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This investigation employed the co-precipitation method to generate MgAl layered double hydroxides
(LDHs). Magnesium nitrate (Mg(NOs3),-6H20) and alumina nitrate (AI(NOs)3-9H,0) were used as
precursors in the formation of Mg and Al, respectively, to generate MgAI LDHs. Samples with Mg/Al ratios
of 1 and 2 are denoted as MgAIl and MgAI2, respectively, and were used as adsorbents to decolorize C.1.
Reactive Red 2 (RR2). The surface characteristics of MgAIl LDHs were measured by specific surface area
analysis and scanning electron microscopy. The effects of RR2 concentration, MgAIl dose and pH on RR2
adsorption were elucidated. Kinetic analyses were performed using pseudo first- and second-order models
and the intraparticle diffusion model. Equilibrium results were plotted using Langmuir, Freundlich and
Temkin isotherms. The specific surface area, pore volume and pore width of MgAI1 were 43.7 m%/g, 0.16
cm®/g and 36 nm, respectively; and those of MgAI2 were 6.5 m*/g, 0.03 cm*/g and 53 nm, respectively. The
regression results revealed that the adsorption kinetics were more accurately represented by a pseudo
second-order model and the equilibrium results were most accurately fitted using the Temkin isotherm. The
RR2 adsorption efficiency of MgAIl exceeded that of MgAI2. Increasing the MgAIl1 dosage increased RR2
adsorption, whereas increasing the RR2 concentration or pH reduced RR2 adsorption. The maximum RR2
adsorption capacity of MgAI1 at pH 3 was 153.9 mg/g.
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ABSTRACT

This investigation employed the co-precipitation method to generate MgAl layered double hydroxides
(LDHs). Magnesium nitrate (Mg(NOg3),-6H,0) and alumina nitrate (AI(NO3)3-9H,0) were used as
precursors in the formation of Mg and Al, respectively, to generate MgAI LDHs. Samples with Mg/Al ratios
of 1 and 2 are denoted as MgAlIl and MgAI2, respectively, and were used as adsorbents to decolorize C.1.
Reactive Red 2 (RR2). The surface characteristics of MgAIl LDHs were measured by specific surface area
analysis and scanning electron microscopy. The effects of RR2 concentration, MgAlIl dose and pH on RR2
adsorption were elucidated. Kinetic analyses were performed using pseudo first- and second-order models
and the intraparticle diffusion model. Equilibrium results were plotted using Langmuir, Freundlich and
Temkin isotherms. The specific surface area, pore volume and pore width of MgAI1 were 43.7 m%/g, 0.16
cm®/g and 36 nm, respectively; and those of MgAI2 were 6.5 m*/g, 0.03 cm*/g and 53 nm, respectively. The
regression results revealed that the adsorption kinetics were more accurately represented by a pseudo
second-order model and the equilibrium results were most accurately fitted using the Temkin isotherm. The
RR2 adsorption efficiency of MgAILl exceeded that of MgAI2. Increasing the MgAI1l dosage increased RR2
adsorption, whereas increasing the RR2 concentration or pH reduced RR2 adsorption. The maximum RR2
adsorption capacity of MgAI1 at pH 3 was 153.9 mg/g.

Key words: Decolorization; Layered Double Hydroxides; Isotherm; Kinetics

1. INTRODUCTION

The general formula of layered double hydroxides (LDHSs) is [M(11)1xM({111Dx(OH)2]** (A™)xn -H-0,
where M(11) is a divalent metal cation; M(l11) is a trivalent metal cation, and A™ is the interlayer anion.
LDHs are a family of synthetic anionic clays [1]. The hydrotalcite type LDHs comprise positively charged
hydroxide layers, which are separated by anions and water molecules, of which the interlayer anions can be
exchanged. The anions in the interlayers of LDHSs can be exchanged with other anions by an ion exchange
mechanism [2]; therefore, LDHs are suitable for use as adsorbents to remove anionic pollutants from
wastewater. Zhang et al. [2] used ZnAl LDHs to take up and degrade Orange Il. Zhang et al. [3] coated
Zn-LDHs (FeZn, CoZn or AlZn LDHSs) on the surface of the natural bio-ceramic and compared its
phosphorus removal efficiency with these Zn-LDHs. Their experimental results revealed that AlZn LDHs
had the highest total phosphorus removal efficiency among these Zn-LDHs. Zhou et al. [4] found that the



maximum adsorption capacity of Reactive Orange 5 by MgAIl LDHs was 53.8 mg/g. C.l. Reactive Red 2
(RR2), an azo dye with the most commonly used anchor - the dichlorotriazine group; therefore, in this study
MgAI LDHs were used as adsorbents to decolorize RR2.

