Asian Journal of Chemistry; Vol. 32, No. 9 (2020), 2381-2388

ASIAN JOURNAL OF CHEMISTRY ™\

5121 Journa) of Chems

am ASIAN JOURNAL
&2 " OF CHEMISTRY

/
D o

https://doi.org/10.14233/ajchem.2020.22481

Evaluation of Mg/Al Layered Double Hydroxides as Adsorbent Material for
Adsorptive Removal of Congo Red (Acid Red 28) Azodye from Aqueous Solution

LaM VaN Tan'", HoNG THAM NGUYEN THi'?, To Uyex Dao Tar® and VAN THUAN TRaN'?"

'NTT Hi-Tech Institute, Nguyen Tat Thanh University, Ho Chi Minh City, Vietnam
*Center of Excellence for Green Energy and Environmental Nanomaterials, Nguyen Tat Thanh University, Ho Chi Minh City, Vietnam
*Center of Excellence for Functional Polymers and NanoEngineering, Nguyen Tat Thanh University, Ho Chi Minh City, Viethnam

*Corresponding author: E-mail: Ivtan@ntt.edu.vn

Received: 5 October 2019; Accepted: 25 July 2020;

Published online: 20 August 2020; AJC-20042

| The use of inorganic layer compounds as adsorbents for organic dyes in water treatment is of increasing interest. In this study, an attempt |
is made for the synthesis of Mg/Al LDHs by the hydrothermal method. The synthesis temperature was found to significantly affect to the

| structure of layered double hydroxides (LDHs), as pointed out by FT-IR analysis. In addition, an adsorption capacity of the synthesized |

| LDHs against Congo red in aqueous solutions was investigated and also compared the adsorption results with other dyes such as methylene |

| |

| |

blue and methyl orange.
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INTRODUCTION

Congo red have been recognized as a group of organic
compounds which have good capability of inhibiting metal
corrosion due to the presence of 4-amino-1-naphthalene-
sulphonic acid groups located at the end of two azo bonds
[1,2]. However, the stability of the aromatic structure brings
about serious pollution environment. In order to remedy the
issue, various approaches have been proposed such as the use
of activated carbon as an adsorbent or biological treatments
[3-8]. However, the use of such methods, albeit simple and
economical, is unable to degrade toxic and resistant organic
pollutants. Among the possible techniques for water treatments,
the solid adsorbents for adsorption process is one of the most
efficient method due to simple design and low manufacturing
cost.

Recent developments in material science related to its
chemistry, physics and biology has enabled the synthesis of
materials with novel properties and excellent performance [9-
15]. Among them, porous materials have been recognized as
a potential candidate in many applications such as adsorption,
catalysis and energy storage [16-19]. Especially, layered
double hydroxides (LDHs), due to highly tunable properties

and the flexible exchange ion capacity in their structures, figure
prominently in manufacture of absorbents. LDHs are
commonly represented by the general formula of
[M;* M3*(OH), " (A™),,,-mH,0 | wherein, x equals to M**/
(M**+ M*) and A™ is any intercalated anion. Apart from
octahedrally coordinating Mg** ions by hydroxyl groups,
isomorphous replacement of a fraction of Mg** ions with a
trivalent cation, such as Al**, could also generate a positive charge
on the layers. This feature allows for enlarging of surface areas
and pore volume which facilitate adsorption processes [20-23].

Co-precipitation method has been the popular method in
synthesis of LDHs. One notable attempt utilizing this technique
was the synthesis of Mg/Al LDHs [24]. However, major draw-
backs of the co-precipitation is the agglomeration and size-
randomness of particles. In this context, we reported a simple
method to synthesize Mg/Al LDHs by hydrothermal reaction
at the different temperatures. The advantages of this method
is the high crystallinity, low impurity content and stable crystal
structure of the synthesized LHDs [25]. Since the crystal struc-
ture and phase transitions of the synthesized LHDs strongly
depend on synthesis temperature, it is required to determine
proper parameters of the hydrothermal process to achieve
optimal adsorption capacity.
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Herein, a new method used to synthesize Mg/Al LDHs
was attempted and investigated with respect to different tempe-
ratures, hydrothermal urea method. The LDHs characteristics
and capacity of adsorption against Congo red were also dis-
cussed in this study.

