We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

4,800 122,000 135M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter

Adsorption of Heavy Metals
on Layered Double Hydroxides

(LDHs) Intercalated with
Chelating Agents

Naoki Kano and Shuang Zhang

Abstract

Layered double hydroxides (LDHs) are lamellar ionic compounds containing
a positively charged layer and exchangeable anions in the interlayer. In this study,
LDHs intercalated with chelating agents were synthesized by anion exchange
reaction. The materials synthesized in this work were characterized by chemi-
cal analysis, Fourier transform infrared spectroscopy (FT-IR), scanning electron
microscopy (SEM), and powder X-ray diffraction (XRD) to confirm their proper-
ties. Adsorption experiments from aqueous solutions containing known amounts of
some heavy metallic ions onto the adsorbent were explored in a batch system. The
amount of metallic ions adsorbed by LDHs intercalated with EDTA and precursor
LDHs were determined by inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES) and atomic absorption spectrometry (AAS). In order to examine
the adsorption capacity of LDHs intercalated with chelating agents, the adsorption
experiment was investigated under the optimum condition. The data were applied to
Langmuir and Freundlich isotherm models. The pseudo-second-order kinetic model
was more adequate to describe the kinetic in this case. LDHs intercalated with che-
lating agents synthesized in this work can be promising adsorbents for heavy metals.
It is very significant information from the viewpoint of environmental protection.

Keywords: adsorption, layered double hydroxides (LDHs), chelating agent, heavy
metals, adsorption isotherms, kinetics

1. Introduction

Recently, environmental pollution is one of the most serious problems in the
world due to its deep effect on the future of human beings. Then the investigation
for resolving the problem of the environmental pollution in the world began to draw
major public attention [1, 2]. It is well known that the major forms of environmen-
tal pollution include air pollution, water pollution, soil pollution, and so on. Among
them, water pollution is the most serious due to its liquidity which may bring other
pollutions. Surface water pollution and groundwater contamination are some of the
environmental problems today. One of the cases of environmental pollution is due
to heavy metal contaminants such as copper, lead, cadmium, chromium, arsenic,
zinc, etc. Also, heavy metals are concerned because of their strong toxicity even at
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low concentrations. Based on the type of mining, the kinds and the concentrations
of metal ions are many and varied. Heavy metal ions have high toxicity and poor
biodegradability for plants and animals at higher concentrations [3, 4].

In recent years, clay minerals have been aroused increasing interest as adsor-
bents by virtue of their properties, which make them attractive materials for
adsorbing heavy metal ions. Their abundance in nature, low cost, and good cation
adsorptive properties, a result of their negatively charged layers and high specific
surface areas, make them suitable for adsorption of metal ions [5, 6]. LDH used in
this paper are the antitypes of clay minerals. Layered double hydroxides (LDHs) are
lamellar ionic compounds containing a positively charged layer and exchangeable
anions in the interlayer. They consist of brucite-like layers and are represented by
the general formula [M; M, (0m),] (4™),,,-mH,0, where cationic M" and M™ are diva-
lent and trivalent metals and occupy the octahedral holes in the brucite-like layer.
An” is the interlayer exchangeable anions, which is located in the hydrate layered
galleries, and x is the layer charge density x = M"l/(Im™]+ [M™]) [7-9]. The layered
structure of LDHs is shown in Figure 1.

The ethylenediaminetetraacetic acid (EDTA) is a chelating agent widely used
in industry and agriculture. It forms strong complexes with the ratio 1:1 between
heavy metal ions and ligand. The EDDS (N, N'-1, 2-Ethanediylbis-1-Aspartic Acid)
is also a chelating agent, which may offer a biodegradable alternative to EDTA and
is currently used on a large scale in numerous applications [10, 11]. The structure of
this two chelating agents were shown in Figure 2.

