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Abstract—Adsorption of Pb** ion by a tartrate intercalated MgAl layered double hydroxides (MgAl-TA LDHs) was
studied. The adsorption isotherms and kinetics were investigated as a function of various experimental parameters
using batch adsorption experiments. The results indicated that the adsorption isotherm was well described by Sips
model. The kinetic adsorption data were fitted well to the pseudo-second-order kinetic equation. The adsorption of
Pb** was controlled mainly by the chemical process combined with intraparticle diffusion. Parameters of adsorption
thermodynamic suggested that the interaction of Pb** adsorbed by MgAl-TA LDHs adsorbents was thermodynami-

cally spontaneous and endothermic.
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INTRODUCTION

With the rapid development of industries such as metal plating,
mining operations, fertilizer industries, tanneries, batteries, paper
making and pesticides, wastewaters containing heavy metal ions
are increasingly directly or indirectly discharged into the environ-
ment. Unlike organic contaminants, heavy metals are not biode-
gradable and tend to accumulate in living organisms, and many
heavy metal ions are known to be toxic or carcinogenic [1]. Lead
is one of the most abundant heavy metals in the environment. The
accumulation of Pb*" in the human body can introduce a range of
serious health afflictions, including muscle paralysis, mental con-
fusion, memory loss, and anemia, suggesting that Pb** affects mul-
tiple targets in vivo. Even worse, such pollution may persist for
two millennia [2]. So far, various methods have been proposed for
the efficient removal of heavy metal ions from the waters, includ-
ing but not limited to coagulation, chemical precipitation, mem-
brane filtration, reverse osmosis, solvent extraction, flotation, ion
exchange and adsorption [3]. Among these, adsorption is now rec-
ognized as effective and economical for heavy metal wastewater
treatment. Besides the common activated carbon adsorbents, many
low-cost adsorbents such as agricultural and industrial by-prod-
ucts and wastes [4,5], natural substances [6,7] have been studied as
adsorbents for the removal of heavy metal ions. Recently, layered
double hydroxides (LDHs) were developed as the adsorbents to
adsorb heavy metal ions from wastewater owing to their layer struc-
ture, good anion exchange capacity, and simple synthesis, low cost
and environmental friendliness [8]. It was reported that Pb** could
be removed rapidly from an aqueous solution on Mg-Al-CO, LDHs
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with the adsorption capacity of 66.16 mg-g™' [9]. The large removal
capacity of Pb** was also obtained on Ca-Al-NOj; and Co-Bi-CO;,
LDHs [10,11]. It was stated that plenty of OH™ on the surfaces of
LDHs supplied the main adsorption sites, and the precipitation of a
hydroxide on the surfaces was the main mechanism for Pb** removal
by the LDHs.

Fundamentally; a chelating agent such as EDTA has strong, selec-
tive metal binding properties, ability to form a 1:1 chelate with a
metal ion; thus a type of chelating ion-exchange resin, which con-
sists of two components, a chelating group and a polymeric matrix,
has a better adsorption capacity for heavy metal ions [12]. Similarly,
when the chelating agent anions are introduced into the interlayer
space of LDHs, the LDHs adsorption capacity for heavy metal ions
could be further improved, owing to the combination with the che-
lating [13-18]. Compared to EDTA, organic acid chelating agents
such as citric, malic, and tartaric acids are inexpensive and easily
biodegraded, therefore more suitable for large-scale remediation of
aqueous environments [12-14]. Our previous work showed that
glutamate intercalated MgAl LDHs could rapidly remove Pb** from
an aqueous solution with the adsorption capacity of 68.49 mg/g at
25°C [17]. In this work, the tartrate intercalated MgAl LDHs was
tested as the adsorbent to removal Pb** from aqueous solutions.
Some effects on the adsorption efficiency and adsorption isotherm
and kinetics were investigated.

MATERIALS AND METHODS

1. Materials

All the reagents were of analytical grade and purchased from
the Sinopharm Chemical Reagent Company, Ltd., China. They were
used without further purification.

The carbonate intercalated MgAl LDHs precursor with Mg/Al
ratio of 2.0 was prepared by co-precipitation as described elsewhere
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[19]; the resultant material was labeled as MgAl-CO; LDHs. The
tartrate intercalated MgAl LDHs was prepared by an anion-exchange
method. Typically, 0.72 g disodium tartrate was dissolved in 100 ml
ethylene glycol in a three-neck flask. The pH was adjusted in the
range of 4 and 5 by adding 0.1 mol/L HNO;. Then 2.0 g as-pre-
pared MgAl-CO; LDHs was added into the above solution. The
mixture was kept refluxed at 120 °C for 5 h and then cooled to room
temperature. The resultant was recovered by filtering the suspen-
sion, which was followed by repeated washing with deionized water
and drying at 80 °C for 12 h. The resultant was labeled as MgAl-
TA LDHs.

