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ABSTRACT

The objective of this work is to determine the kinetic and thermodynamic properties of adsorption
of Pb(Il) from aqueous solutions by synthetically prepared MgFeAl-CO, as layered double hydrox-
ide (LDH) adsorbent. Compared to other adsorbents for heavy metal removal from aqueous solu-
tions, LDH materials possessed many advantages such as nontoxic synthesis, chemical stability,
environmentally friendly, and facile separation from the water solution. The synthesis of LDH was
achieved by a co-precipitation method. The reaction products were characterized by powder X-ray
diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy with energy
dispersive spectroscopy and N, sorption-desorption isotherm analysis. The adsorption rates were
investigated. The effect of the parameters such as contact time, initial metal ion concentration, and
temperature on the adsorption of the Pb(II) was studied. Equilibrium was achieved in 60 min and
the equilibrium adsorption capacity was found to be increased with the increase in the Pb(II) initial
concentration. The removal efficiency of Pb(I) increases from 59.50% to 71.15% when the tempera-
ture increases from 15°C to 60°C. The pseudo-first-order, pseudo-second-order, and Elovich kinetic
models were tested and the first was found to fit better to the experimental data. The application of
the intra-particle diffusion model demonstrates that the surface diffusion and the intra-particle dif-
fusion occur in parallel during the adsorption of Pb(II) onto MgFeAl-CO,. The equilibrium adsorp-
tion data were analyzed by Langmuir, Freundlich, Redlich-Peterson, and Temkin isotherm models.
The results indicated that the Redlich-Peterson and Langmuir isotherms were the most suitable
models for the obtained experimental data and the Langmuir maximum adsorption capacity of the
MgFeAl-CO, is found to be 117.86 mg g™ at 298.15 K. The thermodynamic analysis of the adsorp-
tion of Pb(Il) on MgFeAl-CO, reveals that the present adsorption process is a spontaneous and

endothermic reaction.
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1. Introduction

The heavy metal ions are likely to enter the drinking
water and thereby damage to human health. Thus, close
attention has been paid to the remediation of water con-
taminated by heavy metal. In addition, heavy metals are
non-biodegradable, which makes it more difficult to decon-
taminate. Therefore, it is desirable to measure, understand,
and control the heavy metal concentrations in the environ-
ment [1]. Therefore, it is necessary to find effective methods to
remove the lead ions from aqueous solutions (natural water
sources and industrial wastewater). There is an increasing
demand for the removal of heavy metals from contaminated
water to avoid ecological risk. There are many methods
used for remediation of heavy metal pollution, such as ion-
exchange [2], biological technologies [3], membrane filtration
[4,5], solvent extraction [6], chemical precipitation [7], reverse
osmosis [8], electrodialysis [9], and adsorption [10,11].

The choice of a process for the treatment of discharges
depends on several factors such as the composition of the
affluent, the type of reuse, the quality of the needs, etc lay-
ered double hydroxides (LDHs) can be easily synthesized
and they are among the materials likely to provide a solution
in the treatment of effluents, by using them as adsorbents [12].

The studied materials are mixed lamellar hydroxides
of divalent metals (M") and trivalent (M™). These natural
or synthetic materials have been widely studied in recent
years, due to their electrochemical properties [13,14], anion
exchange [15] and their adsorbent potential [11,16-21],
mainly related to their lamellar structure [22].

The general formula of LDHs is:

(Mi{l M (OH)Z) (A"’

x/n

xyHZO)

with M, M" (OH), representing the layer, A7, yH,O is the
interlayer composition, x is the molar fraction of M™ per
total metal, and x determines the layer charge density.

Several studies on the adsorption of anionic ions on
LDHs can be found in the literature [23-26]. However, there
are not many studies on the adsorption of cationic pollutants,
typically cationic forms of heavy metals. Only a few LDHs
phases were used as adsorbent of lead ions, e.g.,, CoMo [17],
MggFe [27], and MgAl [28].

Recently, in literature, the adsorption processes on
LDHs show an important efficiency and performance for
the removal of cationic pollutants such as lead [16,17], fer-
rous [18], chromium [19] cadmium [20], and copper [11,21].
Based on these previous studies, more attention is concen-
trated on binary LDHs [16-20,28-31], while ternary LDHs
that incorporate an additional metal species may offer even
higher adsorption power and are rarely studied so far [21,32].