Considering the structure of LDHys, it is suggested that these compounds
can be intercalated with different polydentate ligands. Recently, the study using
LDHs modified with chelating agents as the potential adsorbents of heavy metals
from aqueous solution has been reported [12, 13]. The aim of this work is at first
to synthesize and to characterize LDHs intercalated with EDTA or EDDS and to
study the uptake of heavy metals (Cu®*, Pb**, Cd**) by these hybrid compounds.
The following five kinds of compounds synthesized in this work are ZnAI-NOs;
(L1), ZnAl-EDTA (L2), MgAI-NO; (L3), MgAI-EDTA (L4), and MgAl-EDDS (L5).
To confirm the effect of intercalation with EDTA, the adsorption of metallic ions
onto L1 and L2 is also compared. This study investigated the adsorption ability of
LDHS as adsorbent for Pb, Cu, and Cd from aqueous solution. Finally, the further

[ (,OH)E]Xﬁ_[Ani.\hn]x-.lT]HZ()

Figure 1.
The layered structure of LDHs.
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Figure 2.
The structure of EDTA and EDDS.

developments of LDHs as useful adsorbent with the future of application in the
environmental chemistry are mentioned.

2. Experimental section
2.1 Materials and reagents

Chemical reagents including Zn(NO;),-6H,0, AI(NO3)3-9H,0, Mg(NO;),-6H,0,
Cu(NOs),-6H,0, Pb(NO;),, Na,H,EDTA-2H,0, NaOH, HNO; and Zn(II) Mg(II),
and AI(II) standard solution were purchased from Kanto Chemical Co., Inc.; Cd(II)
standard solutions were prepared by diluting a standard solution (1000 mg L™);
EDDS (35%) was purchased from Sigma Co., Ltd.; and all reagents used were of
analytical grade. CO, free water (>18.2 MQ) which was treated as an ultrapure
water system (RFU 424TA, Advantech Aquarius) was employed throughout the
work. The pH meter (HORIBA F-72) was used for measurement of pH while
adjusting the pH by using 0.01 or 0.1 mol L™" NaOH aqueous solution and 0.01 or
0.1 mol L™" HNOj; aqueous solution. All synthesis should be performed under a N,
atmosphere condition to avoid carbonate contamination.

2.2 Synthesis of the adsorbents

The synthesis of LDHs intercalated with EDTA or EDDS includes two steps: (1)
the preparation of the precursor LDHs (L1 or L4) and (2) the anion exchange reac-
tion of this compound with chelating agents [14]. All the synthesis was purged with
N, to avoid CO, uptake from atmosphere.

* Synthesis of Precursor L1 and L4

L1 was prepared by dropping addition of 100 mL aqueous solution of
0.02 mol L™! Zn(NO;),-6H,0 and 0.01 mol L™*Al (NOs)3-9H,0 to 100 mL NaOH/
NaNO; solution. Then, the solutions were agitated at 70°C for 8 h by maintaining
the pH, separated by centrifugation, and washed until neutral. L4 was also synthe-
sized by using Mg (NOs),-6H,0 and Al (NO;)3:9H,0 as the similar method [15, 16].

* Synthesis of L2, L3, and L5

L2 was synthesized as follows. Under a N, atmosphere, 0.015 mol of EDTA or
EDDS was added to the 150 mL of suspended solution of L1. Then, the mixing
solutions were agitated at 70°C for 8 h under a certain pH degree, then separated by
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centrifugation, washed until neutral, and then dried at 60°C overnight [12, 17]. L5
was synthesized by L4 as the similar method for L2.

2.3 Characterization of these adsorbents

Elemental chemical analyses of C, H, and N in LDHs were carried out using an
elemental analyzer instrument (JMC10, ]-SCIENCE LAB CO., Ltd.). After dis-
solving the sample by HNO; the amount of metallic ions in LDHs was obtained by
ICP-MS (Agilent HP 4500, Thermo). Infrared spectra were obtained using the KBr
disc method, with wavenumbers from 400 to 4000 cm ™! on a FT-IR (FTIR-4200,
Jasco, Japan). XRD (X-ray powder diffraction) of LDHs samples were carried out on
a RINT2500HR-PC (RIGAKU Corporation) using Cu Ko radiation in the scanning
range of 2-80°. N, adsorption and desorption isotherms were employed to deter-
mine the specific surface area by the specific surface area analyzers (AUTOSORB-1,
Quabtachrome Inc., USA). The surface morphology of LDHs was surveyed using
scanning electron microscopy (SEM; JSM-5800, JEOL, Japan). The element dis-
tribution and the component analysis were also analyzed by electron probe micro
analyzer (EPMA; 1600, Shimadzu Corporation).

