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ABSTRACT

Novel Ca-Al-Zn layered double hydroxide (LDH) was synthesized by co-precipitation
method and its calcined product (calcined Ca-Al-Zn LDH) was obtained by heating at
450°C for 4.0 h. The calcined and uncalcined products of Ca—Al-Zn LDHs were used as
adsorbents to remove copper ions from aqueous solutions. The structure, composition, and
morphology of the synthesized calcined and uncalcined products were approved by X-ray
diffraction, FT-IR, N, adsorption—desorption isotherm, and scanning electron microscopy.
The removal capacities of calcined layered double hydroxide are higher than that of
uncalcined LDH at ambient temperature, different pH, constant shaking rate 160 rpm, and
different copper/adsorbent ratios. According to the analytical results and the experimental
data, we were successful to prepare a novel LDH adsorbent for the Cu(Il) removal, where
the removal of the copper ions reached a maximum value at pH 6.0, shaking, 160 rpm,
adsorbent mass 0.25 g/1 and after 120 min to be 15.4 and 20.5 mg of Cu(Il) per gram of
uncalcined and calcined LDH, respectively. According to these results, the calcined
Ca—Al-Zn LDH has higher potential application in Cu(ll) ions removal field.
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1. Introduction

The LDHs having the general formula [M%LX)M;*
(OH)LI*[A,y/ymH,O*",  M?* = divalent cations;
M?®* = trivalent cations, A is the interlayer anion and n
represents the number of water molecules. The cre-
ation of such positive charge is the key factor in LDH
to intercalate and exchange different organic and inor-
ganic anions. These materials consist of positively

*Corresponding author.

charged metal hydroxide sheets composed of edge-
shared octahedral network. The positive charge on the
metal hydroxide sheets are neutralized by exchange-
able charge balancing anions present in the interlamel-
lar space besides water molecules. The calcination of
LDH containing carbonate as interlayer anion causes
the formation of M**M>**O solid solution capable of
recovering the LDH layered structure upon treatment
with water or aqueous solution containing various
anions via the so-called memory effect [1-4]. The
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calcination temperature must be high enough to
eliminate most of the anions of the interlayer. How-
ever, if the calcination temperature is too high such as
higher than 600°C, stable M>"M2%"O, spinel and M**O
phases are formed and LDHs cannot be reconstructed.
By heating LDHs above 400°C, the interlayer CO3~
can be removed and the resulting calcined LDH can
be used for removing inorganics by either adsorption
on the external surface of the layers, intercalation
process, or reconstruction behavior [5-9].

For these layered compounds, the most studied are
the aluminum-based ones such as Mg/Al and Zn/Al
hydrotalcites and their calcined products [10]. There-
fore, in order to reduce Al content, as well as try not
to affect the adsorption capacity as much as possible,
Al was substituted partly for another metal ion. So,
Mg-Al-Fe hydrotalcite compound was synthesized
and modificated by calcinations (HTlc 500) [11,12].
Various treatment methods such as chemical precipita-
tion, reverse osmosis, ion exchange, solvent extraction,
coagulation, and adsorption are utilized to remove
metal ions from aqueous solutions. However, due to
the economic constraints which the country is facing,
a development of cost-effective and clean processes is
desired. Of all these methods, adsorption has proved
to be the most effective, especially for effluents with
moderate and low concentrations [13,14].

The efficiency of adsorption depends on many fac-
tors, including the surface area, pore size distribution,
polarity, and functional groups of the adsorbent [15].
The kinetics and thermodynamics of ferrous removal
by novel Co/Mo LDH from aqueous solutions [16]
and some LDHs containing varying amounts of Al**,
Zr**, and Zn** or Mg”* in the metal hydroxide layer
have been used in Cr(VI) and Se(IV) adsorption [17].
While the optimum copper concentration in drinking
water for general good health set by World Health
Organization (WHO) guideline value is less than
2.0 mg/1 [18], the uptake of Cu(l) ions from aqueous
solutions was carried out by different materials such
as magnetic nano-composite beads [19]. While, in
another literature, micro-size magnetic polymer adsor-
bent coupling with metal-chelating ligands of iminodi-
acetic acid was found to be able to load 7.68 mg/g of
copper ions [20]. Also, the results showed that the
maximum uptakes of Cu?* on LDH-H100, LDH-H50,
and LDH-CI were 0.76, 1.02, and 1.95 mmol/g, respec-
tively [21].