EXPERIMENTAL

MgCl,-6H,0 (98%), AlClL5-6H,0O (97%) and urea (99%),
were purchased from Sigma Aldrich. Mg/Al LDHs were synthe-
sized via hydrothermal method as follows. Initially, a mixture
containing AlCl;-6H,O (8 mmol), MgCL-6H,0 (4 mmol), urea
(128 mmol) and 60 mL of distilled water was magnetically
stired at for 15 min. Then, this mixture was transferred into a
100 mL Teflon-lined autoclave and heated at 100, 150, 180
°C for 24 h in an oven. Finally, the obtained precipitate (white
powder) was collected by centrifugation at 5000 rpm for 10
min, washed with deionized water and ethanol several times
and then dried at 110 °C for 12 h and used for further studies.

Adsorption experiments: Adsorption experiments were
performed by mixing 0.04 g Mg/Al LDHs with 100 mL of
Congo red in a 150 mL beaker. The equilibrium adsorption
capacity, q. (mg/g), was calculated using following eqn:

_(€,=C)y,
m

where C is the concentration of Congo red. M is the mass of

Congo red. V is the volume of the dye solution (L). The sub-

script 0 and e denote initial and equilibrium states respectively.
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Effect of Congo red concentration and contact time
on adsorption capacity of the synthesized Mg/Al LDHs:
Initially, 0.04 g of the adsorbent was transferred to 100 mL of
dye solution. To determine the effect of the initial dye concen-
tration and contact time for the removal of Congo red, the
experiments were performed at 25 °C at varying initial concen-
trations from 20-50 mg/L and time periods from for 5 from
210 min. Before commencement and upon completion of each
adsorption experiment, the supernatant solution was measured
for Congo red concentration using a Tomos V-1100 UV/Vis
spectrophoto-meter at 500 nm.

RESULTS AND DISCUSSION

Fourier transform infrared spectroscopy (FT-IR) results:
The FT-IR spectra of samples synthesized at different tempe-
ratures are presented in Fig. 1. Typically, the strong and board
bands in the range of 3525-3474 cm™ are due to the streaching
of O-H groups with the interlayer water molecules and hydrogen
bonding [26]. Clearly, the intensity of this band heavily
decreased at 180 °C. Around 1350 cm™, the absorption peaks
were visually detected, suggesting the asymmetric stretching
bond of intercalated Cl". The band at 634 and 773 cm™ is possibly
index to Al-OH stret-ching. The lattice vibration of metal—
oxygen bonds (M-0) is indexed to absorption peaks located
in 770-550 cm™ region. Interestingly, it is found that stretching
vibrations of Al-O bonding of y-Al,O; were associated with
two characteristic peaks at 643.47 cm™ and 738.60 cm™.
This is consistent with a previous study [27] where elevated
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Fig. 1. FT-IR spectra of MgAl LDHs at 100, 150 and 180 °C
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synthesis temperature was found to be associated with total
decomposition of the interlayers LDHs and water molecules
and, consequently, complete structural destruction of LHDs
[28].

Effect of contact time and concentrations: Congo red
adsorption onto LDHs with respect to varying contact time
and Congo red concentrations was shown in Fig. 2. At first
glance, the relationship between equilibrium time and Congo
red adsorption was observed to be positive and two adsorption
phases were also clearly defined. While in the first phase, which
is within the first 50 min, rapid increase in adsorption capacity
was attained due to the rapid surface adsorption, the second
phase in the last 150 min only witnessed a small improvement
of adsorption [29]. While the first phase could be explained
by the abundance of unoccupied surface locations available
for adsorption, the second phase is justified by insufficient
active sites on the surface of LDHs, which in turn hinders
surface interaction between Congo red molecules and LDHs.
In absence of surface active sites, dye molecules move into the
interlayer cavities of LDHs, eventually halting the adsorption
process.

With regard to initial concentration, with the exception
of the sample synthesized at 180 °C, all other samples exhibited

the removal rate of dye that is highly dependent on the initial
concentration of the solution. Specifically, peak removal rate
was 54.961% and 54.093% at Congo red concentration of 20
ppm, respectively achieved for samples synthesized at 100 and
150 °C.