2.4 Adsorption experiments

For obtaining the optimum conditions regarding the adsorption of heavy metal,
the batch experiments were studied by varying pH, contact time, adsorbent dose,
and initial concentration on the adsorption of heavy metal [18-20]. The adsorp-
tion experiments of Cu(II) and Pb(II) using L2 and L3 were carried out. A certain
amount of L2 or L3 was contacted with 30 mL of an aqueous solution containing
known initial each metal ion (nitrate salts) ranging from 0.1to 2 g L™". Sorption
experiments were conducted in the pH range of 2-6, contact time from 30 minutes
to 6 h, temperature from 25 to 40°C, and adsorbent dosage 5-40 mg. The pH of
each solution was adjusted using 0.1 mol L™" NH,OH and 0.1 mol L™" HNO;. The
adsorption capacities of Cu(II) or Pb(II) on L1, L2, and L3 were compared with
that of commercial LDHs: DHT-4A ([Mg,5AL,(OH)3C0;-3.5H,0], Kyowa Chemical
Industry Co., Ltd), which is abbreviated as LO below.

The adsorption experiments of Cd(II) were also carried out similar as the
method below. The experiment using heavy metallic ions solution without the
adsorbent was also performed to identify potential loss of heavy metallic ions
during the process such as precipitation. To confirm the effect of intercalation with
EDTA, the adsorption of Cu(II), Pb(II) Cd(II) onto L4 and L5 are also compared.

The suspension containing the adsorbent and each of the above metallic solu-
tion was filtered through a 0.10 pm membrane filter (Mixed Cellulose Ester 47 mm,
Advantec MFS, Inc.) to remove each metallic ion that have been adsorbed into the
adsorbent. Then, the concentration of Cu(II) or Pb(II) in the filtrate was deter-
mined with an atomic absorption spectrophotometer (AAS), and the concentration
of Cd(II) in the filtrate was determined by inductively coupled plasma-atomic
emission spectrophotometer (ICP-AES) (SPS 1500, Seiko Instrument Inc).

2.5 Data analysis

For data analysis, various equilibrium, kinetic, and thermodynamic models
(equations) were employed to interpret the data and establish the extent of adsorp-
tion. The metallic ions uptake by each adsorbent was calculated using the Eq. (1):

Q- LDy [ug.g 1
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where Q is the adsorption capacities at equilibrium (pg g™, ¢, and ¢, are the ini-
tial and equilibrium concentrations of metallic ions in a batch system, respectively
(mg LY, Vis the volume of the solution (L), and W is the weight of each adsorbent
(g) [15,16].

2.6 Adsorption isotherms

In adsorption processes, it is necessary and critical for the equilibrium isotherm
studies to predict the behavior of pollutant adsorption onto the sorbent surfaces.
Two common adsorption models, Langmuir and Freundlich isotherm models, were
applied to evaluate the adsorption data obtained in this study.

The Langmuir adsorption model is based on the assumption that maximum
adsorption corresponds to saturated monolayer of solute molecules on the adsor-
bent surface [21, 22]. Langmuir model is given by Eq. (2):

C G 1
qe - qmax * I<Lqmax (2)

where C, is the concentration of metallic ions in batch system at equilibrium
(mg L), g is the amount of adsorption of metallic ions at equilibrium (mg g™),
@max is the maximum adsorption capacity on the surface of adsorbent (mg g™'), and
K\, is the equilibrium adsorption constant (L mg_l). A plot of C./g. versus C, gives a
straight line (Y = A + BX) with slope of 1/¢ .y, and the intercept is 1/ (K}, ¢max);

The linearized Freundlich model isotherm is represented by the following
equation:

lgg. = 1gKg + (1/n) 1gC, (3)

where Ky and 1/n indicate the adsorption capacity and the adsorption intensity
of the system, respectively. The plots of g. versus C. in log scale can be plotted to
determine values of 1/z and K depicting the constants of Freundlich model. The
greater the value of the #, the more favorable is the adsorption [15, 16, 23].

