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ABSTRACT: In this study, we presented the efficiently adsorptive removal of organic dye, methyl orange (MO), from aqueous
solution with the hydrothermal synthesized Mg�Al layered double hydroxide (LDH). The as-obtained product was characterized
by X-ray diffraction (XRD), Fourier transformation infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). The
adsorption characteristics of MO onto the Mg�Al LDH were evaluated in a batch adsorption process and systematically
investigated by different experimental parameters, such as initial dye concentration, contact time, and solution pH. The adsorption
kinetics were analyzed by pseudofirst-order, pseudosecond-order, Elovich, intraparticle diffusion, and Boyd models, which were
well-described by the pseudosecond-order model. The equilibrium adsorption data were interpreted using the Langmuir,
Freundlich, and Temkin isotherm models, which fitted well to both the Langmuir and Freundlich models. The monolayer
adsorption capacity of theMg�Al LDH towardMOwas found to be 0.453mol 3 kg

�1. These findings suggested that the LDH could
be regarded as a promising adsorbent for the removal of anionic dye in wastewaters.

1. INTRODUCTION

Nowadays, organic contaminations from a variety of sources
have become a global concern because of their impact on public
health. In particular, organic dye pollutants by various chemical
and textile industries have received great attention due to
increasing the environmental risk when they are discarded into
water, which can not only cause aesthetic problems, but also
exhibit high biotoxicity and potential mutagenic and carcinogenic
effects.1,2 Thus, the efficient removal of such kinds of pollutants
before discharging to the receiving water bodies is becoming a
crucial issue. However, the nondegradable nature and stability
toward light and/or oxidizing agents of dyes complicates the
selection of a suitable method for removal. Several methods have
been developed to treat the dye-containing effluents, including
biological treatment,3 coagulation/flocculation,4 ozone treatment,5

chemical oxidation,6 membrane filtration,7 ion exchange,8 photo-
catalysis,9 and adsorption.10 Among these methods, adsorption is a
reliable alternative due to its simplicity, high efficiency, and ease of
operation as well as the availability of a wide range of adsorbents.
Various kinds of materials including activated carbon,11 zeolite,12 fly
ash,13 clay,14 polymer,15 and byproduct16 have been found to be
capable of removing dyestuffs from wastewater. In view of pollutant
control at present, it is still indispensible to exploit the new
adsorbent materials with high adsorption capacities and removal
efficiencies.

Layered double hydroxides (LDHs), well-known as anionic
clays or hydrotalcite-like compounds, are a large class of natural
and synthetic materials, which have received considerable
attention in recent years due to their promising applications
in many fields, such as in catalysts and catalyst supports, ad-
sorbents, separation materials, additives in plastics, and biolo-
gical and pharmaceutical materials.17�20 LDHs are represented
by the general formula [M2+

1�xM
3+

x(OH)2](Ax/n
n�) 3mH2O,

whereM2+ is a divalent cation (Mg2+, Zn2+, Cu2+, Ni2+, Co2+, etc.),
M3+ is a trivalent cation (Al3+, Fe3+, Cr3+, etc.), and An� is an

interlayer anion (CO3
2�, SO4

2�, NO3
�, Cl�, OH�, etc.); x is a

ratio between di- and trivalent cations with various values
between 0.2 and 0.33.21,22 The structure consists of brucite-like
layers built up from edge-sharing M(OH)6 octahedra. Interest-
ingly, a partial and isostructural M2+ to M3+ substitution would
induce a positive charge for these layers, balanced with the
negatively charged interlayer region containing anions and water
molecules.21 This remarkable structure feature allows LDHs to
have a powerful ability to capture organic and/or inorganic anions
in aqueous solutions. In this regard, the LDHs were thereby
spread to the field of water treatment. To date, the adsorptive
removal of various pollutants in water on this kind of materials
has been demonstrated.23�27

To our knowledge, there is little report regarding the removal
of methyl orange (MO) over the hydrothermal synthesized
Mg�Al LDH until now. The objectives of this study were to
(i) hydrothermally synthesize and characterize theMg�Al LDH;
(ii) investigate the adsorption behavior of MO onto the Mg�Al
LDH; and (iii) analyze the adsorption kinetics and isotherms of
adsorption of MO onto the Mg�Al LDH using the theoretical
models.

