¢! Desalination and Water Treatment 50 (2012) 157-169

¢ www.deswater.com December
( 1944-3994/1944-3986 © 2012 Desalination Publications. All rights reserved Taylor & Francis
doi: 10.1080/19443994.2012.708564 Taylor &Francis Group

Chemical modification of coal fly ash into iodate sodalite and its
use for the removal of Cd*", Pb*", and Zn** from their aqueous
solutions

Ashok V. Borhade*, Arun G. Dholi, Sanjay G. Wakchaure, Dipak R. Tope

Research Centre, Department of Chemistry, HPT Arts and RYK Science College, Nasik 422005, India
Tel. +91 9421831839; email: prinhptrynsk@rediffmail .com

Received 11 March 2012; Accepted 14 May 2012

ABSTRACT

This study investigated the chemical modification of F-class coal fly ash (CFA) to an iodate
enclathrated aluminosilicate sodalite, Nag[AlSiO4]¢(I03),, cubic P43n, has been synthesized
by hydrothermal treatment followed by fusion of CFA with NaOH. The fused mass was
mixed with excess NalO; and hydrothermally treated at 100°C. Infrared spectroscopy, X-ray
diffraction, Scanning electron microscopy, and inductively coupled plasma spectroscopy
methods were used to characterize the obtained sodalite. Sorption behavior of heavy metals
(Cd**, Pb**, and Zn**) from aqueous solution on iodate sodalite was examined. The Freund-
lich and Langmuir isotherms are evaluated for iodate sodalite. These models were fitted to
the curves of heavy metals ion solutions to estimate the Freundlich (K¢) and Langmuir (Qo)
adsorption parameters. These values followed the same trend of the batch experiments. The
maximum sorption capacity of sodalite increased in the order Pb**>Cd** >Zn** at the same
condition. The effect of different parameters, such as contact time, and temperature were also
investigated. The present investigation also revealed that iodate sodalite as sorbents can
serve as low-cost adsorbent with higher sorption capacities towards heavy metals.

Keywords: Fly ash; Hydrothermal; Iodate sodalite; Adsorption; Heavy metals; Freundlich iso-
therm; Langmuir isotherm

1. Introduction include amorphous aluminosilicate glass and in
addition, other crystalline phases such as mullite,
hematite, magnetite, lime-anhydride, and feldspars
[3]. The percentages of main constituent of CFA are
Si0, and Al,O3 about 70% which is classified as F-
class fly ash. About 50% of fly ash is constructively
utilized, but there is still a significant amount which
needs to be disposed off and subsequently stored in
what is called “ash dams.” This type of storage has a
huge land requirement. The other major problem is
that, fly ash particles are considered to be highly
contaminating, since their high surface area leads to
potential hazards for environment. Considering
the facts that, large landscapes become unusable due
*Corresponding author. to fly ash waste storage, there is clearly need for