The present study focuses on the preparation and char-
acterization of MgFeAl-CO, LDHs-like with a molar ratio
[M"/M"] = 2 and aims to investigate the adsorption capac-
ity of Pb(II) onto this LDHs in aqueous medium. The effect
of contact time, initial metal ion concentrations and tem-
perature were investigated. The experimental data were
analyzed using pseudo-first-order (PFO), pseudo-second-
order (PSO) and Elovich kinetic models. The Langmuir,
Freundlich, Redlich-Peterson and Temkin isotherm models

were used in nonlinear regression to describe equilibrium
isotherms. Thermodynamic parameters like change in free
energy (AG®), enthalpy (AH®) and entropy (AS°) for the
process of adsorption have been determined and reported.

2. Materials and methods
2.1. Adsorbent

MgFeAl-CO, was prepared by the co-precipitation
method at constant pH [33]. A metal salt solution contain-
ing (MgCl6H,0), (FeCl,-6H,O), and (AICL,-6H,O) was
prepared with a molar ratio [M"/M"] = 2. A basic solution
was prepared by dissolving NaOH and Na,CO, in dis-
tilled water. To achieve precipitation, the metal salt solu-
tion and basic solution were added to a vigorously stirred
water. The pH of the reaction mixture was adjusted at 10
(£0.05) by the addition of concentrated NaOH solution
(2 M). After that, the mixed suspension was aged for 24 h at
room temperature. The resultant precipitate was collected
through filtration and then washed with deionized water
several times to remove soluble salts (Na,CO, and NaCl)
formed during the synthesis. Finally, the solid product is
dried in a vacuum oven at 80°C for 10 h.

The solid structure of the adsorbent MgFeAl-CO, was
analyzed by an X-ray diffractometer (PANalytical X'Pert
Pro is a product of Malvern Panalytical, B.V. Lelyweg 1,
7602 EA Almelo, Pays-Bas). The diffractometer was oper-
ated with Cu K | radiation source (A = 1.54060 A). Fourier
transform infrared (FTIR) spectrum was obtained in 4,000-
400 cm™ range on an FTIR spectrometer (VERTEX 70 is a
product of Bruker, Bruker Optik GmbH Rudolf-Plank-Str. 27
D-76275 Ettlingen, Germany).

2.2. Adsorbate

The stock solution of the lead ions (Pb(Il)) was prepared
by dissolving a pure nitrate salt for analysis Pb(NO,), in
bidistilled water. The concentration of Pb(II) before and after
adsorption was determined using an ionometer (Consort
C863, Consort nv Parklaan 36 B-2300 Turnhout, Belgium)
combined with a lead-specific electrode.

2.3. Batch adsorption studies

A certain amount of MgFeAl-CO, was added to the solu-
tion with the C; concentration of Pb(Il), and the resultant
suspension was kept stirring at 25°C. Samples were taken at
different contact times and then centrifuged at 500 rpm and
analyzed. The ration mass/volume (W/V) used in this study
corresponds to the smallest mass of MgFeAl-CO, which leads
to a maximum adsorption rate. This ratio was determined in
our previous work with W/V =1.75 g L™ [11].

The Pb(II) removal efficiency R(%) and the amount of
equilibrium adsorption g, (mg g™') were calculated using the
following two formulas:

0 _CO_Ct 0
R(%)= c x100% )
4
9.=(Co -C)w &)
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where C; and C, are the initial and the residual concentra-
tion of Pb(II) ions at time ¢ = 0 and ¢, in mg L, respectively.
C, (mg L) is the equilibrium concentration of Pb(II) ions,
V(L) is the volume of the solution and W(g) is the mass of
MgFeAl-CO.,.

3. Results and discussion
3.1. Characterization of MgFeAl-CO,

Fig. 1 shows the X-ray diffraction (XRD) patterns of
MgFeAl-CO,. The XRD patterns exhibit sharp and symmet-
ric reflections for the (003), (006), (113), and (110) planes and
broad symmetric peaks (012), (015), and (018) planes, which
are characteristics of these materials [22]. The basal spac-
ing (d,,,) of MgFeAl-CO, is 0.77 nm, which agrees well with
values reported by other authors of an LDH solid bearing
intercalated carbonate (~0.765 nm) [12,33].

