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ABSTRACT

The paper deals with the interaction of heavy metal ions Mn*, Fe?" and Cu*" with synthesized
zaccagnaite, a hydrotalcite like compound, which acts as an adsorbent in aqueous solutions.
Zaccagnaite was synthesized by the co-precipitation method and was characterized by XRD. All
experiments were carried out by adjusting pH in the range 5.2-5.5. The use of buffer solution was
avoided because the net interaction between the adsorbent and the heavy metals could have been
destroyed by the components of the buffer solution. The equilibrium adsorption contact time
was determined for zaccagnaite. The adsorption rate constants were determined from the kinetic
curves which obey the first degree rate constant. Adsorption isotherms of the above said metals
on zaccagnaite from aqueous solutions were determined. The adsorption isotherms were seen to
be consistent with Freundlich’s adsorption isotherm. From this experiment it was found that the
zaccagnaite is a better adsorbent for the removal of Cu? than Fe*" and Mn?".
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1. Introduction

Heavy metals have densities generally larger than
5 gem™. One of the major classes of pollutants in indus-
trial effluents is heavy metals. Their ability to pass easily
into the food chain and their poisonous effects need only
extremely low levels be allowed to be discharged into
the environment. A large number of different industries
produce effluents contaminated with heavy metals. In-
dustries such as mineral and metallurgical processing,
electroplating and then relating the production of pig-
ments and dyes create heavy metals in aqueous solutions
as waste [1]. Adsorption of heavy metals is an attractive
option due to the proven efficiency of this process in the
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treatment of wastewater and removal of large number of
different contaminants.

Layered double hydroxides (LDHs) have been ex-
tensively researched for many years as host materials
for a range of anionic exchange reactions, proving to be
beneficial in the removal of anionic impurities in solu-
tions [2-14].They are sometimes referred to as anionic
or hydrotalcite-like clays, and are based on the brucite
structure, Mg(OH), [15-17], where each Mg*" ion is oc-
tahedrally surrounded by six OH~ ions and the different
octahedral share edges to form infinite sheets [18-21]. The
sheets are stacked on one another and are held together
by weak interactions through hydrogen bonds [18-20].

LDHs are represented by the general formula, [M*|
Mf* (OH), I A"‘*X/m nH,O, (where M? = Mg?*/Zn*/Ni*/
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CO*; M = Al»*/Fe*/Cr* and A = OH/CI'/NO,/COy); x
varies between 0.20 and 0.33 [18].

M? cations are replaced isomorphously by M*" ones
with similar radius, the brucite-like layers becomes posi-
tively charged and the electrical neutrality is attained by
compensating anions located in the interlayers along with
water molecules [18,19].

They can be easily synthesized through different
methods [18],the most common being the co-precipitation
at constant pH of diluted solutions containing M*" and
M? cations with solutions containing carbonate and hy-
droxide ions [21-23]. The precipitate is quite amorphous
but after ageing by hydrothermal or thermal treatments,
the crystallinity is improved [24]. Interest in the study of
LDHs continues [25-28].

The unique ability to easily exchange and house a
variety of anions have made LDHs very attractive for
heavy metal remediation [28] in environmental and in-
dustrial settings and that has motivated us to undertake
the present study in which a hydrotalcite like compound,
zaccagnaite has been synthesised and its activity for metal
uptake has been investigated for the first time. Although
zaccagnaite has been used as a catalyst but its use as ad-
sorbent of metal ions has not been studied earlier. That
is why this is a novel approach in its application towards
removal of metal ions. Further, a relative assessment has
been made towards its remedial ability for these metals.

The zaccagnaite was synthesized by co-precipitation
method and the product was characterized by XRD.
The adsorption characteristics of Mn?*, Fe?" and Cu* on
zaccagnaite were also investigated to work out the opti-
mum removal conditions of these metals. The adsorption
isotherm studies were also undertaken for these metals.