An understanding of adsorption kinetics and equilibrium is critical in supplying the basic information
that is required for the design and operation of adsorption equipment. The adsorption rates were determined
quantitatively and those obtained using the pseudo first- and second-order models and the intraparticle
diffusion model were compared. The Langmuir, Freundlich and Temkin isotherms were fitted to the
equilibrium data. The objectives of this study were (i) to evaluate the effects of the Mg/Al ratio on the
decolorization of RR2 during the preparation of MgAIl LDHSs; (ii) to determine the effects of RR2
concentration, adsorbent dosage, and pH on the adsorption of RR2; (iii) to assess adsorption rates using
various kinetic models and (iv) to measure the coefficients of the Langmuir, Freundlich, and Temkin
isotherms.

2. MATERIALS AND METHODS
2.1. Materials

Magnesium nitrate (Mg(NO3),-6H,0) and alumina nitrate (Al(NO3)3-9H,0) were used as precursors in
the formation of Mg and Al, respectively, to generate MgzZn LDHs (Merck, USA). The RR2
(C19H10CI2NgNa,0+S;) was purchased from Sigma Aldrich (USA). The solution pH was controlled by
adding HNO3; or NaOH during the reaction, and both reagents were purchased from Merck (USA). All
chemicals were used without further purification.

2.2. Preparation of MgAl LDHs

MgAI LDHs was prepared by the co-precipitation method at pH 10. Eighty mL of Mg(NO3),-6H,0
(0.25 or 0.5 M) and 80 mL AI(NO3)3-9H,0 (0.25 M) were mixed to form solution A. Then, 80 mL NaCl (0.2
M) was added dropwise to solution A. Finally, the mixture was adjusted to pH 10 by adding NaOH (5 M)
under vigorous stirring (600 rpm) for 2 h. The resultant slurries were sealed in a Teflon-lined stainless steel
autoclave and heated at 353K for 24 h. The precipitates were collected by filtration and washed with 200 mL
D.I. water three times to remove any residual ions. The samples were finally dried in air at 333K for 12 h.
Samples with Mg/Al ratios of 1 and 2 denoted as MgAIl and MgAlI2, respectively.

2.3. Characterization of the adsorbents

The MgAIl LDHs were examined by scanning electron microscopy (SEM) to determine their size and
morphology (JEOL JSM-6500F, Japan), and their specific surface areas were determined by BET method
using a surface area analyzer (ASAP 2010; Micromeritics, USA).

2.4. Adsorption experiments

All adsorption experiments were performed in a closed, pyramidal, glass bottle with a volume of 250
mL. Adsorption kinetics were measured over 2 h. An initial pH of 3.0 was used in all RR2 adsorption
experiments, except for the experiments with variable pH in which the effect of pH on RR2 removal was
studied. In adsorption experiments, 0.1 g of adsorbent was placed in a bottle that contained 200 mL of an
RR2 solution with a concentration of 20 mg/L and shaken at 100 rpm. The effect of RR2 concentration on
removal by MgAIl was investigated using [RR2] values of 20 and 40 mg/L with [MgAI1] = 0.5 g/L. The



effect of adsorbent concentration on removal by MgAI1 was examined using [MgAI1] values of 0.3 and 0.5
g/L at [RR2] = 20 mg/L. The effect of pH on removal by MgAI1 was studied using initial pH values of 3 and
9 at [RR2] =20 mg/L and [MgAlI1] = 0.5 g/L. To obtain the equilibrium parameters, adsorption experiments
were conducted at 298K over 24 h. Suspended particles were separated by filtering through a 0.22 pum filter
(Millipore). The RR2 concentration was measured using a spectrophotometer (Hitachi U-2001) at 538 nm.
Decolorization efficiency was obtained from the difference between RR2 concentrations before and after
experiments. Most experiments were performed in duplicate, and values shown are averages.

