974), which suggests a pro-
gressive saturation of the sorbent due to the lack in the number
of vacant sites. In fact, the large number of active sites of the
adsorbent is available at lower initial dye concentrations,

resulting in greater adsorbed amount of dye; therefore, adsorp-
tion capacity is almost constant at higher concentrations due to
non-availability of adsorbent sites for further adsorption. As
displayed in Fig. 10a, a possible fit with Freundlich model is
observed but Langmuir model fits better. Also, considering the
values of the determination coefficients (R2) and the calculated
adsorption capacities (qmax) (Table 4), the Langmuir equation
gives the best satisfactory fitting to the adsorption equilibrium
of RR-120 and RBB-150 onto the LDH sample. The main
assumption of this model is that the distribution of active sites
on the adsorbent is homogeneous, and each site is likely to fix
only one solute molecule (localized adsorption) and no further
adsorption can occur at this site. The maximum adsorption
capacity corresponds to a saturated monolayer of solute mole-
cules on the adsorbent surface (Langmuir 1918).

To gain more insight into how adsorption mechanism of
RR-120 and RBB-150 onto MgAl-NO3 LDH might be done,
the resultant samples after adsorption were recovered and fur-
ther characterized by PXRD and SEM analyses (Fig. 11).

The PXRD patterns are shown in Fig. 11a. Significant
modification is observed compared to the sample before

Table 4 Langmuir and Freundlich parameters for RR-120 and RBB-150 adsorption onto MgAl-NO3 LDH

Adsorbent Dye qe(exp) (mg/g) Langmuir isotherm model Freundlich isotherm model

qmax (mg/g) kL (L/mg) R2 KF 1/n R2

MgAl-NO3LDH RR-120 800 829.9 0.43 0.966 303.4 0.30 0.934

RBB-150 910 960.5 0.40 0.974 329.6 0.31 0.935
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Fig. 11 PXRD patterns (a) and SEM images (b) of resulting samples after adsorption of RR-120 and RBB-150 onto MgAl-NO3 LDH; C0 = 500 mg/L
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adsorption. After adsorption of RR-120 and RBB-150, the
intensity of reflection peaks decrease dramatically; however,
the 003 refection peaks shift to the right side and the basal
spacing value d003 considerably increases to be 1.195 nm for
RR-120 and 1.205 nm for RBB-150. This may indicate the
partial exchange of nitrate anions from the internal space by
dyes molecules. Thus, the adsorption process of RR-120 and
RBB-150 involves two steps aimed at first the diffusion of dye
molecules from liquid phase to the external surface of adsor-
bent via electrostatic forces and then from the external surface
to the internal space of the adsorbent, indicating presumably
that some dye molecules are intercalated probably in horizon-
tally arrangement into the interlayer of LDH by mix effect
including chemisorption and physisorption. Moreover, the
presence of dye molecules on the surface of LDH (Fig. 11b)
produced a change on the superficial interaction between par-
ticles that influences the crystallinity, the reorientation of the
surface crystallites, and the aggregation between them.

Adsorption thermodynamics: effect of temperature

The variation of the adsorption capacity with temperature re-
flects on the feasibility of the adsorption. The obtained data in
Fig. 12 shows that increase of temperature had improved the
adsorption efficiency of RR-120 and RBB-150, indicating the
endothermic nature of dye adsorption. The results demonstrate

that with the higher temperature (that is higher kinetic energy),
dye molecules are very mobile, which will facilitate their in-
teraction with the active sites of the LDH adsorbent and over-
come the bonding strength restricting the competiveness be-
tween them. The adsorption of 500-mg/L RR-120 or RBB-
150 carried out at 25, 30, 35, and 40 °C had resulted in a
gradually increase from 802.3 to 817.6 mg/g for RR-120
and from 930.4 to 946.6 mg/g for RBB-150.

By plotting ln (qtCt
) vs. 1/T Eq. (10), the thermodynamic

parameters, such as change in standard free energy (ΔG°),
enthalpy (ΔH°), and entropy (ΔS°), Eq. (11) were evaluated
and reported in Table 5.

ln
Qt

Ct

� �
¼ ΔS°

2:303R

� �
−

ΔH°

2:303RT

� �
ð10Þ

ΔG° ¼ ΔH°−TΔS° ð11Þ
where T is the temperature in Kelvin, and R is the gas constant
(8.314 Jmol−1 K−1).

Positive values of enthalpy (ΔH°) confirms that the ad-
sorption process of RR-120 and RBB-150 using MgAl-NO3

LDH adsorbent is endothermic in nature, while the positive
values of entropy (ΔS°) suggest an increase in the randomness
at the solid-solution interface. The negative values of free
energy (ΔG°) indicate that the adsorption of dyes onto the
LDH was spontaneous; more negative the value, more ener-
getically favorable the adsorption. In addition, theΔG° values
were in the range of (− 20–0 kJ/mol), suggesting a plausible
physical adsorption for RR-120 and RBB-150, which is con-
sistent with the previous results obtained by PXRD and SEM
analyses after adsorption.