2. Experimental
2.1. Reagents

The following reagents were used: zinc nitrate (Loba
Chemie), aluminium nitrate (B.D.H.), sodium hydroxide
(Merck), sodium carbonate (Loba Chemie), hydrochloric
acid (Loba Chemie), manganese sulphate (Qualigens),
ferrous sulphate (Merck), copper sulphate (Merck).

2.2. Instruments

X-ray diffractometer (Rigaku D/max-2200 PC diffrac-
tometer), pH meter (Century CP 901 ), atomic absorption
spectrophotometer (ECIL 4141), orbital shaker (Shivam,
ISO 900/ 2000).

2.3. Preparation of adsorbent

Zaccagnaite was prepared by the method described
by Miyata [29]. 40 mL of an aqueous solution containing
zinc nitrate and aluminium nitrate (3:1) were added in
200 mL of water with stirring (Solution 1). 16 g of NaOH

and 2.86 g of Na,CO, were dissolved in 1 L of water (So-
lution 2). Then Solutlon 1 was added drop by drop into
Solution 2, with vigorous stirring on a magnetic stirrer.
The pH was maintained between 11.5 and 12 by addition
of NaOH and HCI. The maintenance of pH is critical
because if the pH exceeds 12, then dissolution of AI(III)
ions can occur and if the value goes below 11.5, a more
complex pathway for the precipitation exists and thus the
process is not always completed. The mixed suspension
was centrifuged to recover the precipitate. The precipitate
was washed with deionized water and then dried in an
oven for 24 h at 100°C.

3. Methods

The adsorption capacity of zaccagnaite was deter-
mined by performing kinetic and isotherm studies. For
kinetic studies, 100 mL of a solution containing 200 ppm
of initial concentration of the metal ion was taken in a
conical flask having 1 g of zaccagnaite. The mixture was
shaken in an orbital shaker at different time intervals at
120 rpm. Equilibrium concentration of the metal ion was
determined by an atomic absorption spectrophotometer.

For isotherm studies, a series of 100 mL solutions were
prepared in which the initial metal ion concentration was
varied. Thereafter each solution was brought in contact
with 1 g of zaccagnaite kept in different conical flasks
followed by shaking in an orbital shaker at 120 rpm, at
30°C for 30-120 min. The equilibrium concentrations
of the metal ions were determined by atomic absorp-
tion spectrophotometer. The amount adsorbed (Q,) was
calculated from the difference between the initial and
equilibrium concentrations.

4. Results and discussion

4.1. Physical characterization
4.1.1. X-ray powder diffraction

The XRD powder pattern of zaccagnaite was obtained
by using a Rigaku D/max — 2200 PC diffractometer oper-
ated at 40 KV/20 mA using CuKa, radiation with wave-
length of 1.54 A and varying 2 0 Values from 20° to 80°.

Fig. 1 shows the XRD patterns of the synthesized
compound through the co-precipitation method. XRD
spectra of zaccagnaite shows peaks at the positions of
11.56°, 23.13°, 29.21°, 35.33°, 39.35° and 62.90°,which are
in good agreement with the JCPDS file (JCPDS 38-0486,
1=3.076 A, b=c=2280A), and can be indexed as the
hexagonal rhomb-centered structure having space group
R3m (166). All available reflections of the present XRD
peaks (i.e. Scherrer’s broadening ) can be attributes the
formation of zaccagnaite, where parameter a corresponds
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Fig. 1. XRD spectrum of zaccagnaite.

to the cation—cation distance within the cationic layer,
while the parameter c is related to the total thickness of
the brucite —like layer and the interlayer distance [30-32].

The particle size, d of zaccagnaite was estimated by
Debye—-Scherrer’s equation:

_ 0.9A
Bcos6

where d is the particle size, A is the wavelength of radia-
tion used, O is the Bragg angle and B is the full width at
half maxima (FWHM) on 2 0 scale. The particle size of
zaccagnaite was found approximately 33 nm.