The FTIR spectra for MgFeAl-CO, (Fig. 2) showed a
broad and strong band at 3,430.7 cm™ in the range of 3,200-
3,600 cm™ which was due to the O-H stretching vibration
v(OH_ ) of the inorganic layers (Metal-OH) and interlayer
water molecules (H-OH). Another common wave number for
LDH-like material is a band at 1,640.7 cm™ which is assigned
to the bending vibration of interlayer water molecules (H,O).
The sharp intense band at 1,359.8 is the antisymmetric
stretching of interlayer carbonate v, (CO?Z), which may be
introduced into the interlayer of MgFeAl-CO, by absorption
of CO, during the preparation procedure [34]. The bands
between 400 and 800 cm™ are attributed to the characteristic
lattice vibrations of M-O.

The morphology of the synthesized LDH was investigated
by scanning electron microscopy (SEM) using a scanning
electron microscope (TESCAN VEGA3, TESCAN ORSAY
HOLDING, a.s. Libus$ina tf. 21 623 00 Brno - Kohoutovice
Czech Republic) with an energy dispersive spectroscopy
(EDS) attachment. The accelerating voltage applied was 25 kV.

Fig. 3 shows the post-adsorption SEM images for the
as-prepared LDH compound. It is seen that compounds
appear as irregular aggregates of individual particles. The
crystallites are barely observed and the sample was pre-
sumably present a flaky aspect. In addition, the SEM images
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Fig. 1. XRD patterns of MgFeAl-CO.,.

show coverage of available pores on the surface of the
synthesized LDH.

As shown in Fig. 4, the EDS pattern shows that the molar
ratio of Mg/(Fe + Al) is 1.6, which was slightly lower than
the theoretical ratio of 2. This result indicates that the surface
of the synthesized LDH contains a much higher proportion
of iron (Fe') relative to aluminum (Al™), with a Fe/Al ratio
of 1.52. The analysis also confirms the presence of a small
amount of sodium on the material surface (0.70%), which
indicates the effectiveness of the post-synthesis washing
treatment. Stoichiometric compositions obtained by EDS
analysis were Mg, Fe .Al (OH),(CO,),, y(H,0), for
MgFeAl-LDH. Cation’s contents are measured by EDS and
all others are calculated.

The nitrogen adsorption—desorption measurements at
77 K yielded a Type IV isotherm (Fig. 5a) with a H3-type
hysteresis loop at high relative pressures (P/P° > 0.45-0.90),
indicating that the condensation of nitrogen within the pores
of the synthesized LDH and its release at reduced pressures
followed different paths; a characteristic of mesoporous
materials [35]. The specific surface area of 80.77 m? g
(Fig. 5b) with a broad pore width of 37.53 A could be deter-
mined for the synthesized LDH (Fig. 5c). The MgFeAl-CO,
LDH is dominated by both mesopores having diameters in
the range of 2-5 nm.

3.2. Adsorption of Pb(1l) onto MgFeAl-CO,
3.2.1. Effect of contact time and kinetics modeling

Adsorption experiments for the kinetics study were
conducted using a solution having 100 mg L of initial
Pb(Il) concentration with an adsorbent dosage of 1.75 g L.
Throughout the study, the contact time was varied from 5 to
180 min at 25°C and the initial pH of the solution (5.45).

Fig. 6 shows that the adsorption of Pb(II) onto MgFeAl-
CO, was increased with increasing contact time and reached
equilibrium at about 60 min. The maximum removal effi-
ciency of Pb(II) was about 64% obtained at 180 min. The pH
is relatively stable between 5.5 and 6 and therefore remains
below the pH value of precipitation of lead hydroxide
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Fig. 2. FTIR spectra of MgFeAl-CO,.
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Fig. 3. SEM micrographs of the synthesized LDH.
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Fig. 4. EDS analysis of the synthesized LDH.
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[36]. Similar results have been previously obtained using
MgAl-CO, as adsorbent of Cd(II) [20].