2. EXPERIMENTAL SECTION

2.1. Chemicals. All of the reagents were of analytical grade
with the mass fraction purity of 0.99 and used as received without
further purification. Al(NO3)3 3 9H2O, Mg(NO3)2 3 6H2O, and
MO were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).
2.2. Preparation of the Mg�Al LDH Adsorbent. The

Mg�Al LDHwas synthesized by a hydrothermal route according
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to Hu's report with tiny modifications.28 Typically, 1 mmol of
Al(NO3)3 3 9H2O and 2 mmol of Mg(NO3)2 3 6H2O were dis-
solved in 50 cm3 of deionized water to obtain a clear solution
under magnetic stirring. A desired amount of aqueous ammonia
was added to above mixture solution to adjust the pH value to
about 11.0. The resulting mixture was stirred for another 1800 s
and then transferred into a 100 cm3 Teflon-lined stainless steel
autoclave and kept at 473 K for 7.2 3 10

4 s followed by cooling to
ambient temperature naturally. The white precipitate was cen-
trifuged, washed with ethanol and distilled water several times,
and finally dried at 333 K in a vacuum oven. The Mg2+ and Al3+

contents of the adsorbent were analyzed using an IRIS Intrepid II
XDL inductively coupled plasma atomic emission spectrometer
(ICP-AES) after dissolving the sample in nitric acid. The carbon
and nitrogen contents were measured in a Heraeus Vario EL-III
elemental analyzer. The chemical formula of the adsorbent were
determined to be Mg0.67Al0.33(OH)2(NO3)0.25(CO3)0.04.
2.3. Adsorption Experiments. Batch adsorption experiments

were carried out in a thermostatted shaker with a shaking speed
of 15.7 rad 3 s

�1 using 100 cm3 Erlenmeyer flasks and conducted
in duplicate. In general, 0.02 ( 0.0001 g of the Mg�Al LDH
were added into 50( 0.1 cm3 of MO solutions of desired initial
concentrations at natural pH of 6.5( 0.1 in flask and agitated in a
temperature-controlled shaker at 298 ( 1 K. At predetermined
time intervals, the samples were removed from the solution by
centrifugation. The effect of pH on the adsorption of MO onto
the Mg�Al LDH was studied over a pH range of (2.0 ( 0.1 to
10.0 ( 0.1) with a contact time of 7.2 3 10

3 s. The pH was
adjusted by adding aqueous solutions of 0.1 mol 3 kg

�1 HCl or
0.1 mol 3 kg

�1 NaOH. The adsorption kinetics was determined

by the analysis of the adsorption capacity from the aqueous
solution at different time intervals. For adsorption isotherms,
MO solution of different concentrations was incubated with the
adsorbent under agitation until the equilibrium was achieved.
The concentration of dye was determined at 460 nm for MO
using a UV�vis spectrophotometer (Shimadzu, UV-2550). The
equilibrium adsorption capacity of MO onto the Mg�Al LDH
was evaluated by using the mass balance equation:

q ¼ ðC0 � CeÞV
m

ð1Þ

whereC0 andCe are the initial and equilibriumconcentrations of dye,
m is the mass of the Mg�Al LDH, and V is the volume of solution.
2.4. Characterization. The powder X-ray diffraction (XRD)

measurements were recorded on a Rigaku Dmax/Ultima IV
diffractometer with monochromatized Cu Kα radiation (λ =
0.15418 nm). The morphology was observed with a JSM-6510
scanning electron microscope (SEM). The Fourier transform
infrared (FTIR) spectroscopy was measured on Nicolet 6700
FTIR spectrometric analyzer using KBr pellets. A pHS-3C digital
pH meter (Rex Instruments Factory, Shanghai, China) was
employed for the pH measurements. The point of zero charge
(pHPZC) of the Mg�Al LDH was determined by the solid
addition method. To a series of 100 cm3 conical flasks, 45 cm3

of 0.1 mol 3 kg
�1 NaCl solution was transferred. The initial pH

values (pHi) of the solution were adjusted from (1.0 to 11.0) by
adding either 0.1 mol 3 kg