The synthesis of sodalite by hydrothermal alkaline
treatment is a promising technique for the utilization
of coal fly ash (CFA). Since fly ash is enriched with
SiO, and AlLO; from this waste product, various
types of zeolites can be prepared, including Na-X, Na-
A, zeolite 13X, zeolite Na-P, phillipsite, analcime, clin-
optilolite, and chabazite [1]. Zeolite materials have
been extensively employed for investigation of
adsorption of heavy metals [2]. Fly ash is mainly com-
posed of Si and Al with trace amounts of Fe, Na, K,
Ca, P, Ti, and S. The major mineral compounds
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innovative technologies to search alternative fly ash
utilization. The use of fly ash for the synthesis and
application [4] of high capacity ion exchange material,
such as zeolites, was also quite extensively explored.
Zeolite synthesis from fly ash by several methods
has been receiving a lot of attention. Holler and Barth-
Wirsching [5] were the first researchers that synthe-
sized zeolites from fly ash. A lot of investigations
have been conducted to convert fly ash to zeolites.
Several authors have reported the conversion of fly
ash into zeolites is conventionally developed by
hydrothermal crystallization under alkaline condi-
tions. Hydrothermal synthesis [6-24] involves the
treatment of 4-16M NaOH with fly ash at a higher
temperature and the incubation period is 1-6days.
The crystalline components of fly ash, quartz, and
mullite cannot be dissolved substantially and
remained in the fly ash at low concentration of NaOH.
The fly ash zeolites cover a wide range of known zeo-
lite frameworks and have been reviewed [25].
Recently, the conventional alkaline conversion of fly
ash has been improved by using more advanced treat-
ments, which include an alkaline fusion step followed
by hydrothermal treatment. Two-step synthesis
involves reacting of fly ash with sodium hydroxide at
higher temperature followed by hydrothermal synthe-
sis [26-30]. Further, it results in highly active alumino-
silicate phases present in fly ash readily soluble in
water and facilitated zeolite formations. The applica-
tion of microwave-assisted zeolite synthesis [31]
resulted in a drastic reduction of the reaction time,
and a method for synthesizing zeolite under molten
conditions without any addition of water [32,33].
Hydroxy-sodalite is obtained from fly ash by
hydrothermal process by Henmi [9] at 100°C for spe-
cific time with only 30% yield to hydroxy sodalite.
Carlos et al. [34] also find sodalite as a major phase in
the synthesis of zeolites. Clay [35], kaolin [36],
metakaoline [37] are used for the synthesis of alumi-
nosilicate sodalite. Salt enclathrated sodalite can be
synthesized from fly ash by using two steps, fusion
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and curing hydrothermally with sodium salt. The
structure of sodalite is known from early work of
Pauling [38]. Sodalite has cubic symmetry and crystal-
lizes in the space group P43n. The sodalite structure is
a space-filling arrangement of identical cages having
the form of truncated octahedra with inner diameter
of ~6.5A. The sodalite framework consists of a per-
fectly periodic array of all-space filing [4°6°] polyhe-
dra, also called 3-cages or sodalite cages, formed by a
network of coner-sharing TO, tetrahedra with T=S5i
and/or Al Fig. 1(a) shows a single $8-cage and Fig. 1
(b) the connection of these cages by common six and
four-rings. Sodalite framework containing aluminium
atoms in their T sites possess a negative charge equal
to the number of Al atoms, which is balanced by
exchangeable metal cations present in the cages. In
addition, the sodalite cages may accommodate a large
variety of guest species e.g. monovalent or bivalent
anions, water and organic molecules. Iodate enclath-
rated sodalite framework from raw CFA is considered
in the present study.

Sodalite is also applied to various agricultural
materials for the purpose of water purification, cataly-
sis, soil improvement, and adsorbents [39]. Many
industrial wastewater streams may contain heavy met-
als such as lead, cadmium, copper, arsenic, nickel,
chromium, zinc, and mercury. These have been recog-
nized as hazardous heavy metals. If the wastewaters
are discharged directly into natural waters, it will con-
stitute a great risk for the aquatic ecosystem. Heavy
metal toxicity can result in significant morbidity and
mortality. Heavy metals bind to oxygen, nitrogen, and
sulfhydryl groups in proteins, resulting in alterations
of enzymatic activity. High levels of cadmium causes
both fibrotic and emphysematous lung damage but it
aslo has major effect in bone and kidney. Exposure to
lead, cadmium, and zinc can lead to its accumulation
in liver, brain, kidney, and cornea, leading to carcino-
genic danger for human life. Under typical conditions,
lead is absorbed and stored in several body compart-
ments, where it easily exchanges with the blood.

(b)
B-cage

Fig. 1. Structure of (a) sodalite cage and (b) building block of the sodalite cages through connecting six- and four-rings.
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In recent years, the removal of toxic heavy metal
ions from sewage, industrial and mining waste efflu-
ents have been widely studied. Their presence in
streams and lakes has been responsible for several
types of health problems in animals, plants, and
human beings [40].

Moreover, the presence of heavy metals in the
environment even in moderate concentrations is
responsible for illnesses related to respiratory or der-
mal damage and even several kinds of cancers. It is
therefore important to remove toxic metal contami-
nant from wastewater prior to discharge as they are
considered persistent and bioaccumulative. Use of
zeolites synthesized from fly ash for applications in
the removal of metal species from wastewaters has
been a subject of study for quite some time and vari-
ous investigations have been made to find the waste
waters appropriate, efficient, and economical zeolite
type [41-43].