Adsorption kinetic models are used to explain the
adsorption mechanism and adsorption characteristics of
synthesized LDH. Lagergren’s PFO [37], Ho’s PSO [38] and
Elovich kinetic models [39], which were in nonlinear form,
were applied to the experimental data. The adsorption
kinetic uptake for Pb(II) by MgFeAl-CO, LDH was analyzed
by the orthogonal distance regression algorithm using the
OriginPro 9.1° software. The PFO, PSO and Elovich models
are presented as follows:
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Fig. 5. (a) N, adsorption—desorption isotherm, (b) determination
of surface area S, (0.05 < P/P°<0.30), and (c) pore size distribu-

tion curve of MgFeAl-CO, synthesized.
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Fig. 6. Effect of contact time on Pb(II) adsorption onto MgFeAl-CO,.

Pseudo-first-order kinetic model:
g, =q.(1-¢") 6)
Pseudo-second-order kinetic model:

_ ket 4
qt - (1+kzq‘,t) ( )

Elovich kinetic model:
1 1
q, :Eln(aﬁ)+ﬁln(t) )

where g, is the adsorption capacity of Pb(Il) (mg g™') at time
t (min), q, is the adsorption capacity of Pb(Il) (mg g7) at
equilibrium, k, is the PFO model rate constant (min™), k, is the
PSO model rate constant (g mg™ min™), o and 3, known as the
Elovich coefficients. The a represents the initial adsorption
rate (mg g~ min™) and B is the desorption constant (g mg).

Nonlinear kinetic models of PFO, PSO, and Elovich plots
are all described in Fig. 7.

The adsorption rate constants (k, and k,), the equilibrium
adsorption capacities calculated from the PFO and PSO
model (g, ), the Elovich coefficients (a and ), the correla-
tion coefficient (R?) and Chi-square value (x?) for each sys-
tem were calculated according to the nonlinear regression
analyses. The corresponding values of kinetics parameters
are presented in Table 1. For the entire adsorption process,
it can be seen that the PFO kinetic model gave the highest R?
(0.9999) and lowest x? values (lesser than 0.5) compared to
the PSO and the Elovich model. The kinetic data generated
from the PFO model fitted the experimental data reasonably
well and the calculated g, , value (36.59 mg g™) is very close
to the experimental g, value (36.46 mg g™). However, the
Elovich model shows poor-fitting with the experimental
data and the highest x? values (9.539). Thus, the PFO kinetic
model is much better than the PSO and Elovich models in
interpreting the adsorption of Pb(II) onto MgFeAl-CO.,.

During adsorption processes, the solute transfer is
usually characterized by external mass transfer (boundary
layer diffusion), intra-particle diffusion or both. We can
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Fig. 7. Nonlinear kinetic models for adsorption of Pb(II) onto
MgFeAl-CO,.
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Table 1

Kinetic parameters of PFO, PSO, and Elovich models for Pb(II) adsorption onto MgFeAl-CO,

PFO PSO Elovich

G, (Mg ™) 36.588 . (Mg ™) 40.739 a (mg g™ min™) 17.108

k, (min) 0.0597 k, (g mg™ min™) 0.0022 B (gmg™) 0.1522

R? 0.9999 R? 0.9994 R? 0.9978

e 0.4928 e 2.5743 e 9.5390
fit an intra-particle diffusion plot to identify the adsorp-  Table 2

tion mechanism. This model based on the theory proposed
by Weber and Morris was used to identify the diffusion
mechanism as well [40]:

1

q,= kDitE +C, (6)

where k. is the intra-particle diffusion rate constant of stage
i (mg g™ min™?), and C, is the intercept of stage i, and it pro-
vides information on the thickness of the boundary layer.
If the intra-particle diffusion model is valid, the amount of
adsorbate uptake g, vs. 2 would result in a linear relation-
ship. C, and k;, values can be obtained from these plots.

For Pb(II) adsorption onto MgFeAl-CO,, a plot of g, vs.
2 gives three distinct regimes (Fig. 8), which can be fit-
ted by straight lines. The first stage in diffusion model is
the mass transfer of adsorbate molecule from the aqueous
solution to the adsorbent surface (surface or film diffusion),
the second stage is a progressive adsorption where there is
a limitation of the velocity due to the intra-particle diffusion
(intra-particle or pore diffusion) and the last is relative to the
equilibrium [40].