The objectives of this study were (a) synthesize a
novel Ca—Al-Zn LDH; (b) characterize the structure of
the synthesized Ca-Al-Zn LDH and its calcined
product by XRD, FT-IR, N2 adsorption-desorption iso-
therm, and scanning electron microscopy (SEM); and
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(c) determine the influence of different parameters viz.
solution pH, calcined temperature, adsorbent mass,
contact time, and initial copper ions concentrations on
their performance in the adsorption of copper from
aqueous solutions.

2. Materials and methods
2.1. Materials

All chemicals with a purity of greater than 99.9%
were purchased as follows: copper nitrate penta-
hemihydrate (Cu(NO3),-2Y2H,0) was purchased from
Sigma-Aldrich Co.; AI(NO3)3-9H,O, Ky,COsz; and
KOH were obtained from Sigma-Aldrich and Ca
(NO3)-4H,O; and Zn(NOj),-6H,O were purchased
from Loba Chemie Co.

2.2. Synthesis of Ca—Al-Zn LDH

The LDHs containing Ca—Al-Zn were prepared by
co-precipitation method at low supersaturation condi-
tions and at constant pH [22]. An aqueous solution
(A, 1.0 M) was prepared, containing the dissolved
salts of Ca(NOs),-4H,O, Zn(NOj3),-6H,O, and Al
(NO3)3:9H,0 in the required amounts. Meanwhile, an
alkaline solution (B, 2.0 M) was prepared, containing
K>CO3; and KOH. Solutions (A) and (B) were added
simultaneously to a glass reactor, containing previ-
ously 100 cm® of deionized H,O, at a controlled pH of
9. The precipitate obtained was kept under vigorous
mechanical stirring, at a temperature of 80°C for 18 h.
Afterward, the product was thoroughly washed with
hot deionized water in order to eliminate excess ions
and dried at 100°C for 24 h. The M"/M™ molar ratio
was kept constant at 2.

The obtained samples were calcined at 450°C for
5 h prior to adsorption. For instance, to prepare 100 g
of a Ca—Al-Zn LDH with 15% wt. of zinc, the follow-
ing amounts were used: Ca(NOj3),-4H,O = 168.07 g, Zn
(NO5)2-6H,O =68.13 g, and AI(NO3);-9H,0 =117.7 g,
dissolved in 1,097.7 ml of distilled water [23].

2.3. Characterization of Ca—Al-Zn LDH
2.3.1. X-ray diffraction (XRD)

XRD patterns of the samples were recorded in the
range 26 = 4-80° using a Philips powder diffractometer
with Cu Ka radiation (k = 0.154 nm). The instrument
was operated at 40 kV and 40 mA. The spectra were
recorded with a 26 step of 0.02° at a scanning rate of
2°0/min.
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2.3.2. Infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR)
measurements were performed using a Nicolet IS-10
FTIR instrument with KBr disks.

2.3.3. Scanning electron microscopy

SEM images of the gold-coated catalysts were
obtained using a JEOL 5410 system operating at
20 kV.

2.3.4. Textural analysis

Surface area, pore volume, and average pore size
were obtained from the N, adsorption-desorption iso-
therms determined at —196°C using a Quantachrome
Nova 3200 instrument (USA). Prior to measurements,
the samples were perfectly degassed at 100°C for 12 h
under vacuum (10-5 mmHg).

