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a b s t r a c t
N-methylimidazole with hydrophobic groups in its structure was immobilized on the interlayer of the 
layered double hydroxides (LDHs). The LDH/methylimidazolium nanocomposite with high surface 
area was synthesized and characterized by scanning electron microscopy, thermogravimetric analy-
sis, X-ray diffraction and Fourier transform infrared. This novel hybrid nanostructure was used as 
a highly efficient sorbent for removal of methyl orange from water. The LDH–dodecyl sulfate was 
synthesized by coprecipitation method, and next, the ionic liquid was grafted in the inner surface of 
LDH by sol-gel route. Effects of temperature, removal time, pH, stirring rate, desorption temperature 
and time on the removal were optimized. The experimental data of isotherm followed the Langmuir 
isotherm model and the Freundlich model. This research shows that the LDH/methylimidazolium 
nanocomposite could be utilized as an efficient, ease separable and stable adsorbent for azo dyes.
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1. Introduction

Ionic liquids (ILs) are a type of salt that are liquid at 
low temperature (<293 K). ILs are entirely composed of ions 
(organic cations and either organic or inorganic anions), 
which have melting points below the conventional tempera-
ture of 100°C. This new chemical group can reduce the use of 
hazardous and polluting organic solvents due to their unique 
characteristics as well as taking part in various new synthe-
sis. Similarly, by attractive advantage of their unique proper-
ties, several IL applications have been described, including 
reaction media for many organic transformations, in separa-
tions and extractions, biotechnology, engineering processes, 
nanotechnology and so on [1–5]. Moreover, ionic liquids 
have good extractability for frequent organic compounds 
and metal ions, mainly depend on their unique structures. 
But, despite the remarkable application of ionic liquids, these 

systems frequently require large amounts of ionic liquids 
that may hinder their widespread practical implementation. 
Consequently, from both economic and technical standpoint, 
the productivity of the reaction based on bulk ILs is impeded 
since a great part of ionic liquid is not contributing in the 
overall process. To address these essential limitations, immo-
bilized ionic liquids offer many advantages over homoge-
neous IL systems, such as easy handling and recyclability 
[6–8]. While, these approaches decrease the amount of ionic 
liquid applied in a typical process relative to homogeneous 
systems, leaching of ionic liquid from the heterogeneous 
support is commonplace. Among these supports, different 
nanoparticles, polymers and silica can be mentioned. Layered 
double hydroxides are one of the supports that immobilizing 
of ILs on LDHs exhibits unique properties.

LDHs are composed of positively charged brucite-like 
hydroxide layers with an interlayer space in between filled 
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with charge-compensating anions. LDHs have a general 
formula of [M2+

1-xM3+
X (OH)2]x+[An–]x/n mH2O. M2+ and M3+ are 

divalent and trivalent metal ions giving a net positive charge 
to the sheets, An– is hydrated anion balancing the charge of 
the sheets [9,10]. Ability to change all three components of 
the formula provides a quite rich portfolio of LDHs suitable 
for many applications such as adsorbents, catalysts, pharma-
ceutics, ion exchangers, catalyst supports and so on [11–13].

The potential case can greatly accelerate the intercalation 
of organic molecules grafted into the LDHs interlayer space 
and improve the chemical–physical properties of the result-
ing materials. Modified substrates with organic materials 
results in the surface property change from hydrophilicity 
to hydrophobicity and shift of the interlayer anions to form 
organo-LDHs with enlarged interlayer spaces.

In this research, for the first time we report interlayer sur-
face modification of LDH with ionic liquids and have found 
that our designed- and modified-LDH with IL shows high 
efficiency adsorption effects for the removal of azo dyes from 
aqueous solution. At this point, it is believed that the merg-
ing of LDHs and ILs providing organic–inorganic hybrid 
nanocomposite that can open new branch toward to expand-
ing separation, extraction and removal techniques. For this 
purpose, methyl orange (MO) was tested as model azo com-
pound in water samples. The factors that influenced on the 
extraction efficiency of anionic pollutant compound includ-
ing amount of sample, temperature and time of removal and 
pH were investigated and optimized.