Table 2 shows the parameters estimated by fitting the
intra-particle diffusion model to the kinetic data of Pb(II)
adsorption onto MgFeAl-CO,. It can be noticed that the
intra-particle diffusion rate constants, k, (9,123 mg g™
min™?), for the first adsorption step are higher than k,,
(0.965 mg g* min™'?), indicating that the adsorption rate
was higher at the beginning and decreased over time.
However, the straight lines for both plots did not intersect

~——rr-r-r-rerre T T T T T T T

R*=0,9128
0 #%=0,3075
N
’ R*=0,9773
#%=0,0039 o

R*=0,9717
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Fig. 8. Intra-particle diffusion plots for Pb(Il) adsorption onto
MgFeAl-CO, at 25°C.

Parameter values for intra-particle diffusion model for Pb(II)
adsorption

Stage I (surface or  Stage Il (intra-particle ~ Stage III (final
film diffusion) or pore diffusion) equilibrium)
le Cl kDZ CZ kDS CS
9.123 -5.211 0.965 44.42 0.091 51.19

the origin (C, and C, # 0) suggesting surface diffusion and
pore diffusion are controlling the adsorption of Pb(II) onto
MgFeAl-CO,. Similar kind of observable facts was reported
by other researchers [40-42]. Furthermore, the hydrated
radius of Pb(Il) is about 0.401 nm [43], which is very
smaller than the average pore diameter of the MgFeAl-CO,
(3.753 nm). In this case, the diffusion of Pb(Il) into the pore
space of the LDH should be possible.

k. is the intra-particle diffusion rate constant of stage

Di
iin mg g min?”?

3.2.2. Effect of initial concentration and isotherm modeling

The equilibrium adsorption capacity is highly dependent
on the initial concentration (C) of the solution of adsorbate.
For the evaluation of the effect of initial concentration, 40 mL
solution of different initial concentrations of Pb(II) was treated
onto the adsorbent. Initial concentration was varied from 10
to 300 mg L. The study results are illustrated in Fig. 9. It
shows that Pb(II) adsorption capacity was increased with
increasing of initial concentrations. With the increase of Pb(II)
concentration, the opportunity for binding sites to entrap
Pb(II) is increased; thus, the adsorption capacity is increased.
The highest Pb(II) adsorption capacity (g, = 78.54 mg g™)
was achieved at an initial concentration of 300 mg L.

The adsorption isotherms of Pb(Il) on MgFeAl-CO, are
illustrated in Fig. 10. Langmuir isotherm [44], Freundlich
isotherm [45], Redlich-Peterson isotherm [46] and Temkin
isotherm [47] was applied to fit the experimental data.
These nonlinear isotherms are presented as follows:

Langmuir isotherm model:

K C
qe — qm L e (7)
1+K,C,
Freundlich isotherm model:
q.=K.C ®)
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Redlich-Peterson isotherm model:

K, ,C
=TT )
l+a, ,C
Temkin isotherm model:
RT
q,= 71n(1<Tce) (10)
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Fig. 9. Effect of initial concentration on the adsorption of Pb(II)
ions by MgFeAl-CO,. (conditions: W/V =1.75 g L7, t =180 min,
pH,=5.45, T =25°C).
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Fig. 10. Nonlinear plots for the adsorption isotherms of Pb(II)
ions by MgFeAl-CO,.

Table 3

where g, is the adsorption capacity of Pb(ll) (mg g) at
equilibrium, C, (mg L™) is concentration of Pb(Il) in aque-
ous solution at equilibrium, g, is the maximum adsorption
capacity of Pb(Il) in theory, and K, is Langmuir constant
(L mg™), K, is Freundlich constant (L" g' mg"™"), n is hetero-
geneity factor, K, , is Redlich-Peterson constant (L g™'), at, ,
is constant (L mg™)*, 3 is exponent that lies between 0 and 1,
R is gas constant (8.314 J mol™ K7), T is temperature (K),
b is Temkin constant which is related to the heat of sorption
(J mol™), and K, is Temkin isotherm constant (L g™').