2.4. Adsorption experiments

The copper ions, Cu(l), stock solution concentra-
tion of 100 mg/1 was prepared by dissolving copper
nitrate pentahemihydrate (Cu(NO;),2/2H,0) in dis-
tilled water. The working Cu(Il) solution concentration
ranging from 10 to 55 mg/1 for all experiments was
freshly prepared from the stock solution. Standard
acid (0.01 M HNO;) and alkaline solutions (0.125 M
NaOH) were used for pH adjustments at pH 2, 3, 4, 5,
6,7,8, 9, and 10. The pH of the solution was mea-
sured with a pH meter (Mettler-Toledo AG 8603
Schwerzenbach, made by Mettler-Toledo Group). The
pH meter was calibrated with buffers of pH 4.0-7.0
before any measurement.

The removal of Cu(l) from dilute aqueous solu-
tions, addition of adsorbent (calcined and uncalcined
Ca-Al-Zn LDH) masses 0.10, 0.15, 0.20, 0.25, 0.30,
0.35, 0.40, 0.45, 0.50, and 0.55 g/1 were carried out at
constant temperature 25°C, using distilled water. After
continuous stirring, over a magnetic stirrer at 160 rpm
for a predetermined time interval 10, 20, 30, 60, 90,
120, 150, and 180 min to allow the dispersion of adsor-
bent and metal ions to reach equilibrium conditions,
as found during preliminary experiments. The solid
and solution were separated by centrifugation at
3,000 rpm for 15min and slightly dried at ambient
temperature. Cu(Il) concentration was determined by
Spectrophotometer, LaMotte, model SMART Spectro,
USA, and the solid phase was analyzed. The amount
of adsorption g. (mg/g) and the percentage of
removal (% removal) were calculated by the following
equations [24]:
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q. = (Co—Ce) x V/m 1
% Removal = (Cy — Ce)/Co x 100% @)

where Cy and C, are the initial Cu(Il) concentration
and the concentration at equilibrium in mg/1, m is the
mass of the adsorbent, and V is the volume of
solution.

2.5. Effect of initial solution pH

The effect of initial solution pH on copper ions
removal was evaluated by making a series of 55 mg/1
Cu(Il) solutions at an adsorbent dosage of 0.25 g/1, the
starting solution pH was adjusted to the designed val-
ues (2,3,4,5,6,7,8,9, and 10). The resulting calcined
and uncalcined Ca-Al-Zn LDHs suspensions were fil-
tered, and then, the residual Cu(Il) concentrations
were analyzed.

2.6. Effect of adsorbent mass

Different amounts of Ca-Al-Zn LDHs (0.10, 0.15,
0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, and 0.55 g/1) were
added to a series of 100 ml of copper solutions with
initial concentration of 55 mg/I at pH 6.0, and shaken
rate 160 rpm for different contact time (10, 20, 30, 60,
90, 120, 150, and 180 min) to reach the equilibrium.
Then, the aqueous samples were filtered, and then,
the residual Cu(Il) concentrations were analyzed.

3. Results and discussion
3.1. Characterization of Ca—Al-Zn LDH
3.1.1. X-ray diffraction

The XRD patterns of Ca-Al-Zn LDH catalysts
before and after copper adsorption are shown in Fig. 1
and the XRD patterns of the calcined Ca-Al-Zn LDH
catalysts before and after copper adsorption are shown
in Fig. 2. The XRD pattern of Ca—Al-Zn LDH is shown
in Fig. 1(a). It is found that more intense peaks are
located at lower 26 while less intense lines are present
at higher 20 values. It is obvious that the XRD pattern
of Ca—Al-Zn LDH in Fig. 1(a) exhibits the Bragg
reflections of basal planes. The sharp and symmetric
peaks at the basal (0 0 3), (0 0 6), and (1 1 0) reflec-
tions around 260 ~11°, 20 ~23°, and 260 ~ 60°, respec-
tively, correspond to the basal and in-plane spacing,
with a high degree of crystallinity. In addition, the
d003 spacing was found to be 7.8 A, which is within
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Fig. 1. XRD patterns of the prepared Ca—Al-Zn LDH: (a)
before and (b) after Cu(ll) adsorption.
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Fig. 2. XRD patterns of the calcined Ca—-Al-Zn LDH: (a)
before and (b) after Cu(lIl) adsorption.