3. RESULTS AND DISCUSSION
3.1. Surface characteristics of MgAlI LDHs

SEM was utilized to characterize the surface structure and morphology of MgAI LDHs, and to
determine their shape and pore structures in particular. The surface of MgAl LDHs comprised overlapping
crystals in the form of stacked layers (Fig. 1). MgAl samples exhibited the typical platelike morphology of
LDHs with a lamellar structure. The specific surface area, pore volume and pore width of MgAIl were 43.7
m?/g, 0.16 cm®/g and 36 nm, respectively; and those of MgAI2 were 6.5 m?/g, 0.03 cm®/g and 53 nm,
respectively.

3.2. Effects of Mg/Al ratio, RR2 concentration, adsorbent dose, and pH on RR2 removal

Figure 2 plots the effects of Mg/Al ratio in the preparation of MgAIl LDHs on RR2 removal. After the
reaction had proceeded for 30 min, the percentages of RR2 adsorbed onto MgAI1 and MgAI2 were 100%
and 75%, respectively. The adsorption process was rapid for the first 10 min, after which time its rate
gradually decreased until equilibrium was reached. Initially, all surface sites on the adsorbent were vacant
and the RR2 concentration gradient was relatively high, so the initial adsorption rate was high. This initial
phase may be explained by passive uptake via physical adsorption or ion exchange at the surface [5]. Of the
samples, MgAI1 exhibited the highest adsorption efficiency for RR2, so MgAll was used as the model
adsorbent to analyze kinetics and equilibrium.

Figure 3 plots the effects of adsorbent dose, RR2 concentration and pH on the adsorption of RR2 by
MgAIL. Increasing the MgAIl dosage increased RR2 adsorption, mainly because of the increase in
adsorptive surface area and availability of adsorption sites on ZnAl3. However, the amount of RR2 adsorbed
per unit mass of MgAI1 declined as the MgAI1 dose increased (Table 1). The decrease in unit adsorption as
the MgAI1 dose increased follows from the fact that adsorption sites remain unsaturated during the
adsorption process and, possibly from the fact that adsorption sites overlap because of MgAlI1 particle
overcrowding. Several studies have also determined that unit adsorption capacity declines as the adsorbent
dosage increases [6, 7].

The RR2 removal percentage declined as the initial RR2 concentration increased, even though the
amount of RR2 adsorbed per unit mass of MgAI1 increased with the initial RR2 concentration (Table 1).
This increase is caused by an increase in the driving force of the concentration gradient as the initial RR2
concentration increases. Various studies have found that adsorption capacity increases with the dye
concentration [6-8].

Solution pH is an important adsorption parameter because pH depends on complex reactions or
electrostatic interactions in physisorption processes at the adsorption surface. Reducing pH increased the
adsorption of RR2 onto MgAI1. At a lower solution pH, more H* causes more hydroxyl groups to become



protonated (-OH,") on the surface of MgAlI1, promoting the electrostatic attraction between the surface of
MgAI1 and the -SO3" group in RR2. At a higher solution pH, the surfaces of MgAI1 are more negatively
charged, causing a stronger electrostatic repulsion between negatively charged surface sites and the -SO3’
groups of RR2.

The adsorption Kinetics of an adsorbent determines the rate of the adsorption process. The pseudo
first-order model [9], pseudo second-order model [9, 10], and intraparticle diffusion model [11] were used to
fit the experimental data and determine the adsorption Kinetics. Equation (1) is the pseudo first-order model.

In(q, —q)=In(q,)—kt (1)

where g and g (mg/g) are the amounts of RR2 that are adsorbed on the absorbent at equilibrium and at time
t, respectively, and k; (min™) is the rate constant of the pseudo first-order model. Equation (2) is the pseudo
second-order model.