2. Experimental setup

2.1. Chemicals and reagents

MgCl2.6H2O, AlCl3.6H2O, sodium dodecyl sulfate 
(SDS), cetyltrimethylammonium bromide (CTAB), 
N-methylimidazole, (3-chloropropyl)trimethoxysilane 
(CPTMS), sodium hydroxide, dichloromethane, MO and all 
chemical solvents were obtained from the Merck company 
(Darmstadt, Germany, www.merck.de). The stock solution of 
anionic compound was prepared in deionized water with a 
concentration of 200  ppm. The working solutions of above 
compound were prepared by diluting the stock solution with 
water, and more diluted working solutions were prepared 
daily by diluting these solutions with deionized water. All 
solvents used in this study were of analytical reagent grade.

2.2. Characterization

Scanning electron microscopy (SEM) images were 
obtained using a Mira 3 XMU instrument. Fourier transform 
infrared (FT-IR) spectra of the materials were recorded over 
the range of 400–4,000 cm–1 region by using a Thermo Nicolet 
model Nexux 870 FT-IR spectrometer using the KBr disc 
method with a 1% sample in 200 mg of spectroscopic-grade 
KBr. Powder X-ray diffraction (XRD) patterns were recorded 
in the range of 2°–70° on a Rigaku, Japan, X-ray diffractome-
ter, using Cu Kα radiation (λ = 1.5418 Å) at 40 kV and 40 mA. 
The absorbance of MO was measured by UV–Vis spectros-
copy (CARY100, model: VARIAN). Thermogravimetric 
analysis (TGA) was carried out using a simultaneous TG 
apparatus (Linseis model L81A1750 Germany).

2.3. Synthesis of adsorbent

2.3.1. Synthesis of the organic precursor

Synthesis of 1-(3-trimethoxysilylpropyl)-3-methylimidaz-
olium chloride: A mixture of N-methylimidazole (25  mmol) 
and (3-chloropropyl)trimethoxysilane (25 mmol) was heated 
at 80°C for 72  h. The unreacted materials were washed by 
diethyl ether. The resulting liquid was dried under reduced 
pressure at room temperature.

2.3.2. Synthesis of LDH nanostructure

The Mg/Al-DS LDH precursor was synthesized with a 3:1 
ratio of Mg(II) and Al(III) salt together with SDS as an inter-
calated anion. The synthesis was carried out by the coprecip-
itation method under a constant pH similar to that reported 
previously [14]. The pH value of 65  mL aqueous solution 
containing MgCl2.6H2O (0.03  mol), AlCl3.6H2O (0.01  mol) 
and SDS (0.02 mol) was adjusted to about 10 with 8 M NaOH 
aqueous solution. The obtained slurry was aged for 48  h 
at 80°C, then filtered and washed with distilled water. The 
white Mg/Al-DS LDH powder was obtained by drying at 
60°C in an oven.

2.3.3. Synthesis of LDH/IL organic–inorganic hybrid 
nanostructure

30  mL of dichloromethane was added to 5  g of CTAB 
and stirring for 1  h at 50°C. 15  g of N-methylimidazole-IL 
and 4 g of Mg/Al-DS LDH precursor were added to 30 mL 
of dichloromethane and stirring for 1 h. After that, the CTAB 
solution containing dichloromethane was added to the mix-
ture of N-methylimidazole-IL and Mg/Al-DS LDH. The 
whole mixture was allowed to react under nitrogen atmo-
sphere for 48 h at 50°C. Finally, the product was filtered and 
washed thoroughly with water and ethanol. The obtained 
LDH/IL organic–inorganic hybrid nanostructure was dried 
at room temperature. The schematic diagram for the prepa-
ration of LDH/IL organic–inorganic hybrid nanostructure is 
shown in Fig. 1.

2.4. Dye adsorption

Adsorption behavior was studied by a batch method, 
which permits convenient evaluation of parameters that 
influence the adsorption process such as adsorbent dose, 
contact time, initial concentration, solution pH and reac-
tion temperature. A series of aqueous solutions of MO with 
the same pH and their concentration ranging from 5 to 200 
mg/L were prepared by dissolving pure analytes in dou-
ble-distilled water. In each adsorption experiment, 0.05  g 

Fig. 1. Schematic representation of the synthesis of LDH/IL 
organic–inorganic hybrid nanostructure.
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adsorbent was added in 50 mL MO solution stirred contin-
uously at constant temperature to observe the effect of pH, 
MO with the same initial concentration was adjusted to dif-
ferent pH (3–12) using 0.1 mol/L NaOH and 0.1 mol/L HCl 
solutions. To study the effect of temperature, the adsorp-
tion was carried out at different temperatures (25°C, 30°C, 
40°C, 50°C and 65°C) and for contact time studies the sam-
ples were taken at predetermined time intervals (0.5, 1, 2, 
5, 7 and 10 min). After adsorption, the solution was filtered 
and the amount of non-adsorbed dye ions remaining in the 
solution was determined spectrophotometrically through 
UV–Vis spectrophotometer at a wavelength of 463  nm 
(CARY100, model: VARIAN). The removal efficiency and 
the amount of dye adsorbed were given according to the 
formula:

q
V C C

We
o t=
−( )