the accepted range for a LDH structure. Fig. 1(b)
shows the pattern of Ca-Al-Zn LDH after copper
adsorption, the features at (003), (006), and (11 0)
are essentially retained after copper adsorption, which
indicates that the adsorption of copper on Ca-Al-Zn
LDH takes place via surface adsorption. The XRD pat-
tern of the calcined Ca-Al-Zn LDH (Fig. 2(a)) shows
that the structure of the Ca-Al-Zn LDH is decom-
posed upon calcination at 450°C for 5 h. After calcina-
tion, the (003) and (006) reflections practically
disappear, indicating that the Ca-Al-Zn LDH struc-
ture is destroyed and the stacking of the layers
becomes disordered. Only few diffused peaks at 32°
and 73° are observed, which are attributed to ZnO.
Fig. 2(b) shows the diffraction pattern of the calcined
Ca-Al-Zn LDH after copper adsorption. The reap-
pearance of the characteristic layered structure of Ca-
Al-Zn LDH at (003), (006), and (110) is an indica-
tion for the “memory effect” of the Ca—Al-Zn LDH.
Unit cell parameters ¢ and 4, listed in Table 1, are
obtained by Bragg’s law. The unit cell parameter a is
related to the cation—cation distance within the layer,
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and its value depends on the nature of the cations
[25]. The unit cell parameter ¢ is related to the
thickness of the layer and the interlayer distance
according to hexagonal stacking. Table 1 represents
the crystal sizes, which are calculated using Scherrer’s
equation.

3.1.2. FTIR analysis

The Fourier transform infrared spectra of the pre-
pared Ca—-Al-Zn LDH before and after copper adsorp-
tion are shown in Fig. 3, while that of the calcined
Ca—-Al-Zn LDH before and after copper adsorption
are shown in Fig. 4. As shown in Figs. 3 and 4, the
broad absorption at 3,444-3,500 cm™! s assigned to
the O-H stretching vibration of the water molecule
[26-31]. The peak at 1,640 cm™' is assigned to the
bending mode of O-H in water molecule [32]. The
weak shoulder peak occurs at about 3,000 cm ! is
assigned to the OH stretching mode of interlayer
water molecules hydrogen-bonded to interlayer
anions. A characteristic band in the low-frequency
region is corresponding to vibration modes and
ascribed to M-O vibration at 1,000 cm™! [33]. In addi-
tion, a strong band at 1,370 cm ! indicates the pres-
ence of CO3™ anions in the interlayer region [32]. The
weak shoulder at 788 cm™" can be attributed to Al-O
bond vibrations.

3.1.3. Morphological structure

The SEM images of the prepared Ca-Al-Zn LDH
before and after copper adsorption are shown in
Fig. 5(a) and (b), while that of the calcined Ca-Al-Zn
LDH before and after copper adsorption are shown in
Fig. 5(c) and (d). It is obvious that the structure of the
LDH presented in Fig. 5(a) and (b) shows an aggre-
gated mass of irregularly shaped tiny particles with a
highly porous structure. However, after calcination,
the adsorbent irregular particles became well dis-
persed and the particle size is distributed as shown in
Fig. 5(c) and (d). The small particle size and the por-
ous structure provide a good adsorption capacity for
copper. Fig. 5(b) and (d) shows that the surface of Ca-
Al-Zn LDH and the calcined Ca-Al-Zn LDH after
copper adsorption exhibits a reconstructed surface
with a plate-like morphology that is completely differ-
ent from that of the clean surface before copper
adsorption. Compared with the morphology of plate-
lets, the full extent of adsorption of copper onto
Ca-Al-Zn LDH and calcined Ca-Al-Zn LDH cannot
be observed, which may be due to the high level of
crystallinity of this adsorbent.
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Table 1
Unit cell parameters and crystal sizes
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Unit cell parameters

A) Crystal size (AP
Sample c a Interlayer distance (A2 Loos Li10
Ca-Al-Zn LDH 17.06 4.98 7.8 49.2 76

Calculated considering the thickness of the hydrotalcites as 7.8 A.
PCalculated using Scherrer’s equation.