�1 HCl or 0.1 mol 3 kg
�1 NaOH. The

total volume of the solution in each flask was made exactly to
50 cm3 by adding the NaCl solution. Then, 0.1 g of the Mg�Al
LDH was added to each flask, and the mixtures were agitated at

Figure 1. (a,b) SEM images, (c) XRD pattern (diffraction peak intensity I versus diffraction angle 2θ), and (d) FTIR spectrum (wavenumber σ versus
transmittance T) of the as-prepared Mg�Al LDH.
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15.7 rad 3 s
�1. After 1.73 3 10

5 s, the final pH values (pHf) of the
solutions were measured. The difference between the initial and
final pH values (ΔpH = pHi� pHf) was plotted against the pHi.
The point of intersection of the resulting curve with abscissa, at
which ΔpH = 0, gave the pHPZC.

3. RESULTS AND DISCUSSION

3.1. Characterization of the As-Prepared Adsorbent. The
morphology of the as-prepared adsorbent was observed by
scanning electron microscopy (SEM). Figure 1a,b shows the
typical SEM images of the Mg�Al LDH, which consisted of the
aggregation of small platelets with a smooth surface. The crystal-
line structure of the as-prepared adsorbent was also determined
by XRD. Figure 1c shows the XRD pattern of the Mg�Al LDH.
It exhibited the characteristic diffractions of well-crystallized
hydrotalcite-like LDHs. A series of (00l) peaks indexed as (003),
(006), and (009) appearing as symmetric lines at low 2θ angle
correspond to the basal spacing, indicating the presence of an
ordered stacking sequence. The structure of the as-prepared
adsorbent was further determined by the FTIR spectroscopy.
Figure 1d shows the FTIR spectrum of the Mg�Al LDH. The
characteristic peaks are located at 3440 cm�1 (the stretching
vibration of O�H), 1620 cm�1 (the bending vibration of O�H),
and 1377 cm�1 (the bending vibration of N�O). In addition, the
peaks in the range of (400 to 900) cm�1 are assigned to the lattice
vibration modes of M�O and M�OH.28

3.2. Effect of Contact Time and Initial MO Concentration.
MO was chosen as a model dye to assess the adsorption capacity
of the as-prepared Mg�Al LDH. A series of systematic experi-
ments have been performed to examine the MO adsorption with
the Mg�Al LDH in aqueous solution. Figure 2 shows the effect
of contact time on the adsorption capacity of MO onto the
Mg�Al LDH at different initial concentrations. It can be seen
that the adsorption rates ofMO onto theMg�Al LDHwere con-
siderably rapid within the first 1.8 3 10

3 s for all of the concentra-
tions. Thereafter, the adsorption proceeded slowly with contact
time before reaching a plateau value after 7.2 3 10

3 s. The high
adsorption rate within the initial 1.8 3 10

3 s was attributed to the
adequate free adsorptive sites and a high dye concentration
gradient. The removal efficiencies were found to be 99.9 %,

98.9 %, and 95.5 % at the initial concentrations of (6.11 3 10
�5,

1.22 3 10
�4, and 1.83 3 10

�4) mol 3 kg
�1, respectively, demonstrat-

ing the high efficiency of the Mg�Al LDH for the MO adsorp-
tion in aqueous solutions. On the other hand, the adsorption
process was also found to be closely dependent on the initial
concentrations. The amount of MO adsorbed increased evi-
dently with the increase in initial concentration. This could be a
result of an increase in the driving force of concentration gradient
to overcome the mass transfer resistance of the dye between the
aqueous phases and the solid phases with the increase in the
initial concentration.29�31