� (1)

Removal % =
−

×
C C
C
o e

o

100 � (2)

where Co and Ce (mg/L) are the initial and equilibrium pollut-
ant concentrations in solution, respectively, Ct (mg/L) is the 
concentration of MO at time (min), V (L) is the volume of MO 
solution, W (g) is the mass of nanocomposite adsorbent, qe 
(mg/g) is the adsorbed amount at time (min).

3. Results and discussion

3.1. Choice of materials

In our approach, LDH was used as a proper substrate 
owing to its non-toxicity, ease of availability, antibacterial effect, 
low cost and so on. The ionic liquid anion exchange properties 
of the counter ions could be capable of anion exchange. The 
adsorption of the LDH/IL than raw LDH can be improved. 
Adsorption mechanism of LDH/IL onto MO is shown in Fig. 2.

In order to increase the selectivity and improve the 
sorption properties of LDH/IL as an adsorbent, it was used 
as the substituent on the imidazole ring in the ionic liquid. 
Therefore, there is an expectation that it efficiently extracts 
dye compounds easily through anion exchange, electrostatic 
and hydrophobic interactions.

3.2. Characterization of LDH/IL organic–inorganic hybrid 
nanostructure

The FT-IR spectrum is used to characterize the molec-
ular structures of LDH/IL organic–inorganic hybrid 

nanostructure. Fig. 3 shows the FT-IR spectra of dodecyl sul-
fate–LDH, LDH/IL organic–inorganic hybrid nanostructure 
and Im–IL in the range of 400–4,000 cm−1. The FT-IR analysis 
of the dodecyl sulfate–LDH and LDH/IL organic–inorganic 
hybrid nanostructure exhibits basic characteristic peaks at 
approximately 584 and 635 cm−1 that were attributed to the 
presence of metal–oxygen bonds stretching vibration. In 
Im–IL and LDH/IL organic–inorganic hybrid nanostructure 
spectra, the presence of peaks at 990–1,200 cm−1 were most 
probably owing to the symmetric and asymmetric stretch-
ing vibrations of framework and terminal Si–O groups and 
at 700–790  cm−1 for C–Si stretching vibrations, respectively. 
In the C–H stretching peaks of LDH/IL organic–inorganic 
hybrid nanostructure spectrum, a band around 1,058 cm–1 is 
observed due to the stretching of the siloxane bonds (≡Si–O). 
The band at 1,640  cm–1 is associated to the bending of the 
water molecules, which are adsorbed on the surface of the 
bare silica by hydrogen bonding with the hydroxyl group 
and the remaining hydroxide groups in the brucite sheets. 
The broad band around 3,480  cm–1 is due to the stretching 
of the remaining hydroxyl group on the LDH. Spectrum of 
imidazolium also demonstrated other absorption peaks at 
3,138 cm–1 (unsaturated C=H stretching), 2,921 and 2,852 cm–1 
(aliphatic C–H stretching, CPTMS chains and imidaz-
ole), 1,640 cm–1 (C=N stretching of the imidazolium ring), 
1,570  cm–1 (C=C stretching of the imidazolium ring), 1,401 
and 1,461 cm–1 (C–H deformation vibrations).

The XRD pattern in the range of 2θ = 2°–70° for LDH/IL 
organic–inorganic hybrid nanostructure is shown in Fig. 4. It 
displays the typical diffraction peaks of the LDH/IL organic–
inorganic hybrid nanostructure which showed two sharp 
basal reflections that were indexed (003) and (006) reflections 
confirming a well-crystallized lamellar structure in the mate-
rials with 3R rhombic symmetry. The main diffraction peak 

Fig. 2. Adsorption mechanism of LDH/IL onto MO.
Fig. 3. FT-IR spectra of (a) LDH/IL (b) Im–IL and (c) dodecyl 
sulfate–LDH.
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of LDH/IL is obtained at 2θ value of 2.48°. The d003 spacing 
of LDH/IL was found to be 2.43 nm, respectively. Allowing 
for a thickness of 0.48 nm for the brucite-like LDH sheets [15], 

the interlayer distance (Δd) of the obtained LDH/IL was esti-
mated to be about 1.95  nm that illustrated covalent inter-
action between the silanol groups with hydroxyl group on 
interlayer of the LDH.