1000 cm?

§ .2511 cm?
& 3000em® 4797 ¢t
s
H ——CaAlZn LDH
s 1640 cm*
= 3444 cm?  ———CaAlZn after

adsorption

1370 cm*

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (em™)

Fig. 3. FTIR spectra of the prepared Ca-Al-Zn LDH
(before and after adsorption).

F 3444 cm™? /‘
g 1797 cm?
2 ——calcined CaAlZn LDH
E ;
@ 3444 1
£ — calcined CaAlZn LDH
= after adsorption
1427 cm?
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Wavenumbers (em™)

Fig. 4. FTIR spectra of the calcined Ca-Al-Zn LDH (before
and after adsorption).

3.1.4. Chemical and textural analyses

Elemental analysis of Ca-Al-Zn LDH was per-
formed using X-ray fluorescence (XRF) instrument
with channel control model Pw1390 (Philips) and spec-
trometer model Pw 1410. The real M"/M™ molar ratio
of Ca-Al-Zn LDH with a chemical composition of
Ca0_49 A10.33 Znoilg (CO3)0_18'H20 was found to be 203,
where the M"/M™ nominal molar ratio was kept con-
stant at 2 during the synthesis. As M"'/M"' increases,
the number of structural charges decreases, producing
a lower exchange capacity of the adsorbent [23].

The adsorption-desorption isotherm of the pre-
pared Ca—-Al-Zn LDH is shown in Fig. 6 and that of
the calcined Ca-Al-Zn LDH is shown in Fig. 7. They
can be classified as type IV according to IUPAC
classification exhibiting H3 hysteresis loop [34]. This
type indicates the presence of aggregates (assemblage
of particles which are loosely coherent) of plate-like
particles giving rise to slit-shaped pores with nonuni-
form size and shape [35]. The isotherms display hys-
teresis loops closes at (P/P,) <0.2. The value of
average pore radius r that represents half the slit
width is calculated as r = (Vp/Aggr), where Vp is the
total pore volume taken at P/P,#~ 1.0, and Aggr is
the specific surface area obtained using the BET equa-
tion, taken at P/P, = 0.98 [34,36]. The values listed in
Table 2 indicate that the full width of pores of the
prepared Ca-Al-Zn LDH and calcined Ca-Al-Zn
LDH is 48.6 and 88.7 A, respectively, which lies
within the initial part of the range of pore sizes that
assigned to mesoporosity. The pore size distribution
values were determined by the Brunauer-Joyner-Hal-
lenda (BJH) method applied to the desorption branch,
and t-plot method was used to calculate the type of
pores [37]. Thus, the calcined Ca-Al-Zn LDH has
higher value of Aggr, higher value of Vp, and aver-
age pore radius than that of the prepared Ca-Al-Zn
LDH. Therefore, the higher extent of the adsorption
of copper in case of the calcined Ca—Al-Zn LDH can
be attributed to the higher surface area, presence of a
relatively greater number of narrow mesopores and
total pore volume that are known to furnish a high
measurable adsorption capacity than the prepared
Ca-Al-Zn LDH. This could be explained as the cal-
cination of Ca—Al-Zn LDH may result in an increase
in the interlayer spaces distortion resulting in an
increase in the area and increase in the total pore vol-
ume and pore radius.

The pore size distribution curves were obtained
using BJH calculation method [38], for desorption
branch data as shown in Figs. 8 and 9. The curve of
Ca—Al-Zn confirms the presence of two sizes of pores,
a peak at 20 AO, and a broader one centered at 46 A.
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Fig. 5. SEM images of the prepared Ca—Al-Zn LDH: (a) before and (b) after adsorption, and the images of the calcined

Ca—Al-Zn LDH: (c) before and (d) after adsorption.