3.3. Adsorption Kinetics. To understand the detailed char-
acteristics of the adsorption process, the various kinetic models,
namely, pseudofirst-order, pseudosecond-order, Elovich, Weber's

Figure 2. Adsorption capacity qt versus time t for the adsorption of MO
onto the Mg�Al LDH at different initial MO concentrations (square:
6.11 3 10

�5 mol 3 kg
�1, circle: 1.22 3 10

�4 mol 3 kg
�1, triangle: 1.83 3 10

�4

mol 3 kg
�1).

Figure 3. (a) Pseudofirst-order, (b) pseudosecond-order, and (c)
Elovich kinetics for the adsorption of MO onto the Mg�Al LDH
(square: 6.11 3 10

�5 mol 3 kg
�1, circle: 1.22 3 10

�4 mol 3 kg
�1, triangle:

1.83 3 10
�4 mol 3 kg

�1). qe: adsorption capacity of MO onto the adsor-
bent at equilibrium, qt: adsorption capacity of MO onto the adsorbent at
time t.
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intraparticle diffusion, and Boyd's kinetic models, were applied to
identify the dynamics of the adsorption process.
The pseudofirst-order kinetic model assumes that the rate of

change of solute uptake with time is directly proportional to
difference in saturation concentration and the amount of solid
uptake with time, which is generally applicable over the initial
stage of an adsorption process. A linear form of the Lagergren's
pseudofirst-order equation can be expressed as:32

logðqe � qtÞ ¼ log qe � k1t
2:303

ð2Þ

where k1 is the pseudofirst-order rate constant and qe and qt are
the adsorption capacity of MO onto the adsorbent at equilibrium
and at time t, respectively. The parameters k1 and qe were
determined from the plots of log (qe � qt) versus t (Figure 3a)
and are summarized in Table 1. The values of the correlation
coefficients (R2) for the pseudofirst-order model obtained are
not high at the whole concentration range. Moreover, large
differences between experimental (qe,exp) and calculated (qe,cal)
values of the equilibrium adsorption capacity were also observed,
which indicates that the adsorption of MO onto the Mg�Al
LDH did not obey the pseudofirst-order model.
The pseudosecond-order kinetic model is based on the

assumption that the rate-limiting step is chemical sorption or
chemisorption and predicts the behavior over the whole range of
adsorption. The linear form of pseudosecond-order kinetic
model is expressed as:33

t
qt

¼ 1
k2qe2

þ t
qe

ð3Þ

where k2 is the pseudosecond-order adsorption rate constant.
The values of k2 and qe can be calculated from the slope and
intercept of plots of t/qt versus t (Figure 3b) and are given in
Table 1. At all of the studied initial concentrations, the pseudo-
second-order model showed a good fit with experimental data
(R2 > 0.99). The values of qe,cal also appeared to be very close to
the experimentally observed values of qe,exp. This finding suggests
that the adsorption kinetics followed the pseudosecond-order
model. Similar kinetics was observed in the adsorption of dye
onto other LDH-based adsorbents.34 The equilibrium adsorp-
tion capacity (qe,cal) increased with increasing the initial con-
centration, attributed to the relatively strong driving force of the
concentration gradient at high initial concentrations. Addition-
ally, the pseudosecond-order rate constants (k2) values decreased
from (0.048 to 0.004) kg 3mol