2.7 Kinetic model

The kinetic data can be used to determine the time required for adsorption
equilibrium and provide useful data to improve the efficiency of the adsorption
model and develop predictive models [24, 25]. In this work, pseudo-first-order and
pseudo-second-order models were applied for modeling the adsorption process. The
pseudo-first-order model is expressed as the Eq. (4):

Ing.-q:) = Inq. -kt (4)

where g and ¢, (pg g_l) are the metal amount adsorbed at time at¢ (h) and
equilibrium, respectively, and k; is the rate constant of the pseudo-first-order
adsorption (h™).

The linear form of the pseudo-second-order rate equation is given as follows:

to_ 1 .t
qt B k2q62+Qe (5)

where k, (g pg™" h™") is the pseudo-second-order rate constant of the adsorption
[15, 16, 25].
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3. Results and discussion

3.1 Chemical analysis

The chemical analysis of LDH samples is shown in Table 1. The molar ratio of m"/m"
in L1 or L4 is nearly 2 which is well fitted to the expected formula. However, L2, L3, or
L5 has lower m"/m" ratio than L1 or L4. The presence of polydentate ligand (Zn-EDTA
or AI-EDTA complex) can result in this decrease of the ratio. Moreover, the
decrease suggests that octahedron in hydroxyl layer has a partial dissolution (pKj,
(Zn(OH),) =13.7, pKy, (AI(OH)3) = 32.7, pK,, (Mg(OH),) = 12.7) during the anion
exchange reaction which is performed at pH 5-6 [12, 17, 26]. The C/N of L5 is lower
than that of EDTA ligand (5), and the little gap between them may be mainly due to
the registration of nitrate ions in the interlayer. The more nitrate ions are included
in LDHs, the lower the C/N value is [27].

3.2FT-IR spectra

The FT-IR spectra of L1 and L2 and L3 are shown in Figure 3, and that of L4 and
L5 are shown in Figure 4. Typical M-OH (M—metallic ions) vibration modes due to
the hydroxide layer between 400 and 1000 cm ™" are found in both Figures 3 and 4.

The very sharp peak at 1385 cm ™ in Figures 3(a) and 4(a) is attributed to the
NO;~ stretching vibration. The NO;™ stretching vibration at 1385 cm ™" is not observed
from Figures 3(b) to 4(b). It may be due to the group which is hidden by the band at
1394 cm ! [26, 28]. The absorption bands at 1600 and 1394 cm ! are characteristics
of the symmetrical and asymmetrical vibration of COO- groups. The position of
these bonds is similar to the spectrum of LDHs which is reported by Parida et al. [29]
and [30]. Itis found that EDTA has been intercalated into the interlayer successfully,
although a certain amount of -NOj; may still retain in the compound judging from the
results of chemical analysis. The wide band at around 3450 cm™" may be attributed to
the -H bonding stretching vibrations of -OH groups and water molecules. The band at
1623 cm™* of L1 and L4 is assigned to water bending vibration [8, 26].

3.3 XRD patterns

XRD patterns of L1 and L2 and L3 are shown in Figure 5, and those of L4 and L5
are shown in Figure 6. They are typical XRD patterns of LDHs. The strong diffraction
peaks at low angle, assigned to basal planes (003), (006), (009), were sharp and sym-
metric compared to the peaks at high angle, which are characteristics of clay mineral

wt% N H Atomic ratios Proposed formula
C M/ C/H H/N
M
L1 0.54 5.17 324 2.23 0.01 8.79 [Mg,Al(OH)s]NO;
L2 11.2 3.83 4.19 1.88 0.22 20.1 [Mg,Al(OH)6]5[C1oH14N,04]
L4 0.06 426 2.38 210 0.00 782 [Zn,Al(OH)]NO;
L5 13.7 3.35 3.60 1.67 0.31 151 [Zn,A1(OH)¢], [C1oH14N,04]