80 -
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Volume at STP [cc/g)
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0.0 0.2 04 0.6 0.8 1.0 12
Relative pressure P/PO

Fig. 6. N, adsorption-desorption isotherm of the prepared
Ca-Al-Zn LDH.

Also, the shape of deviation implies the presence of
two sizes of mesopores; on the other hand, it agrees
with the width of the hysteresis loop. This can be

50 4

45

40

35

30 1

Volume at STP (cc/g)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Relative Pressure P/PO

Fig. 7. N, adsorption—desorption isotherm of the calcined
Ca-Al-Zn LDH.

interpreted as before calcination the microstructure of
the LDH can be clearly observed as aggregated mass
of irregularly shaped tiny particles [39]. The calcined
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Table 2
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Surface data of the prepared Ca—Al-Zn LDH and calcined Ca—-Al-Zn LDHs

Sample Aggr (m*/g)

Vp (ml/g)

r=Vy/Ager (A) C-value in BET equation

Ca-Al-Zn LDH
Calcined Ca-Al-Zn LDH

22.5 0.07
28.7 0.1

244
44.44

76.105
84.96

0.09 -
0.08 4
—o—Ca-Al-Zn
0.07 -
0.06 -

0.05

dv (r)

0.04

0.03

0.02

0.01

0.00

0 20 40 60 80 100 120 140 160 180
pore radius

Fig. 8. Pore size distribution for Ca-Al-Zn LDH.
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1.00 —o—calcined Ca-Al-Zn

0.80 -

dv(r)

0.40

0.20

0.00 T T T T . T . .
0 20 40 60 80 100 120 140 160
pore radius

Fig. 9. Pore size distribution for calcined Ca-Al-Zn LDH.

Ca-Al-Zn curve displays a defined peak appeared
from 45 A with a maxima centered at 90 A, which
supports the belief that there is a relatively greater
number of narrow mesopores and macropores
stemmed from both the shape of adsorption isotherm
and width of the prevailing hysteresis loop in the
adsorption isotherm. After calcination, the adsorbent
becomes into irregular particles which disperse
well and the particle size distributes from a few nano
to microns [39]. The small particle size and the porous
structure provide a good adsorption capacity for
Cu(ID).

3.2. Effect of initial Cu(II) concentration

The effect of different Cu(ll) concentrations was
determined after experimental studies for a range of
metal concentrations. A definite mass of Ca-Al-Zn
LDH adsorbent (0.25g/l) was added to a series of
100 ml of copper solutions with the different initial
concentrations of 10, 15, 20, 25, 30, 35, 40, 45, 50,
and 55 mg/1 at pH 6.0 and were shaken at 160 rpm
for contact time 120 min to reach the equilibrium.
The Cu(l) removal shown in Fig. 10 indicates that
calcined and uncalcined Ca-Al-Zn LDHs apparently
removed a considerable amount of copper ions from
the aqueous solutions. The adsorption capacity
increased to 14 and 20 mg/g for calcined and uncal-
cined Ca-Al-Zn LDHs, respectively, and saturated
beyond a certain concentration. Saturation resulted
when no more metal ions could be adsorbed on the
surface of calcined and uncalcined Ca-Al-Zn LDHs
where the adsorption occurred. The experimental
studies also showed that the high capacity for Cu(Il)
removal could be obtained over a relatively short
period of time up to 120 min. The removal with
initial Cu(II) concentrations means that the removal
amounts were linearly proportional to the initial
metal concentrations. However, the complete
removal of copper ions was observed at 10, 15, 20,
25, 30, and 35mg/l and 10, 15, 20, 25, 30, 35, 40,
45, and 50 mg/l from the initial concentrations
(55 mg/1l) for uncalcined and calcined Ca-Al-Zn
LDHs adsorbents, respectively.