2. Characterization

The phases of the resultant samples were analyzed by X-ray dif-
fraction (XRD) using a Bruker D8 ADVANCE diffractometer under
CuK¢ radiation (1=0.15406 nm), operating at 40 KV and 40 mA
over the 2@ range from 3 to 75°. FT-IR spectra were recorded on a
Nicolet Nexus 470 spectrometer (Thermo Nicolet Corporation, USA)
under scan range 400-4,000 cm ™' using KBr pellets (1/10 weight%).
Scanning electron microscope (SEM) images were taken by a JSM-
6360LV (JEOL, Japan) at 10.0 kV. The BET surface area, total pore
volume, and average pore diameter of the samples were analyzed
by a V-Sorb 2800P Analyser (Gold APP Instrument Corporation,
China), using the multipoint N, adsorption-desorption method at
liquid nitrogen temperature (—196 °C). Prior to the analyses, the
samples were degassed at 120 °C and 10~ Torr for 4 h to evacuate
the physically adsorbed moisture.

3. Batch Studies

Lead stock solution of 1,000.0 mg/L was prepared using the
Pb(NO,), into deionized water. The initial Pb*" concentration var-
ied from 10.0 to 300.0 mg/L by diluting the stock solution.

Batch adsorption experiments were carried out in beakers by
adding a certain amount of adsorbent in 100.0 mL of aqueous metal
solution at desired initial pH, metal ion concentration and tem-
perature. The initial pH was adjusted with solutions of 0.1 mol/L
HNO; or 0.1 mol/L NaOH. The beakers were gently agitated in a
temperature-controlled water bath at 200 rpm for a 2 h. All the exper-
iments were performed in triplicate at the desired initial conditions
and the concurrent value was taken. The content of the flask was
separated from the adsorbent by filtration, using 0.42 um microp-
ore filter and the filtrate was analyzed for the remaining metal con-
centration in the sample using an atomic absorption spectropho-
tometer (AA-6300C, Oxford, Japan). The Pb** adsorption capaci-
ties of the samples were calculated as follows:

-C
0 100% 1)

C
n%=
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where q, (mg/g) is the amount of Pb*" adsorbed at adsorption
time t. C, and C, (mg/L) are the concentrations of Pb™* in the solu-
tion at the beginning and adsorption time t, respectively. V (L) is
the volume of the solution and m (g) is the weight of the adsorbent.
The effects of the adsorbent dosage, the initial Pb** concentration,
pH and adsorption temperature on the Pb** removal were investi-
gated.
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Fig. 1. XRD patterns of (a) MgAl-CO; LDHs, (b) MgAl-TA LDHs,
(c) Pb-adsorbed MgAI-TA LDHs and (d) regenerated MgAl-
TA LDHs.

RESULTS AND DISCUSSION

1. Characterization of MgAI-TA Adsorbent

The XRD patterns of the precursor MgAl-CO; LDHs and the
prepared MgAI-TA LDHs are shown in Fig. 1. The XRD pattern
of MgAl-CO; LDHs (Fig. 1(a)) shows characteristic sharp peaks at
260=11.6" 23.4°, 35.1°, 39.3°, 61.1° and 62.3° that are related to the
hydrotalcite lattice planes of (003), (006), (009), (012), (110) and
(113), respectively (JCPDS 41-1428). The MgAl-CO; LDHs pre-
cursor gives a basal spacing of 0.76 nm, which is calculated from
the (003) diffraction, and the interlayer spacing is calculated of 0.28
nm by subtracting the thickness of the brucite-like layers (0.48 nm)
from the basal spacing. As shown in Fig, 1(b), MgAI-TA LDHs shows
a similar pattern as that of MgAl-CO; LDHs, but an obvious shift
in the (003) reflection to lower angle. The interlayer spacing expands
to 1.22 nm, indicating that the TA anions have been successfully
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Fig. 2. FT-IR spectra of (a) MgAl-CO; LDHys, (b) tartaric acid, (c)
MgAI-TA LDHs, (d) Pb-adsorbed MgAI-TA LDHs and (e)
regenerated MgAl-TA LDHs.
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intercalated into the interlayer region. By contrast, the reflection
line of the diffraction peak of (110) reflection does not move, which
indicates that the intercalation of the TA anions does not change
the structure of the layer but only changes the interlayer spacing
[20]. Moreover, there are still weak peaks at 26=11.6°, 35.1°, indi-
cating the existence of CO;~ in the interlayer space. These results
are similar to that of the previous report [21], where the tartrate
intercalated MgAl LDHs was prepared by the ion-exchange method.
Fig. 2 shows the FT-IR spectra of MgAl-CO, LDHs, MgAI-TA

Mg: 16.23%
Al 11.43%

Ph: 0%

Mg: 14.03%
Al 9.69%

Ph: 7.57%

Mg: 14.11%
Al 7.43%

Ph: 191%

Fig. 3. SEM images of (a) MgAl-TA LDHs, (b) Pb-adsorbed MgAl-
TA LDHs and (c) regenerated MgAl-TA LDHs.
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Fig. 4. N, adsorption-desorption isotherm and the pore size distri-
bution of MgAl-TA LDHs.