�1
3 s
�1, which can be ascribed to the

lower competition for the adsorption surface sites at lower
concentration.35

The Elovich kinetic model is often used to interpret the
kinetics of adsorption and successfully describe second-order
kinetics assuming that the actual solid surfaces are energetically
heterogeneous, which is given in the following equation:36

qt ¼ 1
β
lnðαβÞ þ 1

β
ln t ð4Þ

where α is the initial adsorption rate and β is the desorption
constant. The experimental data were analyzed by the Elovich
equation, as shown in Figure 3c. By plotting ln t versus qt, the
constants can be obtained from the slope and intercept of the plot.
The correlation coefficients (R2) were obtained in the range of
(0.8729 to 0.9798) for all of the concentrations, which were lower
than those of the pseudosecond-order model shown in Table 1.
Considering that the pseudofirst-order, pseudosecond-order,

and Elovich kinetic models could not identify the diffusion
mechanism, the kinetic data were further analyzed by Weber's
intraparticle diffusion model, which can be described as:37

qt ¼ kit
1=2 þ Ci ð5Þ

where ki is the intraparticle diffusion rate constant and Ci is the
intercept. The value of C relates to the thickness of the boundary
layer. The larger C implies the greater effect of the boundary

Table 1. Kinetic Parameters of the Adsorption of MO onto the Mg�Al LDH

pseudofirst-order pseudosecond-order Elovich

C0 qe,exp
a k1 qe,cal k2 qe,cal α β

mol 3 kg
�1 mol 3 kg

�1 s�1 mol 3 kg
�1 R2 kg 3 mol�1

3 s
�1 mol 3 kg R2 mol 3 kg

�1
3 s
�1 kg 3mol�1 R2

6.11 3 10
�5 0.152 ( 0.019 8.03 3 10

�4 0.046 0.9550 0.048 0.155 0.99 36.7 3 10
�3 78.99 0.87

2999

1.22 3 10
�4 0.300 ( 0.033 6.23 3 10

�4 0.177 0.9527 0.007 0.315 0.99 4.80 3 10
�3 22.18 0.97

5491

1.83 3 10
�4 0.429 ( 0.015 4.73 3 10

�4 0.261 0.9429 0.004 0.454 0.99 3.85 3 10
�3 14.11 0.97

88 98
aThe expanded uncertainty was calculated using a coverage factor of 2, which gives a level of confidence of approximately 95 %.

Figure 4. Intraparticle diffusion plots of adsorption capacity qt versus
the square root of time t1/2 for the adsorption of MO onto the Mg�Al
LDH (square: 6.11 3 10

�5 mol 3 kg
�1, circle: 1.22 3 10

�4 mol 3 kg
�1,

triangle: 1.83 3 10
�4 mol 3 kg

�1).
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layer. According to this model, the plots of qt versus t
1/2 should

be linear if intraparticle diffusion is involved in the adsorption
process, and if these lines pass through the origin then intrapar-
ticle diffusion is the rate-controlling step.38 However, if the data
exhibit multilinear plots, then two or more steps simultaneously
operate the adsorption process. Figure 4 shows the qt versus t

1/2

plot at different initial concentrations. For all of the concentra-
tions, two linear regions were observed, indicating that more than
one process affected the adsorption process of MO onto the
Mg�Al LDH.39 The first linear section was a diffusion adsorp-
tion stage correlated to the diffusion of dye through the solution
to the external surface of adsorbent (film diffusion). The second
linear portion was a gradual adsorption stage corresponding to
intraparticle diffusion of dye molecules through the pores of
adsorbent (intraparticle diffusion). In addition, none of the lines
passing through the origin reveal that the intraparticle diffusion
was not the only rate-controlling step for the whole adsorption
process. Additionally, the values of intraparticle rate constant ki,1
and ki,2 at different initial concentrations are also listed in Table 2.
It is clear that both ki,1 and ki,2 values increased with increasing
initial dye concentration. It can be explained by the growing
effect of driving force that led to reducing the diffusion of dye
molecules in the boundary layer and enhancing the diffusion in
the solid. The ki,1 values greater than ki,2 values suggested that the
film diffusion step was an important step for the adsorption of
MO onto the Mg�Al LDH. During the adsorption process, MO
molecules were initially adsorbed by the exterior surface of the
adsorbent. When the adsorption at the exterior surface reached
the saturation, MO molecules further entered the pores within
the particles and were subsequently adsorbed by the interior
surfaces. It is reasonably expected that the diffusion resistance
was considerably increased in the interior adsorption process,
thus resulting in a decrease in diffusion rate.
To establish the actual rate-controlling step involved in the

overall adsorption process, the adsorption kinetic data were further
analyzed by the Boyd kinetic model, which is expressed as:40