Table 1.
Chemical analysis vesults of L1, L2, L3, L4, and Ls.
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Figure 3.
FT-IR spectra of (a) L1, (b) L2, and (c) L3.
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Figure 4.
FT-IR spectra of (a) L4 and (b) Ls.

shaving a layered structure [29-31]. From the XRD pattern, the basal spacing (d)

values of sample were calculated by using Bragg equation and the angle of peak (003).
Then the gallery height was obtained by subtraction from the basal spacing

to the layer width (0.48 nm) [30]. The basal spacing and the gallery height of L1,

L2, L4, and L5 are shown in Table 2. It indicates that the intercalation of EDTA

into NO;-LDHs gives rise to an increase of basal spacing. This basal spacing could

identify the existence of EDTA, because it is close to the dimensions of EDTA

complexes (0.9 nm™ ' nm) founded by single crystal XRD of M-EDTA (M—metallic
ions) compound [12, 17, 30, 32].

3.4 SEM micrographs

SEM images of all composite synthesized in this work are shown in Figure 7.
These adsorbents have clear plate-like morphology, which is typical for LDHs [33].
The intercalated product particles are more homogeneous than the precursor product
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XRD patterns of (a) L1, (b) L2, and (c) L3.
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XRD patterns of (a) L4 and (b) Ls.
L1 L2 L4 L5
Basal spacing 091 1.42 0.89 147
Gallery height 043 0.94 041 0.99

Table 2.
The basal spacing of L1, L2, L4, and L5 calculated from XRD by using Bragg’s equation.

which may be due to the hydrogen bonding on the layer. Hydrogen bonding makes
soft agglomeration occur on the surface of the LDHs, and after the chelating agent,
anion replaces the nitrate ions between the layers, the hydrogen bonding between the
hydroxyl groups is reduced, and the aggregation is weakened to a certain extent.

The inhomogeneous surface of the adsorbent indicated that a large amount of
metal salt attached to the surface of the hydrotalcite in an excessive state, its unique
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Figure 7.
SEM image of (a) L1, (b) L2, (c) L3, (d) L4, and (e) Ls.

layered structure, resulting in removal of heavy metal ions in the aqueous solution
not only by interlayer anion and heavy metal cation interaction but also rely on the
role of surface adsorption and sedimentation.

3.5 Electron probe microanalyzer (EPMA)

Element distribution analysis of L1, L2, L4, and L5 by EPMA is shown in Figure 8.
After the ion exchange, the element distribution of N decreased obviously (by com-
paring red parts in these pictures), and this decrease is observed in both MgAl-LDHs
(a, b) and ZnAl-LDHs (c, d). Furthermore, it is found that the moles of divalent
metals are at least equal to or greater than that of the trivalent metals [34, 35], which
is consistent with the results of chemical analysis.

3.6 Specific surface area

Figure 9 has shown the specific surface area of the product. Specific surface area
of L2 and L3 are bigger than that of L1, and that of L5 is bigger than L4, which may
be attributed to intercalation of EDTA or EDDS. Specific surface area of L0 is bigger
than that of L1; it is due to the difference of their particle size.

3.7 Adsorption of Cu(II) or Pb(II) onto L1, L2, L3, and LO

The adsorption capacities of Cu(II) or Pb(II) onto L1, L2, L3, and LO are com-
pared in Figure 10. The adsorption efficiency of Cu”* was larger than that of Pb** for
the same absorbent, which could be attributed to their stability constant (EDTA-Cu,
18.7; EDDS-Cu, 18.4; EDTA-Pb, 18.0; EDDS-Pb, 12.7) [12, 26]. That is to say, it
can be considered that the large adsorption capacity is obtained when the stability
constant of chelate-metal is high. By comparing among adsorbents used in this work,
the order of the adsorption capacity is L2 > L3 > LO > L1. The higher adsorption
efficiency of LO than L1 may be attributable to its high specific surface area.