Adsorption kinetics: Investigation of adsorption kinetics
is an important step in elaborating the adsorption mechanism
and in evaluating removal efficiency of an adsorbent. In this
study, the adsorption kinetics were investigated with regard to
the pseudo-first-order and pseudo-second-order models. The
experimental data were fitted with the two models to and
determine the adsorption kinetics.

The Lagergren pseudo-first-order model incorporating
solid capacity is given as.

In (qe— q) =In (go) — kit @

where q (mg/g) is the quantity of solute adsorbed per gram of
adsorbent, subscript € and t denote equilibrium state and at t
time. k; (1/min) is the rate constant.

The pseudo second kinetics based on the assumption
that two surface sites are involved in the adsorption process.
To be specific, the expression of the model is presented as
follows:
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Fig. 2. Effect of concentrations of Congo red adsorption onto Mg/Al LDHs (a) 100 °C, (b) 150 °C, (c) 180 °C
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d
_q = KZ(qe _q)2

dt
o1t
q k9. q, )

where k; (g/mg min) is the rate constant of pseudo-second
order adsorption kinetics.

Non-linear regression was employed to approximate
model parameters of the two kinetics. The obtained parameters
and coefficients of determination are listed in Table-1. It is
evident from Table-1 that, in comparison with the pseudo-
first-order model (Fig. 3), the pseudo-second-order kinetic
(Fig. 4) achieved a larger coefficient R* and had q. values that
are closer with the experimental values. This suggests that the
adsorption of Congo red onto LDHs adhered to pseudo-second-
order kinetics and that the chemsorption could be the factor
that limits the rate of adsorption.

In order to model the heterogeneous diffusion process of
gas adsorption, the Elovich model was adopted (Fig. 5). The
model relates the quantity of solute adsorbed per gram of
adsorbent at time t to the adsorption rate o. (mg/g min) and the
constant of desorption B (g/mg) as follows.

1 1
. =—In(o.B) +—In(t)
4. =g p g

The last employed model is the Bangham equation that
describe the intra-particle diffusion mechanism at room tempe-
rature. The results revealed that for both adsorbents, the constant,
o, increased in value while k, value decreased as temperature
was increased (Fig. 6). The linearity of the lines measured by
R?, which show that the R? values increases as indicating that
diffusion of Cr(VI) into pores became less important in the
rate determining step as temperature was increased. This may
be attributed to the higher surface adsorption which increases
adsorption kinetics by reducing diffusion paths within the
adsorbent:

loglog Lm =

J+O€B.10g (t)
C —q-—
o~ v

g(2.303.v

Adsorption isotherm: To shed light into the interaction
between solutes and adsorbents and optimize adsorbent dosage,
approximation of different isotherm models using adsorption

TABLE-1
KINETICS MODEL PARAMETERS FOR ADSORPTION OF CONGO RED USING Mg/Al LDHs
Kinetic models Parameters Unit Value
100 °C 150 °C 180 °C
k, min"'/(mg/L)" 0.0123 0.0208 0.0147
- Qeexp mg/g 32.7581 33.0892 17.8428
Peudo first-order Qe mg/g 10.4925 9.6135 3.4441
R? - 0.7127 0.8146 0.5688
Qeexp mg/g 32.7581 33.0892 17.8428
L e cal mg/g 33.0142 33.7154 17.9565
Pseudo second-order H=k,q> - 42042 6.4321 3.6220
R? - 0.9955 0.9989 0.9935
B o/mg 0.258 0.3447 0.785
Elovich o mg/(g.min) 92.07 1476.45 8251.75
R? - 0.98121 0.97583 0.99278
o - 0.17437 0.1184 0.0875
Bangham R? - 0.93653 0.95468 0.97938
Ky mL/(g/L) 0.0127 0.01725 0.00955
1.2 0.8
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Fig. 3. Pseudo-first-order kinetic plots for adsorption of Congo red using Mg/Al LDHs: (a) 100 °C, (b) 150 °C, (c¢) 180 °C
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Fig. 4. Pseudo-second-order kinetic plots for adsorption of Congo red using Mg/Al LDHs: (a) 100 °C, (b) 150 °C, (c) 180 °C
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Fig. 6. Bangham kinetic plots for adsorption of Congo red using Mg/Al LDHs: (a) 100 °C, (b) 150 °C, (c¢) 180 °C
equilibrium data was performed. Four adsorption isotherms inclu- C 1 C
ding Langmuir, Freundlich, Temkin and Dubinin-Radushkevich e 4)
were utilized and the most suitable model was determined using 9. bg, 4,

the coefficient of determination (R?).