F ¼ 1� 6
π2

expð � BtÞ ð6Þ

where F is the fraction of solute adsorbed at different time t and Bt is
a mathematical function of F and is given by

F ¼ qt
qe

ð7Þ

Substituting eq 7 in eq 6, the kinetic expression can be represented
as

Bt ¼ � 0:4977� lnð1� FÞ ð8Þ
According to this model, if the plot of Bt versus t is a straight

line passing through the origin, then the rate-limiting step in the

adsorption process is the intraparticle diffusion and vice versa. As
shown in Figure 5, the plots of the relationship between Bt and t
were linear for the adsorption of MO onto the Mg�Al LDH
(R2 > 0.94) but did not pass through the origin for different initial
dye concentrations (Table 2), reflecting that film diffusion was
the rate-controlling step in the adsorption process.
3.4. Adsorption Isotherms. Adsorption isotherms provide

qualitative information on the capacity of the adsorbent as well as
the nature of the solute�surface interaction. Figure 6 shows the
adsorption isotherms of MO onto the Mg�Al LDH. The
adsorption capacities of MO increased with increasing the dye
concentration. Also, the shape of the isotherm revealed L-beha-
vior according to the Giles classification,41 confirming a high
affinity between Mg�Al LDH and the dye molecule.
In our present study, Langmuir,42 Freundlich,43 and Temkin44

isotherms were used to describe the experimental data. The
Langmuir isotherm theory assumes monolayer coverage of
adsorbate over a homogeneous adsorbent surface. A basic
assumption is that adsorption takes place at specific homoge-
neous sites within the adsorbent. Once a dye molecule occupies a
site, no further adsorption can take place at that site. The
Langmuir isotherm is expressed as

Ce

qe
¼ 1

bqm
þ Ce

qm
ð9Þ

where b is Langmuir constant and qm is the Langmuir monolayer
adsorption capacity. The parameters qm and b were calculated
from the slope and intercept of the linear plot of Ce/qe versus Ce

(Figure 7a) and are shown in Table 3. The correlation coefficient
of the isotherm is relative high (R2 = 0.9937), which indicates

Table 2. Intraparticle Diffusion Model Parameters of the Adsorption of MO onto the Mg�Al LDH

intraparticle diffusion model

C0 ki,1 C1 ki,2 C2 Boyd model

mol 3 kg
�1 mol 3 kg

�1
3 s
�1/2 mol 3 kg

�1 R2 mol 3 kg
�1

3 s
�1/2 mol 3 kg

�1 R2 linear equation R2

6.11 3 10
�5 1.81 3 10

�3 0.078 0.9719 1.06 3 10
�4 0.142 0.7004 Bt = 0.70871t + 8.02903 3 10

�4 0.9550

1.22 3 10
�4 4.40 3 10

�3 0.076 0.9874 1.04 3 10
�3 0.206 0.7383 Bt = 0.03916t + 6.23142 3 10

�4 0.9527

1.83 3 10
�4 6.55 3 10

�3 0.078 0.9800 1.55 3 10
�3 0.284 0.9098 Bt = 0.01231t + 4.74465 3 10

�4 0.9428

Figure 5. Plots of Boyd parameter Bt versus time t for the adsorption of
MO onto the Mg�Al LDH (square: 6.11 3 10

�5 mol 3 kg
�1, circle:

1.22 3 10
�4 mol 3 kg

�1, triangle: 1.83 3 10
�4 mol 3 kg

�1).
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that the Langmuir model is suitable for describing the adsorption
equilibrium of MO onto the Mg�Al LDH. The monolayer
adsorption capacity determined from the Langmuir isotherm is
0.453 mol 3 kg

�1. In comparison with the adsorption capacities of
other adsorbents (Table 4), the adsorption capacity of Mg�Al
LDH was found to be better than the most other adsorbents
reported in the literature.15,45�49

The essential characteristics of the Langmuir isotherm can be
expressed in terms of a dimensionless constant separation factor
RL that is given by:50

RL ¼ 1
1 þ bC0

ð10Þ

The value of RL indicates the shape of the isotherm to be either
unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or
irreversible (RL = 0).