Fig. 5(a) clearly shows the dodecyl sulfate–LDH with 
homogenous structures. Moreover, as it is shown in Fig. 5(b), 
the LDH/IL organic–inorganic hybrid nanostructures have a 
homogeneous structure, even after surface modification of 
dodecyl sulfate–LDH nanostructures with IL groups.

The energy dispersive X-ray (EDX) spectrometry analysis 
of LDH/IL (Fig. 5(c)) demonstrated the peaks that were asso-
ciated with Mg, Al, C, N, O, Si and Br atoms with molar ratio 
of 8.19%, 7.47%, 30.27%, 8.69%, 28.00%, 3.98% and 6.63%, 
respectively, which confirm the formation of the LDH/IL.

TGA was carried out to investigate further about the 
interlayer materials present in the galleries of the LDH phase. 
For sodium IL-functionalized LDH-DS (Fig. 6), the thermal 
evolution of LDH is characterized by four main steps of 
weight loss: (a) desorption of physically adsorbed water, (b) 
dehydration of inter-lamellar water, (c) loss/decomposition 
of interlayer organic and (d) dehydroxylation of the LDH 

Fig. 4. XRD patterns of (a) dodecyl sulfate–LDH and (b) LDH/IL 
organic–inorganic hybrid.

Fig. 5. The SEM images of (a) dodecyl sulfate–LDH and (b) LDH/IL organic–inorganic hybrid nanostructure and (c) EDX of LDH/IL 
organic–inorganic hybrid nanostructure.
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layers, in which some of the steps may overlap. In this way, 
the first weight loss (about 4.74%) up to 200°C is ascribed 
to water elimination. Between the temperatures 270°C and 
420°C, there is an important weight loss (22.35%) accompa-
nied by a strong exothermic peak associated to the elimina-
tion of the interlayer remaining solvent, surfactant and ionic 
liquid molecules. Another weight loss (15.92%) between 
420°C and end can be related to removal of water from the 
layers dehydroxylation and to a possible release of interlayer 
bromide anions.

3.3. Optimization of the adsorption condition

3.3.1. Effect of adsorbent amount on MO removal

The influence of LDH/IL amount on the adsorption of 
MO solution is shown in Fig. 7(a). The nanocomposite was 
tested with various amounts (0.01–0.1  g). The results indi-
cate that by increasing amount of nanocomposite adsorbent, 
the capability of MO removal was increased, that is because 
of increasing activated surface. According to Fig. 7(a), an 
increase occurs when the amount of adsorbent is increased 
from 0.01 to 0.05. Subsequently, the increased removal per-
cent increases by increasing adsorbent from 0.05 to 0.1, as 
regards at a lower intensity. Furthermore, the equilibrium 
amount of adsorbent was investigated to be 0.05 g.

3.3.2. Effect of solution pH on MO removal

The adsorption efficiency of an adsorbent is governed by 
the solution pH, as it controls the surface charge of the adsor-
bent. The effect of initial solution pH on MO removal from 
50 mg/L of MO solution by 0.05 g of LDH/IL in 5 min is demon-
strated in Fig. 7(b). The MO removal efficiency was strongly 
depended on solution pH and it decreased with increase in 
pH from 3.0 to 12.0 for all the adsorbents. Specifically, the 
maximum removal efficiency of 98.4% was observed at pH 7.

3.3.3. Effect of contact time on MO removal

The contact time is one of the important factors affecting 
batch adsorption process, therefore, contact time from 1 to Fig. 6. TGA of LDH/IL organic–inorganic hybrid nanostructure.

Fig. 7. (a) Effect of adsorbent amount on MO removal. (b) Effect of solution pH on MO removal. (c) Effect of contact time on MO 
removal. (d) Effect of temperature of dye solution on MO removal.
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10 min was studied for removal of dye. Resulting data were 
shown in Fig. 7(c). This synthesized LDH/IL organic–inorganic 
hybrid nanostructure adsorbent removed MO very fast, sub-
sequently, that more than 96.5% of dye was removed in 5 min 
and adsorption process attains saturation at this time.