Several techniques [44] such as osmosis, mem-
brane osmosis, gravimetric precipitation, and catalytic
reduction complex formation are used to remove
lead, cadmium, and zinc. Sorption, one of the cost
effective technique is extremely useful for the
removal of heavy metals. Investigations have been
conducted to convert fly ash into zeolite by hydro-
thermal crystallization technique. Literature survey
shows that, no report is available on the conversion
of raw CFA into salt-filled sodalite synthesis. In the
present study, pure phase iodate sodalite is being
reported for the first time by hydrothermal synthesis
using CFA, including optimization of reaction condi-
tions and detailed characterization of sodalite synthe-
sized. In the current research, we also studied the
adsorption capacities of the synthesized sodalite and
its ion exchange and adsorption phenomenon for the
removal of lead, cadmium, and zinc ions from waste-
water. We also want to confirm whether sodalite, a
dense form of zeolite is cost-effective and is an alter-
native sorbent that could replace the expensive resins
now used for wastewater treatment.

2. Materials and methods
2.1. lodate sodalite synthesis

Iodate sodalitel was synthesized from FA by
NaOH fusion. The fresh raw CFA for the synthesis of
sodalite was supplied by Eklahara thermal power
plant, Nashik (India). The raw fly ash used for soda-
lite synthesis was analyzed by inductively coupled
plasma spectroscopy for quantitative determination of
its major SiO, and Al,O; content. Table 1 presents the
physico-chemical properties of the fly ash samples

Table 1
Chemical compositions of raw fly ash

Components Composition (wt.%)
Na,O 00.23
Al,O5 29.03
SiO, 55.00
KO 01.38
CaO 02.52
Fe;O3 07.36
MgO 00.80
Other (LOI) 03.68

used in the preparation of sodalite. From the results
in Table 1 it can be seen that the [SiO,]/[Al,O;] ratio
is 1.89 for raw fly ash.

The homogeneous fusion mixture was obtained by
mixing pulverized FA and NaOH at 1:1 ratio. The
chemical composition of fly ash and to improve the
sodalite formation, the fly ash sample was subjected
pre-treatment processes such as sieving and magnetic
separation for removal of iron. Removing of iron from
fly ash not only enhances the zeolitic property but
also removes colour of zeolites. Dry fly ash and equal
quantity of sodium hydroxide were mixed and fused
in a steel crucible at 550°C. The resultant fused mass
was cooled, milled, and mixed thoroughly in distilled
water (1g fused mass/10mL water). 15gm of sodium
iodate salt was added in steel-lined Teflon autoclave
containing aqueous mixture of fly ash and sodium
hydroxide.

The Teflon autoclave was kept at 100°C for six
days. The solid crystalline product was filtered and
repeatedly washed with distilled water to remove
excess NaOH. The obtained product dried overnight
at 100°C. The schematic flow chart for the preparation
of iodate sodalite is shown in Fig. 2.

2.2. Batch sorption experiment

To conduct the actual sorption experiments, the
working solutions were prepared by appropriate dilu-
tion of stock solutions (PbNOs;, CdNOj3, and ZnCl,)
immediately prior to their use. All sorption studies
with the model solutions were carried out in high den-
sity Teflon containers with a volume capacity of
100 mL, by subjecting a 0.5g of activated sodalite to a
period of shaking with 100mL of metal ion solution
and the suspension, was periodically shaken in an
oven. pH was maintained at 5.00 during the experi-
ment. Each sodalite was individually placed in separate
containers and at the requisite times, the container was
removed from oven and the filtrate collected by filter-
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Fig. 2. Schematic diagram of formation of iodate sodalite
hydrothermally at 100°C.

ing the suspension with a Whatman filter paper, after
which initial and equilibrium lead and cadmium con-
centrations were determined with Atomic absorption
spectroscopy. Zinc is determined by conventional titra-
tion with ethylenediaminetetraacetic acid (EDTA) using
Erichrome black-T indicator. To study the effect of con-
centration on adsorption of heavy metal on sodalite,
the sodalite is exposed to heavy metal ion concentra-
tions of 20, 40, 60, 80, 100mg/L for certain time. The
volume of metal ion in each case is 100 mL and dose of
adsorbate is 0.5g. After 150 min solutions were filtered
and were analyzed for adsorption capacity.