The first isotherm, the Langmuir adsorption model, which
describes the monolayer adsorption onto a surface having finite

identical sites is shown as follows:

where q. (mg/g) and C. (mg/L) are defined as equilibrium

concentration of adsorbate, respectively in the adsorbent- and
aqueous-phase, g (mg/g) and b (L/mg) is the maximum sorption

capacity and the Langmuir constant, respectively.
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The favourability of the adsorption isotherm could be
assessed through the equilibrium parameter, R, which is
defined by eqn. 5 as follows:

1
R —
" T 1+bC, )

where C, is highest initial dye concentration. Depending on
the value of the parameter, the isotherm could be either irrever-
sible (R = 0), favourable (0 < R. < 1), linear (R, = 1) or un-
favourable (Ry > 1). Parameter results from the Table-2 imply
that, except for the sample synthesized at 180 °C, the Congo
red adsorption process onto Mg/Al LDHs was favourable.

The second isotherm, the Freundlich model assumes that
the surface of the adsorbent was heterogeneous and that diffe-
rent adsorption energies occurred and were dependent on surface
coverage. The model is expressed as follows:

The empirical Freundlich model which is known to be
adequate for low concentrations is expressed by the following
equation:

1
log(q,)= ;log (C,)+logk (6)

where . (mg/g) and C.(mg/L) are defined similarly to the
Langmuir adsorption model. k and n are Freundlich constants
which are related to adsorption capacity and adsorption inten-
sity. Approximation results for k, 1/n, qum, b and the correlation
coefficients for the two isotherms were presented in Table-2.

The third isotherm, the Temkin model, accommodates the
interaction between adsorbent and adsorbate by including a
separate parameter. The model neglects outlying concentrations
and assumes the linear, inverse, rather than logarithmic, relation-
ship between heat of adsorption (function of temperature) of
all molecules in the layer and coverage. The derivation of the
model featured the binding energies in the form of a uniform
distribution function. The slope and the intercept of the model
are obtained by approximating the data of the quantity sorbed
ge and In C.. Model constants were determined from the
estimated slope and intercept.

RT
qe = Tln(ATCe)

q, = ?ln(AT) +In(C,)

T

_RT
b
q.=B1In(Ar) +B1nC,

where, Ar = Temkin isotherm equilibrum bingding constant
(L/g); br=Temkin isotherm constant; R = universal gas constant
(8.314 J/mol/K); T = Temperature at 298 K; B = Constant related
to heat of sorption (J/mol).

The third isotherm, the Dubinin-Radushkevich model, was
adopted to elaborate the adsorption mechanism that has Gaussian
energy distribution onto a heterogeneous surface. Advantages
of the model was the capability of approximating high solute
activities and a good concentration range.

qe = (qs)exp - (Kad82)

In q. = In g, — (K.€?)

B

where . = amount of absorbate in the adsorbent at equilibrium
(mg/g); Qs = Theoretical isotherm saturation capacity (mg/g);
K.a = Dubinin-Radushkevich isotherm constant (mol*/kJ?); €
= Dubinin-Radushkevich isotherm constant.

In this model, adsorption of metal ions is separated with
mean free energy. Per each molecule, E required to translocate
from its location in the sorption space to the infinity could be
expressed as follows.

(e

where the K,4 could be obtained from the isotherm equation.
The can be calculated as:

£=RTln[1+L]
C

where R, T and C.represent the gas constant (8.314 J/mol K),
absolute temperature (K) and adsorbate equilibrium concen-
tration (mg/L), respectively.

It could be concluded from the coefficient of determination
(R?) in Table-2 (Fig. 7) that the Freundlich isotherm is the most
appropriate model to describe the adsorption process of the
material synthesized at 100 °C. For samples synthesized at
150 and 180 °C, the Langmuir model was the model that best
described the experimental data.