3.8 Adsorption of Cu(II), Pb(II), and Cd(II) onto L4 and L5

In order to confirm the effect of the intercalation with chelate agents on the
adsorption capacity of metals, the adsorption experiments of some metallic elements



Sorption

Figure 8.

Area( m /g)

Figure 9.

0, (mmol/g]

L T Y- S

DN NN GG LA A LN

[PAINITATE 1

P AN EISNDT DD

—rodNSFowN=a

134 Al

26500

==c0oo

N A T DDt it
AZRWRRNN=O =NWA

34576

27952

RO = & ~OWRH DNN

m—uunm—dwom—uw#

LO L1 L2 L3 L4 LS
Adsorbent
Specific surface avea of Lo, L1, L2, L3, L4, and L5 by BET method.
1.2
1.6 ez pb> T
7 | e=m cu?t
0.8 -
0.6 -
0.4 -
0.2 -
0.0
L1 ) D/ Lo
Adsorbent

Figure 10.

The adsorption capacity of Pb** and Cu®* onto L1, L2, L3, and Lo.

10

Pt ) BN D Dttt s it
WERNUSEN NI DD
CRUOWBRO

40978

28272



Adsorption of Heavy Metals on Layered Double Hydroxides (LDHs) Intercalated with Chelating...
DOI: http://dx.doi.org/10.5772/intechopen.80865

onto L1 and L2 are compared. The adsorption of Cd(II), Cu(II), and Pb(II) onto
these LDHs under the optimum condition are shown in Figures 11-13, respectively.

Both LDHs were found to take up Cd(II), Cu(II), and Pb(II) from aqueous solu-
tions, and the uptake was found to increase with time. The adsorption capacity of
both LDHs for Cd(II), Cu(II), and Pb(II) increased rapidly during the initial stages,
and thereafter it increased gradually. It is generally found that the time needed for
L5 to reach equilibrium was shorter than that for L4. From the adsorption experi-
ment, the improvement of adsorption capacity by intercalation was observed. On
the other hand, the adsorption capacity of Cu(II) and Pb(II) at equilibrium was

200 —= -
150 - —— 1.5
—_—
o0 —o— 14
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2 100
=%
<
50 * ®
o . :
o 2 4 6 8
Time (h)

Figure 11.
Adsorption of Cd(1I) onto L4 and Ls.
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Adsorption of Cu(II) onto L4 and Ls.
250 -
200
= 1 —-—15
Sp 150 o— 1.4
E
<2 -
S 100 - - -
50
0 T T T T
0 2 4 6 8
Time (h)

Figure 13.
Adsorption of Pb(II) onto L4 and Ls.

11



Sorption

higher than that of Cd(II). It is considered that heavy metal was removed by LDHs
including two mechanisms: chemical precipitation and chelation [16]. In the first
case, the hydroxyl anions compete with chelating agents for the precipitation of
metal hydroxides at higher pH, and divalent ions are usually selectively dissolved.
In the second case, the adsorption affinity is generally determined by the stability
constant of the corresponding complex [36-38].

3.9 Adsorption isotherms

The adsorption isotherms for Cu(II) or Pb(II) were obtained under the optimum
adsorption conditions (i.e., pH 6, contact time 120 minutes, temperature 25°C, and
adsorbent dosage 10 mg). The adsorption isotherms of Cu(II) or Pb(II) onto L2 and L3
were analyzed using Langmuir and Freundlich equations and were shown in Figures 14
and 15, respectively. From Figure 14, the linear correlation coefficient (R%) of L2 (Pb*),
L3 (Pb*), L2 (Cu*), and L3 (Cu**) and other parameter for Langmuir and Freundlich
isotherms model were shown in Table 3, respectively. That is, L2 and L3 synthesized in
this work are well fitted by Freundlich adsorption isotherms models.