LDHs and tartaric acid. The typical bands at 1,641 and 1,382 cm ™"
in the spectrum of MgAl-CO, LDHs are attributed to the bending
vibration of OH™ and the stretching vibration of carbonate [22]. The
band at 1,741 cm™" in the spectrum of tartaric acid belongs to the
carboxyl group. In the spectrum of MgAI-TA LDHs, two bands at
1,390 and 1,627 cm™" can be ascribed to the symmetric and asym-
metric stretching vibrations of the carboxyl, respectively [22,23]. Two
stretching vibrations of the alcoholic groups in tartrate centered at
1,141 and 1,093 cm ™" also exhibit in MgAI-TA LDHs. These results
show that the citrate is present in the interlayer of MgAI-TA LDHs.

The SEM image of MgAIl-TA LDHs shown in Fig. 3 indicates a
plate-like structure. The plate-like slabs stack up closely with each
other, which is typical for LDHs.

To give the further insight on the specific area and porosity of
the prepared MgAl-TA LDHs, N, adsorption measurement was
carried out. Fig. 4 shows the N, adsorption-desorption isotherm
and the pore size distribution curve of MgAl-TA LDHs. The sam-
ple exhibits a typical IV isotherm with a H3-type hysteresis loop,
indicating the presence of mesopore [22,24]. From the pore size
distribution curve (Fig. 4 inset), the distribution of pores is clearly
in the range 3-50 nm. The average pore diameter and the specific
area are 11.9 nm and 74.7 m’/g, respectively.

2. Effect of Adsorbent Dosage

The effect of adsorbent dosage on the adsorption efficiency for
Pb** was carried out at 25 °C; the Pb** concentration of 100.0 mg/
L and pH of 5.0, the results are shown in Fig, 5. Pb** adsorption
efficiency almost approaches the equilibrium value within 30 mins,
except for the adsorbent dosage of 1.0 g/L. The lower adsorption
efficiency at the adsorbent dosage of 1.0 g/L is owing to the insuf-
ficient vacant adsorption sites on the surface of adsorbent. When
the adsorbent dosage increases to 2.0 g/L, there are sufficient vacant
adsorption sites on the surfaces; thus Pb** can be rapidly adsorbed,
resulting in that the adsorption efficiency increases rapidly. A fur-
ther increase in the adsorbent dosage makes the increase in adsorp-
tion efficiency, but does not increase proportionally with the in-
crease in the adsorbent dosage, owing to the reduction in overall
surface area of the adsorbent probably because of aggregation during
the adsorption. From Fig. 5 inset, it is indicated that the amount of
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Fig. 5. Effect of MgAI-TA adsorbent dosage on the adsorption of
Pb™.
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Fig. 6. Effect of initial Pb** concentration on the adsorption of Pb*".

Pb** adsorbed on unit mass of the adsorbent at equilibrium (q,)
decreases with the increase in adsorbent dosage. Therefore, the ad-
sorbent dosage of 2.0 g/L is considered the suitable value, consid-
ering the cost in practice.
3. Effect of Initial Pb** Concentration

Fig. 6 shows the effect of initial Pb** concentration on the ad-
sorption efficiency. The results were obtained by changing the Pb**
concentration from 10.0 to 300.0 mg/L at 25°C, the adsorbent dos-
age of 2.0g/L and pH of 5.0. As shown in Fig. 6, the adsorption
efficiency for Pb* decreases with the increase in initial Pb** con-
centration. However, the adsorbed amounts of Pb** per mass of
adsorbent are higher in higher initial Pb** concentrations as com-
pared to that in the lower initial Pb** concentrations (see Fig, 6 inset).
The Pb** concentration provides an important driving force to over-
come the mass transfer resistance between adsorbents and aque-
ous solutions. Tt means that at higher initial Pb** concentrations,
the driving force was higher than that of the lower initial Pb** con-
centrations. Consequently, the adsorbed amounts of Pb** per mass
of adsorbent will be higher in case of higher initial Pb** concentra-
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Fig. 7. Effect of pH on the adsorption of Pb*".
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Fig. 8. Effect of adsorption temperature on the adsorption of Pb*".

tions. However, at higher initial Pb** concentrations the available
adsorption sites become comparatively fewer, hence lowering the
adsorption percentage of Pb™".
4. Effect of pH

The effect of pH on Pb** adsorption on MgAI-TA LDHs is shown
in Fig. 7. These results were obtained at 25 °C, Pb** concentration
of 100.0mg/L and adsorbent dosage of 2.0 g/L. The adsorption
efficiency increases with the increase in the pH value and reaches
the maximum at pH of 5.0-6.0, then slightly decreases to a plateau
at pH value of 7.0. In fact, at pH value under the zero charge point
(ZCP), the surfaces are positively charged, and there exist appre-
ciable concentrations of H' ions that compete with already pres-
ent Pb** ions for available binding sites, resulting in the decrease in
the Pb** adsorption. At the pH value above the ZCP, the surfaces
are negatively charged, the number of H" ions decreases and hence
more sites are available for Pb** adsorption [9].
5. Effect of Adsorption Temperature

The effect of adsorption temperature on Fig. 8 shows the change
in Pb** adsorption efficiency with the adsorption temperature. These
results were obtained at 25 °C, pH of 5.0, the adsorbent dosage of
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Fig. 9. Kinetics fitting curves for adsorption of Pb*" at different temperatures.