3.3. Effect of contact time

Fig. 11 shows that the effect of contact time on
the adsorption capacity and percentage removal of
Cu(I) 55 mg/1 initial concentration onto 0.25 g/1 cal-
cined and uncalcined Ca-Al-Zn LDHs at pH 6.0,
shaking rate 160 rpm and 25°C. It can be seen that
the adsorption rate was considerably fast within the
first 30 min (3.3 and 8.7 mg of Cu(ll) adsorbed per
gram of uncalcined and calcined Ca-Al-Zn LDHs,
respectively), then gradually slowed down, and
thereafter, the adsorption equilibrium was reached at
120 min (154 and 20.5mg of Cu(l) adsorbed per
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Fig. 10. Effect of initial Cu(Il) concentrations on the removal percentages and adsorption capacities for calcined and

uncalcined Ca—Al-Zn LDHs.
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Fig. 11. Effect of contact time on the percentages of Cu(Il) removal and adsorption capacities for calcined and uncalcined

Ca-Al-Zn LDHs.

gram of uncalcined and calcined Ca-Al-Zn LDHs,
respectively). The fast rate of Cu(ll) removal in the
beginning may be attributed to the rapid diffusion of
Cu(l) from the solution to the external surfaces of
calcined and uncalcined Ca-Al-Zn LDHs. On the
other hand, the slow adsorption process is attributed
to the longer diffusion range of Cu(ll) into the inner-
sphere of Ca—Al-Zn LDH or the ion exchange in the
inner surface of calcined and uncalcined Ca-Al-Zn
LDHs. Such slow diffusion will lead to a slow
increase in the adsorption curve at later stages [40].
Moreover, the initial rapid adsorption may be
because of an increased number of available sites at
the initial stage.

3.4. Effect of initial solution pH

The effect of starting solution pH on the Cu(ll)
removal percentage from aqueous solutions with an
initial concentrations of 55mg/l using 0.25g/I
calcined and wuncalcined Ca-Al-Zn LDHs after
120 min are shown in Fig. 12. The effect of starting
solution pH on the Cu(Il) removal percentage can be
divided into three regions. For calcined and uncal-
cined Ca-Al-Zn LDHs masses of 0.25 g/1, the removal
percentages of Cu(ll) (55 mg/1) are 32.9 and 4.3%,
respectively, at pH 2 within the pH range 2—4 (region ),
while in region II (pH 4-6), the Cu(ll) adsorption
increases with increasing pH value, and reaches 93.1
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Fig. 12. Effect of initial solution pH on the removal per-
centages of 55.0 mg/1 Cu(Il) concentration at 0.25 g/l of
adsorbent mass for calcined and uncalcined Ca-Al-Zn
LDHs.

and 70.1% for calcined and uncalcined Ca-Al-Zn
LDHs, respectively, at pH 6. Next, the removal per-
centage decreases with increasing pH (region III) and
appears to reach a minimum value of 30.2% and 2.2%
for calcined and uncalcined Ca-Al-Zn LDHs, respec-
tively, at pH 10. The lower adsorption at the higher
pH range may be due to the increasing competitive
effect of OH-adsorption on LDH [41].

Furthermore, the increase of Cu(ll) adsorption on
Ca-Al-Zn LDH with increasing pH may be attributed
to the surface properties of Ca—Al-Zn LDH in terms
of surface charge and dissociation of functional
groups. Also, the LDH surface contains a large
number of binding sites and may become positively
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charged at low pH due to the protonation reaction on
its surface. At high pH values, the LDH surface
becomes negatively charged due to the deprotonation
process. Consequently, the electrostatic repulsion
decreases with raising pH because of the reduction of
positive charge density on the adsorption edges,
which enhances the adsorption of the positively
charged ions through electrostatic force of attraction
[41].