3.10 Kinetic model

The kinetic isotherms for Cu(II) or Pb(II) were obtained under the optimum
adsorption conditions (i.e., pH 6, concentration 200 ppm, temperature 25°C and

124 = L2(Pb*)
2+

10 4 e L3(Pb 2+)

A L2(Cu®)

v L3(Cu®)

o 500 1000 1500 2000
Ce(mg/L)

Figure 14.
The corvelation of experimental data to Langmuir isotherm models.
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Figure 15.
The corvelation of experimental data to Freundlich isotherms models.
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Sample/T Langmuir Freundlich
(298 K)

R’ Ky Qumax R’ Kg n

(L™ mg™ (mg g™ (mg"" g7t L)
L2(Pb*) 0.979 560 x 1073 422 0.988 346 411
L3(Pb*) 0.976 540 x 1073 330 0.983 199 417
L2(Cu*) 0.994 1.90 x 1073 256 0.930 990 x 1073 1.87
L3(Cu®) 0.993 210 x 1073 201 0.914 220 x 1073 1.89
Table 3.

Coefficient of Langmuir and Freundlich isotherms for Cu(1I) and Pb(II) adsorption onto L2 or L3.

adsorbent dosage 10 mg). The parameters for two kinetic models of adsorption of
Cu(II) or Pb(II) on L2 or L3 are presented in Table 4 which showed that adsorption
process followed pseudo-second-order rather than pseudo-first-order model.
The second order kinetic models plot for the adsorption of Cu(II) or Pb(II) on

L2 or L3 is shown in Figure 16. The experimentally calculated values of ¢. at various
concentrations were in a good agreement with theoretical calculated values. Also, the
values of correlation coefficients (R?) for the pseudo-second-order kinetic model was
nearly 1, indicated that pseudo-second-order kinetic model was better obeyed.

3.11 Comparison of the adsorption capacities of the materials with other sorbents

The comparison of maximum adsorption capacity of these LDHs for Cu(II)
in a present study with that of another adsorbents in previous literatures [39] are

Sample/T qeExP Pseudo-first-order Pseudo-second-order
(298 K) (mg g™
R’ qe Ky R’ ge K,
(mg g™) (h™) (mg g™ (g mg™ h™)
L2(Pb2*) 228 0.990 217 5.48 0.997 276 2.75
L3(Pb*) 169 0.940 169 5.27 0.993 229 1.25
L2(Cu2*) 71 0.983 78.5 4.35 0.991 111 0.104
L3(Cu2+) 59 0.983 54.8 4.09 0.995 91.9 0.910
Table 4.

The kinetic fit parameters for Cu(1I) and Pb(1I) adsorbed on L2 or L3.

0.06
[ —— 1.2Pb*H
0.05 = L3(Pb>hH
L2(Cu’h
_— o0o0al L3(Cu™™)
=
=]
N 0.03 |-
o0
=
=, 0.02 |
o
=
0.01 |-
0.00 T T T T T T T
0.0 0.5 1.0 1.5 2.0 3.0 3.5 4.0 4.5

()

Figure 16.
The correlation of experimental data to pseudo-second-order models.
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Adsorbents Q References
(mg g™
LS-LDH: MgAl-LDH intercalated by sulfonated lignin (LS) 64 [39]
TA-HTC: hydrotalcite modified by tannin 81 [40]
CL-LDH: LDHs intercalated by chloride 38 [41]
H100-LDH: MgAl-LDH intercalated by humate anions 85 [12]
Sx-LDH: MgAI-LDH intercalated by polysulfide 127 [42]
L0 (MgAIl-COs3) 28 This study
L1 (MgAI-NOs) 20 This study
L2 (MgAI-EDTA) 71 This study
L3 (MgAI-EDDS) 59 This study
L4 (ZnAl-NO;) 31 This study
L5 (ZnAl-EDTA) 90 This study
Table 5.

Comparison of the adsorption capacities of LDHs in other literature Cu**.