Table 1. Parameters of adsorption kinetics for Pb*" on MgAl-TA LDHs adsorbent at different temperatures

Temperature Pseudo-first order Pseudo-second order
(0 Qu k, R’ Aq (%) Qe k,x10° R’ Aq (%)
25 85.6 0.09806 0.9793 6.37 97.4 1.39 0.9963 248
30 90.9 0.1014 0.9735 7.02 102.9 1.61 0.9949 4.17
40 91.9 0.1603 0.9510 7.15 100.2 2.60 0.9895 3.40
50 95.9 0.1910 0.9755 4.64 103.3 3.16 0.9976 1.43

2.0g/L and Pb** concentration of 200.0 mg/L. The adsorption effi-
ciency increases by increasing the adsorption temperature, indicat-
ing that the adsorption process is the endothermic process.
6. Adsorption Kinetics

Adsorption kinetics is generally controlled by different mecha-
nisms. Usually, pseudo-first order, pseudo-second order, intra-par-
ticle diffusion and Elovich kinetics models were applied to fit the
experimental data [25].

Pseudo-first-order equation can be expressed as:

) 3)

where q, and q, are the amounts of Pb** adsorbed at equilibrium
and at time t (mg/g), respectively. k; (min™") is the rate constant of
pseudo-first order adsorption.

Pseudo-second-order equation is described as:

q;=q.(1-e

k,q t
q= 2 @)

T 1+k,q,t
where k; is the rate constant of pseudo-second order adsorp-
tion, g/(mg-min). The fitting curves are shown in Fig. 9 and the
calculated kinetic constants for pseudo-first and pseudo-second
order models are listed in Table 1. To evaluate the fitting model,

the normalized standard deviation (Aq%) is used for comparison
defined by [26]:

z [(qt, exp q, cal)/qt, exp]2
N-1

Aq(%)leOxJ (5)

where the subscripts exp and cal denote the experimental and
calculated values, respectively, and N is the number of data points.
The determination coefficients R* and the normalized standard
deviation Aq(%) listed in Table 1 indicate that the experimental
data are in good agreement with the pseudo-second-order model,
which suggests that the rate-limiting step in adsorption is controlled
by chemical process [27].

The intra-particle diffusion equation describes the movement of
ions from the bulk solution to the solid phase. This kinetics equa-
tion is expressed as [28]:

q=kst”+C (6)

where k; is the intraparticle diffusion rate constant, mg/(g-min’’),
C is the intercept. By using this model, the plot of g, versus t** should
be linear if the intraparticle diffusion is involved in the adsorption
process, and if these lines pass through the origin then the intra-

Korean J. Chem. Eng.(Vol. 33, No. 1)
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particle diffusion is the rate-controlling step. As shown in Fig. 9(c),
the plots of g, vs. t*° for Pb* are shown in three stages. The first
sharper portion is the external surface adsorption or instantaneous
adsorption stage. The second portion is the gradual adsorption
stage, where the intra-particle diffusion is rate-controlled. The third
portion is the final equilibrium stage, where the intraparticle diffu-
sion starts to slow down due to the extremely low solute concen-
tration in solution [29]. The strong linear correlation indicates that
intra-particle diffusion is involved in the adsorption process, but
the non-zero intercept suggests that it is not the rate-controlling
step [30].

The Elovich equation interprets the predominantly chemical
adsorption on highly heterogeneous adsorbents. The Elovich equa-
tion can be described as:

q=AIn(af)+pnt @)

The coefficient « is the initial adsorption rate [g/(mg min’)] and
[ is the desorption constant [mg/(g min)] related to the extent of
surface coverage and activation energy for chemisorption. As de-
scribed in Fig. 9(d), the plots of g, vs. In(t) display a relatively good
linear relationship before reaching the adsorption equilibrium. This
result shows the heterogeneous distribution of the adsorption energy
in the adsorption process [28].

In summary; the adsorption kinetics were well fitted by a pseudo-
second-order kinetic model, showing the adsorption process was
controlled by the chemical process, but the intra-particle diffusion
could not be ignored during the adsorption process.