3.5. Effect of Ca—Al-Zn LDH mass

Different amounts of calcined and uncalcined
Ca-Al-Zn LDHs (0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40,
0.45, 0.50, and 0.55g/1) were added to a series of
100 ml of copper ions solutions with initial concentra-
tion of 55 mg/I at pH 6.0, were shaken at 160 rpm for
contact time 120 min to reach the equilibrium. Then,
the aqueous samples were filtered, and the residual
Cu(II) concentrations were analyzed.

The effect of the LDH adsorbent masses on the
adsorption of Cu(Il) in 55 mg/1 solutions are shown in
Fig. 13. For these experiments, the metal solutions
containing the appropriate adsorbent mass were
loaded in 100 ml snap-seal polyethylene bottles, which
were then shaked at 160 rpm for 120 min. The mixture
in each bottle was then centrifuged immediately, and
the Cu(Il) concentrations in the supernatant solutions
were determined by spectrophotometer. As expected,
the percentage of Cu(Il) removed first increases shar-
ply with an increase in LDH mass, at fixed initial
adsorbate concentrations, and then levels off at an

Adsorption capacity, mg/g

3

0.05 0.1 0.15 0.2 025 03 035 04 045 05 055 06

Adsorbent mass, g/l

==¢==Removal % by CaAlZn-LDH
Adsorption capacity of CaAlZn-LDH

===Removal % by calcined CaAlZn-LDH

== Adsorption capacity of calcined CaAlZn-LDH

Fig. 13. The adsorbent masses as a function of Cu(Il) removal percentages and adsorption capacities of calcined and

uncalcined Ca—Al-Zn LDHs.
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Scheme 1. Schematic diagram of copper removal using LDHs.

adsorbent mass above 0.30 g/1 for calcined Ca-Al-Zn
LDH and above 0.35g/1 for uncalcined Ca-Al-Zn
LDH. On the other hand, the adsorption capacities of
the materials decrease with increasing LDH masses [4].
Furthermore, even for the first LDH mass, when
the adsorbent mass was 0.10 g/1, the adsorption
capacities of calcined and uncalcined Ca—-Al-Zn LDHs
were 17.4 and 4.1 mg/g and reach a maximum values
at adsorbent mass 0.25g/1 where the adsorption
capacities are 20.5 and 15.4 mg/g, respectively.

3.6. Adsorption mechanism

In the studies of the adsorption of heavy metals
from wastewater, LDHs could adsorb metal cations
from aqueous solution in spite of positive layer charge
[42,43]. Park et al. reported that a major reaction could
be surface-induced precipitation that occurs due to
localized high pH values and the released carbonate
ions available to metal cations [44]. Positive layer
charge attracts hydroxide ions around the surfaces of
LDH crystals in aqueous solution to induce formation
of metal hydroxides as shown in Scheme 1. Meanwhile,
charge-compensating carbonate ion attached on the sur-
face and edge could also contact with metal cations to
form insoluble metal carbonates. There is also another
possibility to adsorb metal cations via diodachy, as sug-
gested by Komarneni et al. [45]. The reaction of Cu(Il)
solution with Ca—Al-Zn LDH gives rise to considerable
precipitation of copper hydroxide species on the exter-
nal surfaces of LDH crystals, which could protect LDH
framework from being attacked by further reaction.
Eventually, rapid equilibrium could be established
between Cu®" in solution and copper hydroxide
precipitated on the LDH surfaces [44].

4. Conclusion

A novel Ca-Al-Zn LDH intercalated with carbon-
ate (CO3)*" as interlayer anion was successfully syn-
thesized by co-precipitation method, and its structure

was well characterized by XRD, FI-IR, N2 adsorp-
tion-desorption isotherm, and SEM. The removal of
copper ions was shown to be dependent on pH, con-
tact time, adsorbent mass, and initial adsorbate con-
centration. This study shows that Ca—Al-Zn LDH is a
suitable adsorbent for the removal of Cu(ll) from
aqueous solutions and its calcined product (calcined
Ca-Al-Zn LDH) which is obtained by heating at
450°C for 4.0 h has higher potential application in Cu
(II) ions removal field.
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