Effect of competitive inorganic anions

As interlayer inorganic anions are expected to interfere in the
adsorption process of dye molecules, therefore, the adsorption
experiments were carried out in the presence of various com-
peting anions and the results are summarized in Fig. 13. The
foreign inorganic anions investigated in this study were nitrate
(NO3

−), chloride (Cl−), carbonate (CO3
2−), and sulfate (SO4

2

−). The uptake study was done by taking each anion along
with desired dye in different concentrations ratios (1/4, 1/2,
1/1, 3/2, and 2/1). The results (Fig. 13) showed in the first
instance that as the concentration ratios of competitive anions
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Fig. 12 Effect of temperature on the adsorption capacity of RR-120 and
RBB-150 by MgAl-NO3 LDH; C0 = 500 mg/L, pH = 5, contact time of
120 min, adsorbent dosage of 50 mg

Table 5 Thermodynamic parameters for the adsorption of RR-120 and RBB-150 on MgAl-NO3 LDH at several temperatures

Adsorbent Dye ΔH° (kJ/mol) ΔS° (J mol−1 K−1) ΔG° (kJ/mol)

298 K 303 K 308 K 313 K

MgAl-NO3 LDH RR-120 2.15 16.24 − 2.68 − 2.77 − 2.85 − 2.93
RBB-150 1.93 18.39 − 3.55 − 3.64 − 3.73 − 3.82
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to dye molecules were increased, adsorption capacity of LDH
for RR-120 and RBB-150 was reduced. In addition, the pres-
ence of carbonate and sulfate anions influenced strongly on
the uptake ability of dye molecules, while the other anions
nitrate and chloride did not greatly influence on the uptake
(Fig. 13). Thus, it is evident that the divalent anions have an
intense interfering effect compared to monovalent anions in
the following order: CO3

2− ≈ SO4
2− > Cl− >NO3

−. This agree
well with the LDH/anion affinity order proposed by Miyata
(1983), which assumes that the LDH materials have more
affinity toward anions with higher charge density.

Competition adsorption-desorption

To investigate whether the presence of RR-120 and RBB-
150 dyes simultaneously in competitive system influences
the removal efficiency of the LDH adsorbent, the adsorption
efficiencies of each one in the 1:1 ratio of binary mixture
were analyzed. Figure 14 shows the dye removal percentage
of RR-120 and RBB-150 in the competitive experiment.
Non-competitive trial data in single solution were used in

the comparison. The results coincide with that previously
found in single solution in which the adsorption rate of
RBB-150 is always greater than of the RR-120. However,
contrary to what was expected, the retention of dyes is
slightly decreased in the mixture. Percentage removal of
RR-120 was 74% (less of 6% than that of single solution)
and that of RBB-150 is around 82% (less of 11% than that
of single solution). A plausible explanation for the efficient
dye uptake even though in binary solution is the exfoliation
of the LDH layers, which increases the active sites of the
adsorbent. PXRD pattern (Fig. 15) of the sample collected
after adsorption in binary solution supports this hypothesis,
in which a strong decrease of diffraction line intensities is
observed. Their enlargement is thought by a greater disorder
of the structure with a turbostratic effect. On the other hand,
the amount percentages of the dyes released after desorption
experiments were found to be at 8% for RR-120 and 20%
for RBB-150 in single solution, and being a little bit higher
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in binary solution, nearly 20%, which indicates a strong
affinity adsorbate/adsorbent, thereby hinders the desorption
on the LDH.

Reusability cycling

The potential economical and environmental feasibility of
applying the adsorbent LDH in recycling operation after
adsorption experiments was investigated. Typically, the
samples collected after adsorption of RR-120 and RBB-
150 have undergone heat treatment at 500 °C for 4 h in
order to decompose these dyes, due to their low removal
by desorption processes (Crepaldi et al. 2002; Abdellaoui
et al . 2017). The calcined product consisting of
magnesium-aluminum-layered double oxide MgAl LDO
(Fig. 16) was then rehydrated/reused to adsorb RR-120
and RBB-150 following the same adsorption experiment
conditions. Figure 17 showed the reusability study of RR-
120 and RBB-150 for 5 consecutive cycles (adsorption/
calcination). The data showed that MgAl-NO3 LDH ex-
hibits a good stability after 5 cycles; the removal efficien-
cy decreased gradually from 80 to 69% in single solution
and from 74 to 60% in binary solution for RR-120 and
from 93 to 80% in single solution and from 82 to 70% in
binary solution for RBB-150. This decrease in the

Fig. 17 PXRD pattern of MgAl
LDO
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Fig. 16 Removal efficiency of RR-120 and RBB-150 after 5 cycles of
adsorption-calcination-rehydration of the LDH adsorbent; C0 = 500 mg/L
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removal ability can be related to the effect of specific
surface area, which decreased after the fifth regeneration
cycle to be 142 m2/g. Such results is consistent with find-
ings reported in literature and can be mainly explained by
the progressive loss of crystallinity as well as the possibly
interference of certain amount of decomposed dye com-
pounds with the mixed metal oxides after thermal regen-
eration, which affecting the structural reconstruction of
the calcined material (Zhu et al. 2005; Abdellaoui et al.
2017; Bessaha et al. 2017).