7. Adsorption Isotherm
An adsorption isotherm represents the amount of species ad-

sorbed versus the amount of species left in the solution phase at
equilibrium. The adsorption data were analyzed by Langmuir, Fre-
undlich, Temkin, Redlich-Peterson and Sips isotherms. The asso-
ciation of fitness of the model prediction with experimental data
requires an error function with optimization. Along with the coef-
ficient of determination (R’), the residual root mean square error
(RMSE) and the chi-square test (*) were also calculated to mea-
sure the goodness of fit [31]. RMSE and #” can be defined as:

RMSE= |23 (q, p~Goca)” ®)
N _11_:1 e, exp e, cal.
2 ¥ (qe exp” e cal)2
i=1 qe, exp

where g, ,, is the equilibrium adsorption capacity found from
the batch experiment, g, is the prediction from the isotherm
model for corresponding to C, and N is the number of observa-
tions in the experimental isotherm. The smaller RMSE and 3 value
indicates the better model fitting and the better similarity of the
model to the experimental data.

The Langmuir model describes quantitatively the formation of
a monolayer adsorbate on the outer surface of the adsorbent, and
after that no further adsorption takes place. The Langmuir rep-
resents the equilibrium distribution of adsorbate between the solid
and liquid phases, its equation is expressed as:

_ qmaxKLCe

= 1
1+K;C, (10

9e

where g, is the amount of Pb** adsorbed on the adsorbent at equi-
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Fig. 10. Adsorption Isotherms of Pb** on MgAl-TA adsorbent at different temperatures.
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librium (mg/g), Q. denotes the maximum adsorption capacity
corresponding to complete monolayer coverage, C, describes the
equilibrium Pb** concentration (mg/L), and K; is the Langmuir
adsorption constant (L/mg).

The Freundlich equilibrium isotherm equation is an empirical
equation used for the description of multilayer adsorption with inter-
action between adsorbed molecules:

q.=K,C" (11)

where K; and n are the Freundlich constants related to the maxi-
mum adsorption capacity (mg/g) and the heterogeneity factor (mg '),
respectively. The model is applicable to the adsorption on hetero-
geneous surfaces by a uniform energy distribution and reversible
adsorption. The Freundlich equation implies that adsorption energy
exponentially decreases on the finishing point of adsorptional cen-
ters of an adsorbent [47]. The Freundlich constants are empirical
constants depending on many environmental factors. The value of
1/n ranges between 0 and 1, indicating the degree of non-linearity

Table 2. Parameters of adsorption isotherms for Pb** on MgAI-TA
LDHs adsorbent at different temperatures

Temp. (°C) 25 30 40 50
Langmuir
Qo 1233 128.2 130.1 143.6
K, 0.2760 0.5431 0.6226 0.8822
R? 0.9675 0.9702 0.9602 0.9700
RMSE 6.44 6.61 7.83 7.15
Ve 12.48 10.98 14.11 13.27
Freundlich
Kr 35.7 45.7 48.2 59.4
n 2.93 3.05 297 3.04
R’ 0.9508 0.9524 0.9692 0.9337
RMSE 7.92 8.34 6.88 10.63
I 24.95 27.17 3432 40.67
Temkin
A 7.5 12.3 17.2 24.8
B 194 21.0 20.3 21.9
R’ 0.9238 0.9716 0.9499 0.9369
RMSE 8.42 5.62 7.67 9.11
I 17.30 6.88 15.86 18.83
Redlich-Peterson
Kgp 63.8 147.6 227.7 2272
agp 0.9679 2.0284 3.3857 2.3929
p 0.8282 0.8204 0.7769 0.8486
R? 0.9726 0.9896 0.9921 0.9759
RMSE 5.40 3.57 3.19 5.85
Ve 6.47 1.76 2.45 5.81
Sips
Qn 153.5 160.4 184.0 166.8
K, 0.2656 0.4131 0.3749 0.6536
m 0.6820 0.6649 0.5965 0.7208
R? 0.9803 0.9934 0.9941 0.9821
RMSE 3.77 2.28 247 441
Ve 2.59 0.74 2.13 438

between solution concentration and adsorption.

Tembkin model is based on the assumption that the heat of ad-
sorption would decrease linearly with the increase of coverage of
adsorbent and can be described as:

q=AIn(BC,) (12)

where B is a constant related to the heat of adsorption (J/mol)
and equals to RT/b. A is the Temkin equilibrium constant.

The Langmuir, Freundlich and Temkin fitting curves are pre-
sented in Fig. 10 and the calculated results are listed in Table 2. The
Langmuir, Freundlich and Temkin model do not fit well with the
experimental data, owing to the larger values of RMSE and y, though
the relative higher value of R* (>0.92). These results suggest that
the adsorption of Pb** on MgAI-TA LDHs is not simply described
by these models. In fact, the Langmuir model is based on the hy-
pothesis that the surface is completely uniform and energetically
homogeneous [32]. For MgAI-TA LDHs adsorbent, besides the ad-
sorbing sites on the surface, the tartrate anions located in the inter-
layer space can also adsorb Pb** by chelating, resulting in the sur-
face heterogeneity of adsorbent and no better fitting results obtained
by Langmuir isotherm. Both Freundlich and Temkin models revise
the hypothesis for uniform surface in the Langmuir model by assum-
ing the adsorption energy exponentially and linearly decreases on
the finishing point of adsorptional centers of an adsorbent, respec-
tively [32], but they do not give a better fitting result for the exper-
imental data.