[ 1 [
- = 5 + —
q kg, 0

(2)

where ¢ and g (mg/g) are as defined for the pseudo first-order model, and k, (g/mg-min) is the rate constant
of the pseudo second-order model. Since neither model yielded a potential diffusion mechanism, kinetic
results were analyzed using the intraparticle diffusion model. In the intraparticle diffusion model, film
diffusion was negligible and intraparticle diffusion was the only rate-controlling step. Equation (3) is the
intraparticle diffusion model.

q=kt"*+C (3)

where C (mg/g) is the intercept value and k; (mg/g-min®®) is the intraparticle diffusion rate constant.

Table 1 presents the kinetic parameters of RR2 removal by MgAIl LDHs. The q values (Qe, car) that were
calculated using the pseudo second-order model were more consistent with the experimental g values (Qe, exp)
than those calculated using the pseudo first-order model. Therefore, this study suggests that the pseudo
second-order model more accurately represents the adsorption kinetics. When the regression of g as a
function of t/2 is linear and passes through the origin, intraparticle diffusion is the only rate-limiting step [8].
Although the regression was linear, the plot did not pass through the origin (Table 1), suggesting that
adsorption involved intraparticle diffusion, but that it was not the only rate-controlling step. Other kinetic
mechanisms probably controlled the adsorption rate, which finding is consistent with one obtained by other
adsorption studies [12, 13]. Akkaya et al. [14] suggested that pore diffusion and surface diffusion occur

simultaneously within the adsorbent particle.

3.3. Adsorption isotherms

The equation parameters and thermodynamic assumptions that underlie these equilibrium isotherms
commonly provide insights into the adsorption mechanisms, surface properties and affinities of the
adsorbent. Langmuir [15], Freundlich [16], and Temkin [17] isotherms were used herein to describe the



observed adsorption equilibrium. The Langmuir isotherm assumes monolayer coverage of the adsorption
surface and no subsequent interaction among adsorbed molecules. Therefore, the adsorption saturates, and
then no further adsorption can occur. Equation (4) describes the Langmuir isotherm.

K.C

%= (fi" K.C.) @
where ¢ is the mass of RR2 that is adsorbed per unit mass of MgAI1 (mg/g) at equilibrium; C. is the
aqueous concentration of RR2 (mg/L) at equilibrium; K is the Langmuir constant (L/mg) that is related to
the affinity of binding sites, and qn, is the maximum adsorption capacity (mg/g). Parameters g, and K are
obtained from the intercept and slope of the best linear fit of 1/g. as a function of 1/C..

The Freundlich isotherm is an empirical relationship that describes multilayer adsorption on
heterogeneous surface sites, and is given by Eq. (5):

1

g, = K:C! (5)

where ¢ and C. are as defined as above and Kr and n are Freundlich constants that specify the adsorption
capacity and adsorption strength, respectively. Parameters K and 1/n are obtained from the intercept and
slope of the best linear fit of In(qe) as a function of In(C).

The Temkin model assumes that the heat of adsorption of all molecules in a layer declines linearly as
surface coverage increases owing to adsorbent-adsorbate interactions. Adsorption is characterized by a
uniform distribution of binding energies up to a maximum value. The Temkin isotherm describes the
behavior of adsorption systems on a heterogeneous surface. Equation (6) gives the linear form of the Temkin
isotherm.

Qe = B, In(K,) + B, In(C..) (6)

where B is a constant that is related to heat of adsorption and K; is the equilibrium binding constant (L/mol)
that corresponds to the maximum binding energy. A plot of ge as a function of In(C.) yields constants of the
isotherm.

Figure 4 displays different isotherms at various temperatures for the adsorption of RR2 on MgAIl. The
adsorption capacities increased with concentration, up to a plateau, which represents the maximum
adsorption capacity. Table 2 presents the isotherm parameters for the RR2 removal byMgAI1. The high
correlation coefficient of the Temkin isotherm reveals that it accurately describes the adsorption process,
suggesting that the adsorption system was on a heterogeneous surface. The value of 1/n in the Freundlich
model is significantly less than one in this study, revealing a favorable adsorption system. If n is below unity,
then the adsorption is chemical; otherwise, the adsorption is physical [18]. The value of n exceeds three,
suggesting that the adsorption of RR2 on MgAI1 is physical.