Fig. 2 displays the kinetic curves related to adsorp-
tion of Mn?*, Fe* and Cu* on zaccagnaite. Equilibrium
contact times from kinetic curves of heavy metals were
determined to be 30-120 min, respectively. These findings
suggest that adsorption kinetic curves of heavy metals
follow the first order (Fig. 3). The high value of adsorption
rate constant shows that the adsorbate is adsorbed faster
by the adsorbent. The adsorption rate constants follow
the order Mn*" << Fe?* < Cu*.

Adsorption rate constants (K ) were determined by
Eq. (2) (Table 1):

InC/C, =—K,t

@™

)

The hydrolysis constants [33] and ionic diameters [34]
of these metals are given in Table 2. Comparing Tables 1
and 2, itis interesting to note that the hydrolysis constants
of these metals follow the same order as rate constants.
This may be due to the fact that M [OH]" is formed as
the first step. Further, the order of adsorption of these
metal ions by zaccagnaite follows the order, Mn*" << Fe*'
< Cu*, which is due to the fact that the adsorption event
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Fig. 2. Kinetic curves related to adsorption of Mn*, Fe* and
Cu* from aqueous solution on zaccagnaite.
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Fig. 3. Kinetic curves of first order related to adsorption of Mn*,
Fe? and Cu* from aqueous solution on zaccagnaite.

is completed through prompt interaction of these metal
ions with negative group of zaccagnaite.
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Table 1
Rate constants related to adsorption of Mn?*, Fe* and Cu*
from aqueous solution by zaccagnaite

Adsorbate K, (time™)

Mn?* 0.6335

Fe* 3.6138

Cu* 4.9230

Table 2

Hydrolysis constants and ionic diameters of Mn?', Fe*" and Cu®"
Heavy metal ions Mn? Fe* Cu*

log K, 3.4 4.5 6.3

Ionic diameters, pm 80 76 70

Table 3
Percent removal (R%) resulted to Mn*, Fe* and Cu* from
aqueous solution onto zaccagnaite

Metal ions Adsorbent
Zaccagnaite

Mn?* 16.55

Fe* 85.00

Cu* 95.20

The amount of adsorbed Mn* is very small (Table 3).
It can be seen that heavy metal ions are being adsorbed
when ionic diameters decreases. The ionic diameters
of these metals follow the order of Mn* > Fe* > Cu*
(Table 2). Since the zaccagnaite used is a microporous
adsorbent, heavy metals penetrate easily into these pores
when the ionic diameter becomes small. According to
the order above, Mn?" must be the least adsorbed metal
while Cu* the most. This is also experimentally verified.

Table 3 includes the removal percentage [35], calcu-
lated according to Eq. (3):

R%=[(C,~C,)/C,]-100 3)

where C, = initial concentration (mg/L) and C,= equilib-
rium concentration (mg/L).

The experimental data were fitted into the Freundlich
as well as Langmuir equations:

logQ, =log K, +1/nlogC, (4)

Co/Q,=1/Qupb+C, /Quas (5)

where C,=equilibrium concentration (mg/L), Q,=amount
adsorbed (mg g™), Kf and n = Freundlich’s constants, Q
and b = Langmuir’s constants.

max

Fig. 4 displays the plot of log Q, vs. log C, and Fig. 5
displays plots of C/Q_ vs. C,. These two figures display
Freundlich’s and Langmuir’s adsorption isotherm which
is followed by zaccagnaite for all the three metals. The
adsorption isotherm parameters are tabulated in Table 4.

It can be seen from Table 4 that the correlation coef-
ficient (1) for the Langmuir isotherm is much less than
1, whereas the correlation coefficient for the Freundlich
isotherm is around 1 for all the metals. It is thus concluded
that the Freundlich isotherm is better fitted for these met-
als with zaccagnaite as an adsorbent.