Redlich-Peterson model and Sips model combine the features
of both the Langmuir and Freundlich isotherms into a single equa-
tion. Redlich-Peterson model is presented as follows:

_ KRPCe

- e (13)
1+agpC,

In Redlich-Peterson equation, Ky, (L/g) and agp (L/mg)’ are the
Redlich-Peterson isotherm constants, while Sis the Redlich-Peterson
isotherm exponent, which should be 0</<1. For =1, the Redlich-
Peterson model converts to the Langmuir model, while S=zero, it
becomes Henry’s law. Redlich-Peterson model approaches the Fre-
undlich model at high concentration and is in accord with the low
concentration limit of the Langmuir equation [33].

By identifying the problem of continuing increase in the adsorbed
amount with an increase in concentration in the Freundlich equa-
tion, Sips proposed an equation similar in form to the Freundlich
equation, but it has a finite limit when the concentration is suffi-
ciently high:

9.,KC/'

m

1+K,C,

(14)

where q,, is the Sips maximum adsorption capacity (mg/g), K
is the Sips equilibrium constant (L/mg)”, and m is the Sips model
exponent, limited from 0 to 1. At the low adsorbate concentrations
the Sips isotherm model effectively reduces to the Freundlich iso-
therm and thus does not obey Henry’s law. And at high adsorbate
concentrations, this model predicts a monolayer adsorption capac-
ity characteristic of the Langmuir isotherm.

The Redlich-Peterson and Sips fitting curves are shown in Fig,
10 and the fitting results are listed in Table 2. From Table 2 both
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Table 3. Thermodynamics parameters for Pb** on MgAl-TA LDHs

adsorbent

AG® (KJ/mol) AH® AS° E,
25°C 30°C 40°C 50°C (KJ/mol) [J/(mol-K)] (K]J/mol)’
-29.1 -30.1 -32.1 -34.1 30.7 200.6 27.7

“The activation energy E, calculated according to the peseudo-second-
order kinetics model

Redlich-Peterson and Sips fitting curves are more suitable than Lang-
muir, Freundlich and Temkin fitting curves due to higher values of
R’ and small RMSE and #°. By further comparing on R’, RMSE
and y, Sips model appears to be more suitable than Redlich-Peter-
son model. These results suggest the heterogeneity of surfaces on
the MgAl-TA LDHs adsorbent.
8. Adsorption Thermodynamic Parameters

Thermodynamic parameters for adsorption of Pb** onto MgAl-
TA LDHs adsorbent are evaluated using the following equations
[34]:

AG’=-RT-Ink’ (15)

AG =AH"-TAS" (16)
0 0

Ink, = % ol (17)

where, R is the universal gas constant [8.314 J/(mol-K)], T is the
temperature (K), AG’ is the change in free energy, AH’ is the stan-
dard enthalpy and AS’ is the standard entropy; K’ is the thermo-
dynamic equilibrium constant. The Value of K° can be obtained
by plotting In(q,/C,) versus q, and extrapolating q, to zero [9,35].
Values of InK® are obtained as 11.6 (25 °C), 12.1 (30°C), 12.3 (40°C)
and 12.7 (50 °C), respectively. AH’ and AS’ can be calculated, respec-
tively; from the slope and intercept of plot of InK_ vs. 1/T. The val-
ues obtained from Egs. (15)-(17) are listed in Table 3.

As listed in Table 3, the positive value of the standard enthalpy
(AH’) change shows that the adsorption is endothermic, which fol-
lows the result observed from the effect of temperature. The rea-
son may be explained that, at a higher temperature, an increase in
active sites occurs owing to bond rupture of functional groups on
the adsorbent surface [9,36]. The negative value of AG’ indicates
the thermodynamic spontaneous nature of adsorption process,
and it is more negative at higher temperature, which indicates that
the adsorption was favored by higher temperatures [37,38]. The
positive value of adsorption entropy (AS’) shows the affinity of MgAl-
TA LDH for Pb** and the increased disorder at the solid/liquid
interface during the adsorption process [37,38]. The activation energy
E, calculated according to the pseudo-second-order kinetics model
is 27.7 KJ/mol, suggesting that the adsorption process is belonged
to the chemical process.