Comparative studies

The current removal capacity of the MgAl-NO3 LDH adsor-
bent for RR-120 and RBB-150was comparedwith some other
obtained adsorption capacity of various adsorbents recently
reported in literature (Table 6). Table 6 shows that the adsorp-
tion capacity of LDH for RR-120 and RBB-150 dyes is large-
ly higher than that of the majority of the other adsorbent con-
sidered in literature, only the single-walled carbon nanotube
(CNT) which has a relatively good adsorption capacity in
comparison with our research work. CNTs are known as one
of the first major adsorbents of a number of different organic
pollutants due to their large specific surface area, high degree
of surface reactivity, and large micropore volume (Ong et al.
2010; Tan et al. 2012). However, such impurities (amorphous
carbon, fullerene, metal particles used for catalyst, etc.) in the
as-prepared samples may have a detrimental effect on the
utility and reliability of CNT as an adsorbents (Itkis et al.
2003; Wang and Pumera 2014) and need to be removed to
ensure safely use in environmental applications. Although the
CNT could generate fine particle that may contribute to envi-
ronmental pollution, continuous production of CNT in large
quantities is still far from being overcome. For these reasons,
LDH may have advantageous potential as a green-adsorbent
in wastewater treatment with low-cost and easy synthesis at
large scale as well as future clean and sustainable material
with no by-product after use.

Conclusions

In summary, removal of RR-120 and RBB-150 anionic textile
dyes was investigated on MgAl-NO3 LDH nanoparticles pre-
pared by chemical co-precipitation method at constant pH
value. PXRD, FTIR, SEM, TEM, and BET were carried out
to investigate the physico-chemical features of the adsorbent.
Although the lamellar structure, LDH showed a high surface
area of 159 m2/g and high exchange capacity of 360 mEq/
100 g. The adsorption performance of LDH adsorbent was
evaluated by investigating the influence of such adsorption
conditions as initial pH value, contact time adsorbent dye,
dye concentration, temperature, and competing interlayer an-
ion. The synthesized material was characterized by a good
adsorption capacity for both dyes. The adsorption was strong-
ly pH-dependent; lower pH was more favorable for the re-
moval of the anionic dyes. According to the equilibrium ex-
periment, the maximum adsorption capacity has attained
800 mg/g for RR-120 and 910 mg/g for RBB-150 within
120 min of contact time at pH 5. The adsorption kinetic data
fitted well to a pseudo-second-order as seen from the higher
determination coefficient, and the adsorption equilibrium data
reveal that the adsorption mechanism obeys Langmuir iso-
therm model, thus suggesting a physico-chemical adsorption
mainly done in monolayer coverage. The thermodynamic pa-
rameters were calculated and showed that the adsorption was
endothermic and spontaneous in nature. The single-point
batch experiments demonstrated that nitrate interlayer anions
have a minor influence on the removal of both dyes byMgAl-
NO3 LDH.

Furthermore, this work highlighted the competitive
adsorption/desorption behavior of dye molecules at the inter-
face of LDH nanoparticles, which is helpful to gain a deeper
understanding of their interaction and immobilization in
multi-dye contaminated water. And finally, reusability charac-
teristics of spent adsorbent and its reconstructed form were
studied and revealed the feasibility of recycling operation after
5 cycles of adsorption and thermal regeneration. Nevertheless,
these results showed that MgAl-NO3 LDH is particularly

Table 6 Comparative studies of maximum adsorption capacity of various solid adsorbents involved in removal of RR-120 and RBB-150

Adsorbent Initial conc. (mg/L) RR-120 (mg/g) RBB-150 (mg/g) Reference

Cetylpyridinium-bentonite 1.4 × 10−4 mol L−1 81.97 – Tabak et al. 2010

Pumice 200 0.32 – Hossein and Behzad 2012

Single-walled carbon nanotubes 200 1114.0 – Bazrafshan et al. 2013

Natural clay (from Fouchana, Tunisia) 30 5.65 – Abidi et al. 2014

Organophilic clay (with HDTMA) 80 22.8 – Abidi et al. 2014

Carbon composite 300 95.76 – Dos Santos et al. 2014

Natural clay (from Nabeul, Tunisia) 150 11.76 14.76 Naghmouchi and Nahdi 2015

Modified clay (with DMSO) 200 26.9 30.12 Naghmouchi and Nahdi 2016

MgAl-NO3 LDH 500 800.0 910.0 Current work
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promising candidate for the efficiency removal of RR-120 and
RBB-150 dyes from wastewater.
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