Adsorbents Q References
(mg g™
MNP-CTS—MNPs modified with chitosan (CTS) 140 [43]
CL-LDH—LDHs intercalated by chloride 40 [16]
CDpoly-MNPs—(CM-$-CD) polymer-modified Fe;04 nanoparticles 65 [44]
H100-LDH—MgAI-LDH intercalated by humate anions 99 [12]
MoS,-LDH—LDHs intercalated with the MoS,*” ion 290 [45]
L0 (MgAI-CO3) 78 This study
L1 (MgAI-NOs) 58 This study
L2 (MgAIl-EDTA) 228 This study
L3 (MgAI-EDDS) 169 This study
L4 (ZnAl-NG;) 80 This study
L5 (ZnAl-EDTA) 223 This study
Table 6.

Comparison of the adsorption capacities of LDHs in other literature Pb**.

presented in Table 5. Moreover, Table 6 shows the comparison of adsorption capac-
ity of Pb(II) by other adsorbents reported in the literature. As seen in Tables 5 and 6,
the adsorption capacity of these LDHs for Cu(II) and Pb(II) in this work is on a level
with that of another adsorbents in previous works.

4. Conclusions
In present study, LDHs intercalated with chelating agents have been extensively
examined and applied for adsorption of aqueous containing heavy metals and

REEs. The following five kinds of compounds were synthesized (MgAl-NO; (L1),
MgAI-EDTA (L2) and MgAI-EDDS (L3), ZnAl-NO; (L4), ZnAl-EDTA (L5)). These
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five kinds of synthesized samples are characterized by some instruments and

the adsorption capacities of LDHs intercalated with chelating agents for Cu(III),
Pb(III), and Cd(III), and REEs ions were investigated by batch experiments.
Influence of various condition including pH, adsorbents dose, concentration of
metallic ions, adsorption time, and temperature on the removal of metallic ions was
evaluated. The Langmuir and Freundlich models were used for the mathematical
description of the adsorption isotherms. The suitability of the kinetic model for the
adsorption processes is also discussed. The following matters were suggested from
the experimental results:

1.In present study, the precursor LDHs (ZnAl-NO; and MgAIl-NOs) were inter-
calated with the chelating agent EDTA (ethylenediaminetetraacetic acid) and
EDDS (N, N’-1, 2-Ethanediylbis-1-Aspartic Acid) by anion exchange. The
obtained material was characterized and used for the removal of heavy metal-
licions and REEs removal from aqueous solutions. The result from FT-IR etc.
suggests that the intercalation into LDHs is performed successfully.

2.LDHs synthesized in this work were very effective for removing heavy metallic
ions from water solutions. Higher adsorption efficiency is obtained by inter-
calating chelating agent (i.e., EDTA or EDDS) into LDHs. It is considered that
the adsorption capacity of metallic ions onto LDHs is based on the stability
constant of metal-chelating agents. For example, the adsorption efficiency of
Cu(III) was higher than that of Pb(III) for the same absorbent.

3. Adsorption isotherms of adsorption data were studied at varying initial
concentration of metallic ions under optimized conditions of contact time and
the dosage of adsorbents in this work. The adsorption experimental data of
heavy metallic ions onto LDHs were well fitted by the Freundlich adsorption
isotherms model. The results suggest that LDHs synthesized in this work could
be suitable as sorbent materials for the adsorption and removal of heavy metal
ions from aqueous solutions.

4.The pseudo-first-order kinetic and pseudo-second-order models were applied
to test the experimental data and explain the kinetics of the LDHs adsorption
process. The comparison of evaluated correlation coefficients suggested that
the pseudo-second-order model is most suitable for describing the adsorption
processes. The confirmation of this model implies that the rate-limiting step
in this adsorption system may be controlled by chemical process. Also, the
concentrations of both adsorbent and adsorbate are associated with the rate
determining step of the adsorption process.

From this work, it was quantitatively clarified that LDHs could be an efficient
adsorbent for heavy metal. It is a very significant information from the viewpoint
of environmental protection and can be used for treating industrial waste waters
including pollutants and thus a promising option for the treatment of contaminated
waters.
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