3.3.4. Effect of temperature of dye solution on MO removal

Dye removal was examined at different temperature 
range starting from 25°C (as ambient temperature) to 65°C. 
50  mL of dye solution 50  mg/L was contacted to 0.05  g of 
LDH/IL for 5 min at pH 7 at 25°C, 30°C, 40°C, 50°C and 65°C 
(Fig. 7(d)).

3.4. Adsorption isotherms

In this study, Freundlich and Langmuir isotherms were 
used to describe the equilibrium between dye ions adsorbed 
onto the adsorbent and dye ions in the solution.

The Langmuir model assumes a monolayer adsorption 
on a homogenous surface where the binding sites have equal 
affinity and energy, and no interaction between the adsorbed 
species.

The linear form of the Langmuir isotherm model is 
given as:

C
q K q

C
q

e

e L m

e

m

= +
1 � (3)

where Ce is the equilibrium concentration of dye (mg/L), qe is 
the amount of dye adsorbed per unit weight of the adsorbent 
at equilibrium concentration (mg/g) and qm is the maximum 
adsorption amount of MO per mg of adsorbent (mg/g) and 
KL is the Langmuir adsorption equilibrium constant (L/mg).

The Freundlich isotherm assumes that the adsorption 
of metal occurs on a heterogeneous surface by multilayer 
adsorption and that the amount of dye adsorbed increases 
infinitely with increase in concentration [16]. The linearized 
Freundlich isotherm model is expressed as:

ln ln lnq K
n

Ce F e= +
1 � (4)

where Kf and n are the Freundlich parameters, which are 
related to the adsorption capacity and intensity, respectively.

Langmuir isotherm assumes that intermolecular forces 
decrease rapidly with distance and this leads to the prediction 
that coverage of adsorbent by dye ions is of monolayer type. 
It represents chemisorption on a set of well-defined localized 
sorption sites, supposing that once a particular site of the sor-
bent is occupied by a dye ion, no further adsorption takes 
place at that site. On the contrary, Freundlich isotherm gives 
an expression encompassing the surface heterogeneity and 
the exponential distribution of active sites and their energies; 
it describes the adsorption as reversible and not restricted to 
the monolayer formation. This isotherm does not predict any 
saturation of the sorbent surface, so dye concentration in the 
sorbent will increase with dye concentration increasing in the 
solution [17].

As can be seen from Fig. 8 and Table 1, the Freundlich 
isotherm model gave the high R2 value, showing that the 

equilibrium data of MO on LDH/IL were best represented 
by this model. The good fitness of the adsorption data to 
Freundlich model implies that the adsorption of MO on 
the LDH/IL is mostly chemisorption by anion exchange. 
Also, the adsorption capacity of the existing IL group in 
the nanostructure can be improved by the hydrophobic 
interaction that shows the fitness of the adsorption data to 
Langmuir model. Consequently, this nanostructure can be 
adsorbed through both physical and chemical interaction 
and force.

The adsorption capacities of the prepared samples and 
some previously reported materials for MO are compared 
(Table 2). The maximum adsorption capacity of LDH/IL on 
MO is 312.5 mg/g, it could be up to 27 times more than acti-
vated rice husk and the synthesized nanohybrid adsorbent 
developed in this study exhibits very quick adsorption.

4. Conclusion

In this research, the surface of the LDH nanostructures has 
been modified with N-methylimidazole as ionic liquid group 
through condensation between the hydroxyl groups and 

Fig. 8. Adsorption isotherms for MO by LDH/IL organic–
inorganic hybrid nanostructure: (a) Langmuir and (b) Freundlich.

Table 1
Parameters of Langmuir’s and Freundlich’s equation

Langmuir Freundlich
Parameters R2 Parameters R2

KL (L/mg) qm (mg/g) KF (L/g) n
0.148 312.5 0.9819 7.413 0.639 0.9971



Z. Tafazoli et al. / Desalination and Water Treatment 99 (2017) 322–329328

IL groups. Similarly, the LDH/IL organic–inorganic hybrid 
nanostructure as an adsorbent was used for the removal 
of MO from water samples. The adsorbent is mechanically 
stable and exhibits relatively high thermal stability. The con-
struction of the adsorbent is very simple. The experimental 
data of isotherm followed the Langmuir isotherm model 
and the Freundlich model. The results indicate that synthe-
sized nanostructure is a technically pragmatic, highly effi-
cient and cost-effective adsorbent for the removal of dye and 
imply a potential of feasible application for industrial water 
treatment.
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