5. Conclusion

We have compared the adsorption of Mn*, Fe** and
Cu?* ions on zaccagnaite (Table 3), which shows that Cu**
ions are adsorbed to the extent of 95.20% followed by Fe**
85.00% and then by Mn?** 16.55%. It can be concluded that
novel hydrotalcite-like compound zaccagnaite is a good
adsorbent for Cu** than Fe** and Mn*. All the metals fol-
low the Freundlich isotherm rather than the Langmuir
isotherm.
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Fig. 4. Freundlich adsorption isotherm related to Mn?, Fe* and
Cu* from aqueous solution using zaccagnaite.
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Fig. 5. Langmuir adsorption isotherm related to Mn?, Fe*" and
Cu? from aqueous solution using zaccagnaite.
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Table 4
Freundlich and Langmuir adsorption parameters for the adsorption of Mn?, Fe*" and Cu* from aqueous solution by zaccagnaite

Freundlich parameters

Langmuir parameters

Mn?* Fe* Cu* Mn?* Fe* Cu+
Kf 0.0551 0.3682 2.389 QL 30.69 9.36 8.40
1/n 0.7468 0.4621 0.3878 b 0.11 0.003 0.002
r? 0.9687 0.9917 0.9801 r? 0.784 0.388 0.340
Symbols Mg/Al type hydrotalcite derived from wastes. Kagaku Kogaku
Ronbunshu, 31 (2005) 285-290.
Am — Ananions with charge m (OH-, CT, NO; , COZ_ ) [8] T Murakami, H. Oshima, T. Kuwabara, T. Sato and A. Kawamoto,
B —  Full width at half maxima (FWHM) Removal of arsenic and selenium using layer structure inorganic
C —  Equilibrium concentration of metal ion in the ion exchanger hydrotalcite-like compounds. J. Japan Soc. Wat.
¢ Environ., 28 (2005) 269-274.
aqueous phase, mg/ L [9] S.Yapar, P. Klahre and E.K. Lumpp, Hydrotalcite as a potential
Ci — Initial concentration of metal ion in the sorbent for the removal of 2,4 dichlorophenol. Turkish J. Eng.
aqueous phase, mg/L Environ. Sci., 28 (2004) 41-48.
d —  TParticle size [10] T. Kuwabara, T. Sato, T. Nonaka, H. Yamamoto, M. Aizaki and
HTICs — Hy drotalcite-like compoun ds Y.lFukuda, Pho.sphorous removal using concrete block.s mixed
L wlth hydrotalcite compounds. J. Japan Soc. Wat. Environ., 26
K — Rate constants, time (2003) 423-429.
K,1/n — Freundlich’s constants [11] J.Orthman, H.Y. Zhu and G.Q. Lu, Use of anion clay hydrotalcite
LDHs — Layered double hydroxides to remove coloured organics from aqueous solutions. Separ.
M?  — Divalent cation (Mg?, Zn*, Ni*, CO%, etc.) Purif. Technol,, 31 (2003) 53-59. .

a . R 2 ™ 3 \73r [12] Y.W. You, H.T. Zhao and G.F. Vance, Removal of arsenite from
M —  Trivalent cation (AI**, Fe*, Cr*, V** etc.) aqueous solution by anionic clays. Environ. Technol., 22 (2001)
R — Percentage removal of metal ion from the 1447-1457.

aqueous phase, % [13] H.Y. Zhu, J. Orthman and G.Q. Lu, New hydrotalcite sorbents
"l —  Correlation coefficient for the removal of coloured organic compounds in aqueous
N dsorbed dsorbent 1 solutions. Sustainable energy and environmental technologies,
Qc Amount.a sorbed on adsorbent, mg g Proc. 3rd Asia-Pacific Conference, Hong-Kong, China, December
Q... b— Langmuir constants 2001, pp. 356-361.
XRD — X—ray diffractometer [14] M.A. Ulibarri, I. Pavlovic, C. Barriga, M.C. Hermosin and ]J.
by —  Wavelength of radiation used Cornejo, Adsorption of anionic species on hydrotalcite-like
_ compounds: effect of interlayer anion and crystallinity. Appl.
0 Bragg angle Clay Sci., 18 (2001) 17-27.

[15] U. Costantino, F. Marmottini, M. Nocchetti and R. Vivani, New
synthetic routes to hydrotalcite-like compounds characterization
and properties of the obtained materials. Eur. J. Inorg. Chem.,
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