51 The calculatedRL values at different initial
concentration of MO are in the range of (0.0022 to 0.0066),
which lie between 0 and 1, thereby confirming that the adsorp-
tion is a favorable process. In addition, the low RL values implied
that the interaction of dye molecules withMg�Al LDHmight be
relatively strong.52,53

The Freundlich isotherm is an empirical equation assuming
that the adsorption process takes place on heterogeneous
surfaces, and adsorption capacity is related to the concentration
of dye at equilibrium. The Freundlich isotherm is described as:

log qe ¼ log Kf þ 1
n
log Ce ð11Þ

where Kf is roughly an indicator of the adsorption capacity and
1/n is the adsorption intensity. Freundlich constantsKf and n can
be obtained from the intercept and the slope of the linear plot of
log qe versus log Ce (Figure 7b). As shown in Table 3, the
correlation coefficient (R2 = 0.9952) reflects that the experi-
mental data agree with the Freundlich model. The Freundlich
constant n gives an idea for the favorability of the adsorption
process. The value of n should be less than 10 and higher than
unity for favorable adsorption conditions. It was found that the
value of n for Freundlich model in this case was greater than 1,
indicating that the adsorption of MO onto the Mg�Al LDH was
a favorable.
The Temkin isotherm assumes that the heat of adsorption of

all of the molecules in the layer decreases linearly with the

coverage of molecules due to the adsorbate�adsorbate repul-
sions and the adsorption of adsorbate is uniformly distributed54

and that the fall in the heat of adsorption is linear rather than
logarithmic. The Temkin equation is given by:

qe ¼ BT ln AT þ BT ln Ce ð12Þ
where BT = (RT)/bT, T is the absolute temperature, and R is the
universal gas constant (8.3145 J 3mol�1

3K
�1). The constant bT

is related to the heat of adsorption, and AT is the equilibrium
binding constant corresponding to themaximumbinding energy.
The slope and the intercept from a plot of qe versus ln Ce

determined the isotherm constants AT and BT (Figure 7c). The
correlation coefficient (R2 = 0.9703) of the Temkin isothermwas
lower than that obtained for the Langmuir and Freundlich

Figure 7. Adsorption isotherm of the adsorption of MO onto the
Mg�Al LDH: (a) Langmuir model, (b) Freundlich model, and
(c) Temkin model. qe: equilibrium adsorption capacity, Ce: equilibrium
concentrations.

Figure 6. Equilibrium adsorption capacity qe versus equilibrium con-
centrations Ce for the adsorption of MO onto the Mg�Al LDH.
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isotherms (Table 3), suggesting that the Temkin isotherm model
does not fit equilibriumdata aswell as the Langmuir andFreundlich
isotherm models.
3.5. Effect of Initial pH. The solution pH is an important

parameter controlling the dye adsorption process, since it can
affect the surface charge of the adsorbent, the ionization degree of
the different pollutants, the dissociation of functional groups on
the active sites of the adsorbent, and the structure of the dye
molecule. Figure 8 shows the effect of initial pH on the adsorp-
tion capacity of MO onto the Mg�Al LDH. The adsorption
capacity of MO increased from (0.218 to 0.299) mol 3 kg