The unknown parameters of the isotherm models were
determined by nonlinear regression (orthogonal distance
regression algorithm) using OriginPro 9.1®° software [48].
All calculated model parameters are presented in Table 3.
The Langmuir isotherm model is representative of mono-
layer adsorption and assumes that the solid surface has a
finite number of identical sites that show homogeneous
surfaces [44]. Freundlich isotherm indicates non-ideal and
reversible adsorption, not restricted to the formation of
monolayer [49]. Redlich-Peterson isotherm is widely used
as a compromise between the Langmuir and Freundlich
systems and which can be applied either homogeneous
or heterogeneous systems due to its versatility; therefore
the mechanism of adsorption is a mix and does not fol-
low ideal monolayer adsorption [46,47]. Temkin isotherm
contains a factor that explicitly takes into account the
interactions between adsorbent and adsorbate. In this iso-
therm, it is assumed that the heat of adsorption of all mol-
ecules decreases when the surface of the adsorbent is more
covered [50].

Based on the R? and x? values (Table 3), the Redlich—
Peterson isotherm model was a better fit with the adsorption
of Pb(I) onto the MgFeAl-CO, than Langmuir, Freundlich
and Temkin models. It was determined that best-fitted
adsorption isotherm models were obtained to be in the order:
Redlich-Peterson > Langmuir > Freundlich > Temkin iso-
therms. The Redlich—Peterson isotherm exhibited the highest
R? and the lowest x* values (R? = 0.99983 and 2 = 0.71788)
same as Langmuir isotherm (R? = 0.99981 and x? = 0.80465),
which provided a considerably better fit as compared to
Freundlich and Temkin but similar to the Langmuir isotherm.
It can also be observed that the value of  is more than unity
(B = 1.12251), which means the isotherms are approaching
the Langmuir and not the Freundlich. Generally, the value
of B lies between 0 and 1 but an adsorption model could
be referred to as the Langmuir isotherm model when 3 > 1
[51,52]. In this study, the 3 value thus confirms the adsorp-
tion mechanism to be a hybrid one, preferentially following
the ideal monolayer adsorption coverage characteristics of

Parameters of the Langmuir, Freundlich, Redlich-Peterson and Temkin isotherms

Langmuir Freundlich Redlich—Peterson Temkin
g, (mgg™) 117.864 n 0.55717 &, p (Lmg™)* 0.00586 b, (J mol™) 24.1612
K, (L mg™) 0.01246 K, (Ln g mg"?) 4.82644 K., (Lg-1) 1.33758 K, (L g-1) 0.14830
R? 0.99981 R? 0.99771 R? 0.99983 R 0.99734
X 0.80465 X 9.71584 X2 0.71788 X2 11.2945

B 1.12251 - -
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the Langmuir model with the predicted maximum capacity
of adsorption (g, ) value of about 117.86 mg g™'. Thus, it can
be concluded that Redlich—Peterson and Langmuir isotherms
were the most suitable models for the adsorption of Pb(II)
onto MgFeAl-CO,. Other researchers have reported similar
findings as well [53-55].

3.2.3. Effect of temperature and thermodynamics study

The effect of temperature on adsorption of Pb(Il) onto
MgFeAl-CO, is conducted at a range of 15°C to 60°C. Results
presented in Fig. 11 show that the removal efficiency of Pb(II)
increases significantly with the increase in temperature from
288.15 (59.50%) to 333.15 K (71.15%), indicating that the
adsorption process is endothermic. This shows an increase
in the feasibility of Pb(II) adsorption at higher temperatures,
which might be because of the higher temperatures cause the
diffusion of Pb(II) molecules from the solution to the adsor-
bent to be faster [50]. This is also to be attributed to either
change in pore size of the adsorbent improving intra-particle
diffusion within the pores or enhancement in the chemical
affinity of Pb(II) ions to the surface of the adsorbent [56].

To describe the thermodynamic behavior of the adsorp-
tion of Pb(Il) on the MgFeAl-CO, three thermodynamic
parameters were studied: the Gibbs free energy (AG°), the
enthalpy change (AH®), and the entropy change (AS®). The
AG®° values were calculated from the following equation [57]:

725 L7.5
—£4— Removal efficiency : R (%)

= =*= = pH final : pH
700 pl pH, F7.0
o / 5
_____________________

62.5- / |55
60.0 4 A/ L 5.0

57.54 F45

R (%)

28815 29315 29815 303.45 30815 313.45 31845 323.45 32815 333.15
Temperature, T (K)

Fig. 11. Effect of temperature on adsorption of Pb(II) onto
MgFeAl-CO,.