4. CONCLUSIONS
In this investigation, co-precipitation was used to synthesize MgAIl LDHs as an adsorbent to remove



RR2. The RR2 adsorption efficiency of MgAIl was higher than MgAI2. Increasing the MgAI1 dosage
increased RR2 adsorption, whereas increasing the RR2 concentration or pH reduced RR2 adsorption.
According to Kinetic analyses, the adsorption involved intraparticle diffusion, but this was not the only
rate-controlling step. Equilibrium isotherm analyses suggested that RR2 was adsorbed onto a heterogeneous
surface.
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Table 1 Kinetic parameters for the removal of RR2 by MgAl

pseudo first-order model Te, exp. Ky Cle, cal. R?
(mg/g) (min™) (mg/g)

[RR2] = 20 mg/L, [MgAl1] = 0.5 g/L, pH 3 40.0 0.419 273 0.992
[RR2] = 20 mg/L, [MgAI2] =0.5g/L, pH3  33.8 0.034 252  0.965
[RR2] = 20 mg/L, [MgAI1] =0.3g/L,pH3  60.0 0.044 46,7  0.963
[RR2] = 40 mg/L, [MgAI1] = 0.5 g/L, pH 3 63.0 0.042 60.8  0.995
[RR2] = 20 mg/L, [MgAI1] = 0.5 g/L, pH 9 16.0 0.011 351  0.903

pseudo second-order model e, cat. (MQ/Q) k2 (g/mg/min) R
[RR2] = 20 mg/L, [MgAl1] = 0.5 g/L, pH 3 41.2 0.0347 0.999
[RR2] = 20 mg/L, [MgAl2] = 0.5 g/L, pH 3 32.4 0.0102 0.991
[RR2] = 20 mg/L, [MgAlI1] = 0.3 g/L, pH 3 64.1 0.0030 0.996
[RR2] = 40 mg/L, [MgAlI1] = 0.5 g/L, pH 3 68.5 0.0029 0.993
[RR2] = 20 mg/L, [MgAlI1] = 0.5 g/L, pH 9 17.5 0.0083 0.994

intraparticle diffusion model ki (mg/g/min®®) C (mg/g) R
[RR2] = 20 mg/L, [MgAl1] = 0.5 g/L, pH 3 8.909 14.21 0.878
[RR2] = 20 mg/L, [MgAlI2] = 0.5 g/L, pH 3 3.897 9.908 0.978
[RR2] = 20 mg/L, [MgAlI1] = 0.3 g/L, pH 3 8.294 10.64 0.968
[RR2] = 40 mg/L, [MgAlI1] = 0.5 g/L, pH 3 9.730 9.633 0.997
[RR2] = 20 mg/L, [MgAlI1] = 0.5 g/L, pH 9 2.334 1.739 0.973

Table 2 Isotherm parameters for the removal of RR2 by MgAI1 at 298 K (pH = 3)

Langmuir constants K. (L/mg) Om (Mg/q) R
0.631 153.9 0.905

Freundlich constants Kr n R?
51.6 3.26 0.769

Temkin constants B: K: (L/mol) R

19.2 21.5 0.909
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Fig. 2 Effect of Mg/Al ratio in preparation of MgAl LDHs on RR2 adsorption ([RR2] = 20 mg/L, [adsorbent]
=0.5¢/L, pH =3, and T = 298K)



—e—RR2 =20 mg/L, MgAll =03 g/, pH=3
—=—RR2 =40 mg/L, MgAll =0.5 g/, pH=3
0.8 ——RR2 =20 mg/L, MgAll =0.5 gL, pH=9
——RR2 =20 mg/L, MgAll =05 g/, pH=3
U 0.6 A
@)
0.4 -
0.2 -
0 - ©
0 10 20 30 40 50 60

Time (min)

Fig. 3 Effects of adsorbent dose, RR2 concentration and pH on adsorption of RR2 by MgAll
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Fig. 4 Isotherms fitting for the adsorption of RR2 on MgAlI1 at 298K