�1

with increasing pH from (2.0 to 4.0) and decreased slightly in
the pH range of (4.0 to 6.0). Afterword, adsorption capacity
quickly decreased when the pH was above 6.0. Obviously, MO
adsorption closely depends on the solution pH. The point of
zero charge (pHPZC) of the Mg�Al LDH is an important

characteristic that determines the pH at which the surface has
net electrical neutrality and is therefore assessed by a solid
addition method. As shown in Figure 9, the pHPZC of the
LDH was estimated to be about 6.98, which is consistent with
the reported values (6.8 to 8.9).55,56 This means that the surface
charge of Mg�Al LDH was positive when pH < pHPZC and
negative when pH > pHPZC. Therefore, at a solution pH lower
than pHPZC, the electrostatic attraction was expected to occur
between the positively charged active adsorption sites and
anionic dye molecule, accounting for the enhanced adsorption
of dye. It should be mentioned that the decrease in adsorption
capacity with decreasing pH in the low pH range (pH < 4) may
be due to the dissolution of Mg�Al LDH in the low pH
solutions, consistent with the reported results in literature. In
contrast, the surface of the Mg�Al LDH may acquire negative
charges at a solution pH higher than pHPZC. The competitive
effects of OH� ions and the electrostatic repulsion between the
anionic dye molecules and the negatively charged active adsorp-
tion sites on the Mg�Al LDH would result in a decrease in the
adsorption capacity. Figure 8 also shows the relationship be-
tween the initial and final pH for MO adsorption, which
demonstrates the pH values change during the adsorption
process. At low initial pH (pHi), the final pH values (pHf) are
higher than pHi values, which is due to the protonation and/or
the dissolution of LDH.57,58 When the pHi was between 7.0 and
10.0, the pHf would be in the range of (6.7 to 7.8), indicating a
buffering capacity caused by the adsorbent.59

4. CONCLUSION

In summary, we have demonstrated the efficient adsorptive
removal of MO from aqueous solution with the hydrothermal

Table 3. Isotherm Parameters for the Adsorption of MO onto the Mg�Al LDH

Langmuir Temkin

b qm Freundlich bT AT

kg 3mol�1 mol 3 kg
�1 R2 Kf n R2 J 3mol kg 3mol�1 R2

2.45 3 10
6 0.453 0.9937 5.476 4.68 0.9952 4.32 3 10

4 2.02 3 10
8 0.9703

Table 4. Comparison of the Adsorption Capacities of MO
onto Various Adsorbents

qm

adsorbents mol 3 kg
�1 references

Mg�Al LDH 0.453 this work

hypercrosslinked polymeric adsorbent 0.217 45

banana peels 0.064 46

orange peels 0.063 46

activated carbon 0.029 47

modified sporopollenin 0.016 48

NH3
+ MCM-41 1.120 49

polyaniline microspheres 0.472 15

Figure 8. Equilibrium adsorption capacity qe (square) and pHf (opened
square) versus pHi for the adsorption of MO onto the Mg�Al LDH.
pHf: final pH values, pHi: initial pH values.

Figure 9. Plot ofΔpH versus pHi for the determination of point of zero
charge of the Mg�Al LDH.ΔpH: the difference between the initial and
final pH values, pHi: initial pH values.
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synthesizedMg�Al LDH. The effects of initial dye concentration,
contact time, and solution on the adsorption capacity of MO
onto the Mg�Al LDH were systematically studied. It was
found that the adsorption of MO onto the Mg�Al LDH was
highly pH-dependent. The adsorption rates of MO onto the
Mg�Al LDH were considerably rapid within the first 1.8 3 10

3 s
for all of the initial dye concentrations, and it reached equilib-
rium around approximately 7.2 3 10

3 s. The adsorption kinetic
studies revealed that the adsorption process followed the
pseudosecond-order kinetic model. The equilibrium data were
described by various isotherm models such as Langmuir,
Freundlich, and Temkin isotherm models among which Lang-
muir and Freundlich fit the experimental data well. The
monolayer adsorption capacity of the Mg�Al LDH toward
MOwas found to be 0.453 mol 3 kg

�1. This study indicated that
the LDH could be used as a potential adsorbent for the removal
of anionic dye in wastewaters.
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