Table 4
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AG" =-RT1n(1,000K,) (11)

where R is the universal gas constant (8.314 ] mol™ K), T is
the temperature (K) and K, is the distribution coefficient.
The K, value was calculated using the following equation:

12)

where g, and C, are the equilibrium concentration of Pb(II)
on MgFeAl-CO, (mg g') and in the solution (mg L),
respectively.

The AH® and AS° of adsorption were estimated from the
following equation:

In(1,000K,) = 2 - 22

(13)

According to equation (13), AH® and AS° parameters
can be calculated from the slope and intercept of the plot of
Ln(1,000 K,) vs. 1/T, respectively (Fig. 12).

The corresponding values of all thermodynamic param-
eters are given in Table 4. This shows that AG® is negative
at temperatures greater than or equal to 298 K. The negative
AG° values indicated that thermodynamically spontaneous

T L] L] l ) T
7,34 ‘ .
724 *  Experimental J

Linear
;% 714 i J
g ‘ i i ]
S 7,04 ) ; ; ; <
T SN |
-5 69 ; e 9, %:} 0.0, ]
,9 9. ) .
| 4 Y63,

6,8 | <
6,74 4

T T T T T T
0,0030 0,0031 0,0032 0,0033 0,0034 0,0035

1T (K')

Fig. 12. Plot of Ln(1,000 K,) vs. 1/T for estimation of thermody-
namic parameters for the adsorption of Pb(II) on MgFeAl-CO,.

Thermodynamic parameters for the adsorption of Pb(II) onto MgFeAl-CQO, as a function of temperature

T (K) K, AG® (k] mol™) AH® (k] mol) AS° (J mol' K) R
288 0.8055 -16.03

293 0.8698 -16.50

298 1.0071 -17.14

303 1.0473 -17.53 9.955 90.334 0.9748
313 1.1707 ~18.39

323 1.3239 -19.31

333 1.4093 -20.08




A.A. Ichou et al. / Desalination and Water Treatment 178 (2020) 193-202

nature of the adsorption process. In addition, the decrease
in AG® values with an increase in temperature shows that
the adsorption process was relatively favorable at higher
temperatures [58]. The positive values of AH® (9.955 k] mol~
1) implies that the adsorption process was endothermic.
The positive values of AS° (90.334 ] mol™ K™) shows the
increased disorder and randomness at the solid-solution
interface [59].

4. Conclusion

In the present work, the kinetics and thermodynamics
of the adsorption of Pb(II) onto MgFeAl-CO, were studied.
The obtained results indicate that MgFeAl- CO is an effective
adsorbent for Pb(II) from aqueous solutions.

The MgFeAl-CO, used in this study was synthesized
using the co- preapltanon method at constant pH. The results
of XRD and FTIR characterization confirmed that the mate-
rial obtained, corresponding to the LDH-like compounds
intercalated with carbonate ions. The results of SEM analysis
indicated that the LDH synthesized appeared as irregular
aggregates of individual particles and show coverage of
available pores on the surface. The surface of MgFeAl-CO,
synthesized was mesoporous, with Brunauer-Emmett—
Teller surface area close to 81 m? g™

The ability of MgFeAl-CO, to adsorb Pb(Il) ions from
aqueous solution was investigated. The effects of con-
tact time, initial metal ion concentrations and temperature
were considered. The adsorption equilibrium was reached
after 60 min. The removal efficiency of Pb(Il) was greatly
increased with an increase in initial concentration and tem-
perature. By applying the kinetic models to the experimental
data, it was found that the kinetics of Pb(II) adsorption onto
MgFeAl-CO, followed the PFO rate equation (R? value close
to unity and x? value less than 0.5). Fitting the data to the
intra-particle diffusion model, suggesting that the surface
adsorption and intra-particle diffusion were concurrently
operating. Redlich-Peterson and Langmuir isotherms were
the most suitable models for the adsorption of Pb(II) onto
MgFeAl-CO,. These results indicated that the adsorption
mechanism is a hybrid one, preferentially following the
ideal monolayer adsorption coverage characteristics of the
Langmuir model, with maximum adsorption capacity value
of 117.86 mg g™'. The calculated thermodynamic parameters
indicated the endothermic (AH® > 0) and spontaneous nature
(AG®° <0) of the adsorption process in the temperature range
of 288-333 K.
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