Applicability with other dyes removal: Similar adsor-
ption experiments onto Mg/Al LDHs were performed with

TABLE-2
PARAMETERS OF LANGMUIR, FREUNDLICH, TEMKIN AND DUBININ-RADUSHKEVICH
ISOTHERMS FOR ADSORPTION OF DYES ONTO Mg/Al LDHs

Langmuir Freundlich
Sample 3
q. (mg/g) b (L/mg) Ry I/n n ke (mg/g) R
100 °C 48.685 0.103 0.162 0.981 0.336 2.976 11.709 0.990
150 °C 50.659 0.094 0.175 0.927 0.329 3.034 12.058 0.862
180 °C 18.786 -1.644 -0.012 0.825 0.140 7.143 12.289 -0.379
Temkin Dubinin-Radushkevich
Sample — 3
A: (L/mg) b B q, (mg/g) K,q (mol/kJ%) E (KJ/mol) R
100 °C 0.769 168.165 14.733 0.969 461.518 3.891.10° 113.358 0.913
150 °C 1.389 237.020 10.453 0.828 388.506 3.628.10° 117.395 0.696
180 °C 1.025 1241.891 1.995 -0.432 267.730 3.929.10° 112.809 -0.215
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Fig. 7. Isotherm models of Mg/Al LDHs: (a) Langmuir isotherm model;
(b) Freundlich isotherm model; (c) Temkin isotherm model; (d)
Dubinin-Radushkevich isotherm model

methylene blue and methyl orange dyes also. In this experiment,
synthesized Mg/Al LDHs at 100 °C was used. Material mass
and contact time were fixed at 0.04 g and 90 min, respectively.
Fig. 8 illustrated maximum adsorptions of the material against
various tested dyes (Congo red, methyl orange, methylene
blue). When compared with the adsorption capacity onto Mg/
Al LDHs towards the different dyes such as Congo red, methyl
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Fig. 8. Comparison of adsorption capacity of Mg/Al LDHs against three dyes
(CR = Congo red; MO= methyl orange; MB = methylene blue)

orange and methylene blue, it is easily observed that Mg/Al
LDHs achieved the highest adsorption capacity towards Congo
red. This is possibly due to a large number of positively charged
functional groups existing on the surface Mg/Al LDHs,
facilitating the adsorption of anionic dyes such as Congo red
or methyl orange. Herein, capacity of adsorption of Congo
red was higher than that of methyl orange due to the structural
difference between the two dyes. These featured indicate that
Mg/Al LDHs is a promising material for adsorption of anionic
dyes in industrial discharges.

Performance evaluation: To prove that the current
adsorbent is better for the removal of Congo red, the maximum
adsorption capacity (qm) of Mg/Al LDHs with the previous
literature [30-35], which calculated from Langmuir isotherm
model, are presented in Table-3. All of the adsorbents used
for removing Congo red have significantly lower g, values than
Mg/Al LDHs used in this report. The environmental concern
with regard to discharges contaminated with toxic organic dyes
could be handled by a current potential material (Mg/Al LDHs).

TABLE-3
COMPARISON OF MAXIMUM ADSORPTION CAPACITY (q,,)
VALUES OBTAINED FROM VARIOUS ABSORBENTS
TOWARDS THE REMOVAL OF CONGO RED DYE

Type of adsorbent q., (mg/g) Ref.
Montmorillonite 12.70 [30]
Anilinepropylsilica xerogel 22.68 [31]
Coir pith 6.72 [32]
Bagasse fly ash 11.885 [33]
Activated red mud 7.08 [34]
Waste Fe(III)/Cr(III) hydroxide 44.00 [35]
Mg/Al LDHs 48.685 Present work

Conclusion

We have successfully synthesized Mg/Al LDHs from mag-
nesium chloride and aluminum chloride via urea hydrolysis
routine under hydrothermal conditions. The effects of thermal
conditions on adsorption capacities against Congo red dye were
investigated and adsorption mechanism was elaborated using
multiple isotherms and kinetics. From the results, some conclu-
sions can be drawn. First, it was found that the proper tempe-
rature for hydrothermal synthesis of Mg/Al LDHs was 100
°C. Second, the second pseudo-order kinetics and the Langmuir
model were the models that best described the adsorption
process and experimental data.
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