9. Adsorbent Regeneration

The effective reuse of adsorbent material directly affects the cost
factor and hence its utility in continuous batch adsorption processes.
In this work, the regeneration of the used MgAI-TA adsorbent was
investigated. The Pb-adsorbed adsorbent was immersed into 1.0
mol/L sodium acetate solution for 12 h at room temperature. The
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Fig. 11. Adsorption efficiencies of Pb** on as-prepared, 1" and 2™
regenerated MgAl-TA LDHs adsorbent.

pH of the immersing solution was kept in the range of 6.0 and 6.5
by the adding 0.1 mol/L acetic acid. After separation from the solu-
tion, the solid adsorbent was re-exchanged with TA solution, form-
ing the MgAI-TA adsorbent. The Pb*" removal efficiency on re-
generated MgAI-TA adsorbent is shown in Fig, 11. The Pb*" ad-
sorption efficiencies were found to be 96.8%, 93.1% and 82.3%,
respectively, for the as-prepared, 1% and 2™ regenerated adsorbent,
showing the better re-use performance of MgAI-TA adsorbent.
The XRD patterns of the Pb-adsorbed and regenerated adsor-
bents are shown in Fig. 1. The Pb-adsorbed sample exhibits the
combined features of those of MgAl-CO; and MgAI-TA LDH,
showing that during the adsorption CO;~ was intercalated into the
interlayers, being attributed to the suspension adsorbing CO, from
the atmosphere to form CO;™ in the Pb* adsorption process. After
adsorption the slight difference in the position of the plane (110)
at the diffraction angle of about 60° shows that the slight change in
arrangement of metal ions in the layer, keeping the layer structure.
After regeneration Pb-adsorbed MgAl-TA LDHs lost most CO;
located in the interlayer and rebuilt nearly to the origin structure
of as-prepared MgAl-TA LDHs. FT-IR spectra (see Fig. 2(d) and
2(e)) show that Pb-adsorbed MgAI-TA LDHs exhibits only slight
changes in the position of the asymmetric vibration of coordinated
-COO- groups, which was sensitive to interactions between mole-
cules. It could be an indication of chelating of the metals with the
interlayer ligands [39]. This band moves to lower wavenumber after
adsorption, indicating the coordination between Pb** and -COO-
groups. After regeneration, this band moves nearly to the same posi-
tion as that of the as-prepared MgAl-TA LDHs, showing the loss
of Pb** from the complex. It is also observed that the intensity of
the band at 1,390 cm™" corresponding to the symmetric vibration
of -COO- groups increases after adsorption, owing to the increase
in the amount of COZ” whose band located at 1,382 cm™, com-
bining with the band of symmetric vibration of -COO- groups. The
intensity of the vibrating band of OH ™ at about 3,460 cm™ increases
and the position of this band moves to lower wavenumber, show-
ing the increase in connection between OH™ and some groups. After
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Table 4. Comparison of Pb** adsorption capacities of MgAl-TA LDHs with other adsorbents

Adsorbents Qunar (/) Adsorption condition Reference
pH Temp.
Ash 6.0 25 588.24 [41]
Hide waste -- 20 22.22 [42]
Coffee residue 5.9 25 63.29 [43]
H,0,-oxidized activated carbon 5.0 30 37.92 [44]
Montmorillonite-illite type of clay 4.0 30 51.80 [45]
MgAl-CO, LDH 57 30 66.16 [9]
Glutamate intercalated MgAl LDHs 5.0 25 68.49 [17]
MgAI-TA LDHs’ <6.0 Room temp. 84 [46]
MgAI-TA LDHs’ 5-6 25 114.3 This work
“"Mg/Al=4.0
"Mg/Al=2.0

regeneration, the intensity and position of this band restore nearly
to the origin state of as-prepared MgAI-TA adsorbent. SEM images
(see Fig. 3(b) and 3(c)) indicate that Pb-adsorbed and regenerated
MgAI-TA LDHs also present a plate-like morphology. EDX results
show that after regeneration most Pb was removed from the ad-
sorbent.

10. Adsorption Mechanism

Generally, heavy metal ions may be removed by LDHs via (i)
precipitation of metal hydroxides onto the surface of LDHs; (ii)
adsorption through the bonding with surface hydroxyl groups of
LDHs; (iii) isomorphic substitution and (iv) chelation with the func-
tional ligand in the interlayers [8].

Firstly, XRD results reveal that no new bulk phase is detected in
the Pb-adsorbed MgAI-TA LDHs; thus precipitation should not
exist during the adsorption. Secondly, the diffusion of Pb** into
the lattice structure of the LDHs is not basically possible, because
of the steric hindrance for isomorphic substitution caused by the
larger radium of Pb** (0.119 nm) [8]. It is also identified by the re-
sult that there was almost no change of the lattice parameters be-
tween the as-prepared and Pb-adsorbed MgAl-TA LDHs. Thirdly,
LDHs surface has some deprotonated hydroxyl groups (Sur-O-)
which may form functional groups to adsorb the metal ions by form-
ing inner-sphere surface complexes. This chemical binding adsorp-
tion process can be described as [40]:

Sur-OH+Pb* —>Sur-O-Pb*+H* 18)

This complexation reaction is chemical binding adsorption and
pH-dependent one which is identified by the results observed from
the effect of pH on the adsorption (see Fig. 7). Also, this effect is
not so significant that the adsorption efficiency changes a little, show-
ing this complexation reaction is not the main adsorption process.
Fourthly, the smaller ionic diameter of Pb** than the mean pore
diameter of the LDH (the average value is 11.95 nm) allows Pb**
to diffuse into the pore space of the LDHs and react with the tar-
trate to form Pb-tartrate chelates. This should be the main adsorp-
tion reaction during the Pb** adsorption on MgAI-TA LDHs. Be-
cause, when the tartrate was introduced into the interlayer again,
the regenerated adsorbent could keep the higher adsorption effi-
ciency as as-prepared one.

On the whole, the removal of Pb** cations by the MgAI-TA LDHs
adsorbent is attributable largely to the formation of chelate com-
plex between Pb*" and the intercalated and adsorbed tartrate. A
surface complexation reaction also happens during the adsorption
process.

11. Comparison of Adsorption Capacity

The comparison of MgAI-TA LDHs adsorbent with other ad-
sorbents is listed in Table 4. The MgAI-TA LDHs adsorbent reported
in this work has better adsorption capacity than some bioadsor-
bents, activated carbon and Montmorillonite type of clay; even better
than other LDHs adsorbents with a similar layered structure, but
lower than ash. The higher adsorption capacity of ash could be origi-
nating from the larger specific surface area.

It was reported that removal of Pb** from aqueous solution by
MgAI-CO; LDHs with the maximum adsorption amounts of 66.16
mg/g at 30 °C, and the adsorption isotherm can be described by
Langmuir model, indicating that the binding energy on the whole
surface of Mg,Al-CO; LDHs is uniform [9]. For MgAI-TA LDHs
adsorbent, there appear to exhibit two types of adsorbing sites: one
is on the surfaces, the other is located in the intercalated tartrates.
For comparison with the above value, the adsorbed amount ob-
tained from q,~C, curve is estimated as 124 mg/g at 30 °C, higher
than the reported values. The significant improvement in the ad-
sorption capacity may be owing to the contribution of chelating
sites provided by tartrates that intercalated between the layers of
LDHs. Also, when the intercalated anion was glutamate, the adsorp-
tion capacity was also improved, but lower than that of MgAI-TA
LDHs. The reason may be attributed to the lower chelating ability
of glutamate than tartrate anion.

However, our result is different from that reported on the removal
of Pb”* with the similar material, on which the maximum adsorp-
tion amount is 8.4 mg/g at room temperature [46]. The adsorp-
tion capacity of an adsorbent is influenced by many factors, such
as the specific surface area, pore structure, the amount of adsorp-
tion site, adsorption conditions, and so on. The following reasons
may explain the different result obtained by Yasins and our work.
One reason may be the different Mg*"/AI'* molar ratio in the pre-
pared tartrate intercalated MgAl LDHs adsorbents. In Yasins report,
the Mg”*/AI"" molar ratio is 4, twice that of our work. The larger
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the number of Mg™ ions in the layers of LDHs, the smaller the num-
ber of excess positive charges in the layers; as a result, a small num-
ber of tartrate anions will be needed to intercalate into the interlayer
space to keep the neutrality of the MgAI-TA LDHs [47]. Thus, the
adsorption capacity reported by Yasin et al. is lower than that of
our work. The second possible reason is the different structure
parameters of MgAl-TA LDHs obtained in Yasin's and our work,
owing to different preparation methods used. In Yasinis work, MgAl-
TA LDHs was prepared by co-precipitation, while by ion-exchange
method in our work. Also, the crystallinity of MgAl-TA LDHs pre-
pared in Yasins work was rather poorer than that of MgAI-TA LDHs
prepared in our work. The poor crystallinity led to different struc-
ture parameters such as the specific surface area and pore distribu-
tion. Though these structure parameters were not provided in Yasins
report, one can deduce that the structural parameters of MgAI-TA
LDHs prepared in our work are more suitable to the adsorption of
Pb™",

CONCLUSIONS

The adsorption of Pb** on tartrate intercalated MgAl layered
double hydroxides was studied and some influence factors such as
initial Pb** concentration, adsorbent dosage, solution pH and ad-
sorption temperature were investigated. Tt was shown that Pb** could
be rapidly absorbed to the equilibrium values within 10 min. With
the increase in MgAI-TA LDHs dosage, the adsorption efficiency
increased, but the amount of Pb** adsorbed on unit weight adsor-
bent decreased. A suitable MgAI-TA LDHs adsorbent may be about
2.0 g/L. The higher the initial Pb** concentration, the lower the ad-
sorption efficiency, but the higher in per mass adsorbed amount.
The adsorption efficiency increased with the increase in pH value
and then reduced to a plateau; a suitable pH value is about 5.0-6.0.
The adsorption isotherm data were well fitted by Sips isotherm,
predicting the heterogeneous surfaces of MgAl-TA LDHs adsor-
bent. The adsorption kinetics data were well described by a pseudo-
second-order kinetic model, showing the adsorption process was
controlled by the chemical process, but the intra-particle diffusion
could not be ignored. The results of adsorption thermodynamic
suggested that the interaction of Pb** adsorbed by MgAI-TA adsor-
bents was thermodynamically spontaneous and endothermic. The
tartrate intercalated MgAI-LDHs has potential application in removal
of Pb* from aqueous solution with higher adsorption capacity.
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