For the adsorption process, the solute transfer is
due to boundary layer diffusion or intra particle diffu-
sion or both. Various kinetic models of adsorption iso-
therm have been suggested for adsorption process. In
this study, Langmuir and Freundlich isotherms [45-
47] are evaluated for adsorption of lead, cadmium,
and zinc metal ions, by iodate sodalite

Langmuir isotherm applies to adsorption on com-
pletely homogeneous surfaces with negligible interac-
tion between adsorbed molecules. Generally, for a
single pollutant, it is given by

~ QobC.
140G, M)

Qe

Where, Q. (mg/g) is the amount of adsorbed metal
ions, C. (mg/L) is the concentration of metal ions at
equilibrium, Q, (mg/g) is the maximum adsorption

amount of metal ions and b (L/mg) is the equilibrium
adsorption constant which is the related to the affinity
of the binding sites.

The linear form of the equation is

1 1 1

0.~ 0. T ro.c @

When - is plotted against ¢, a straight line having a

slope of ;- with an intercept at g~ is obtained.

For the adsorption of organic and inorganic com-
pounds in solutions, Freundlich isotherm is very use-
ful, which can be expressed by the following
equations

Qe - kfce% (3)

Eq. (3) can be written in its logarithmic form as
follows,

LogQ. = LogKs + %Log Ce (4)

Where Q. is the amount adsorbed (mg/g), C. is the
equilibrium concentration of the adsorbate (mg/L),
K¢ and n are Freundlich constants related to the
adsorption capacity and adsorption intensity, respec-
tively. When Log Q. is plotted against log C., a
straight line having a slope of 1 with an intercept at
log K¢ is obtained. The Freundlich and Langmuir
isotherm  values were obtained from the
experiments.

2.3. Characterization of sodalite
2.3.1. IR spectroscopy

Infrared spectroscopy (IR) absorption analysis (KBr
pellets) was performed on a Shimadzu, 8400-S FT-IR
spectrophotometer in the range 4,000-400 cm ™ '. Three
types of absorption bands clearly indicate the forma-
tion of sodalite, asymmetric stretching ~1,000 cm ),
symmetric stretching ~550-750cm ™', and bending

vibrations ~450cm ™.

2.3.2. Powder X-ray diffraction

The phase-purity of the product was analyzed by
X-ray powder diffraction pattern using a Philips PW-
1710 operating at 25kV and 25mA using Cu-Ka radia-
tion with wavelength 2=1.54A. The powder X-ray
diffraction of these materials was recorded within a
span of angles between 200 and 800 at 298K. The
sample was evaluated using a step size of 0.017".
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2.3.3. Magic angle spinning nuclear magnetic resonance
spectroscopy

For synthesized sodalite *’Si Magic-Angle Spinning
Solid-State Nuclear Magnetic Resonance spectroscopy
(MAS NMR) and *Na MAS NMR spectra were
recorded at 130.0MHz on a Bruker Advance 500 MHz
widebore spectrometer with 6.15psec pulse duration,
3s pulse delay and a spinning rate of 5kHz in a 4mm
probe (trimetylsilane as an internal standard).

2.3.4. Scanning electron microscopy

Studies by scanning electron microscopy (SEM)
were carried out to provide information about the
particle morphology and crystal growth mechanism.
The SEM was taken with the help of JEOL JEM-6360A
model equipped with JEOL JEC 560 auto carbon
coater.

3. Results and discussion
3.1. IR spectroscopy

Fig. 3(a) and (b) shows the observed IR absorption
frequencies in different regions for fly ash and iodate
sodalite. IR spectroscopy has also been proved to be a
versatile tool not only to describe the framework type
of a given aluminosilicate species, but also to charac-
terize the enclathrated guest species. The IR spectrum
of CFA of (Fig. 3(a)) clearly shows the strong absorp-
tion band due to Al-O-Si vibrations at 1,091 cm ™! in
the mid-infrared region, whereas, Si-O is seen at
797 cm™'. Absorption bands at 557 and 464cm ™! are
due to Al-O and Si-O respectively [48].

Detailed study of infrared spectroscopy of iodate
enclathrated sodalite is also discussed elsewhere [47].
In the present study, (Fig. 3(b)) synthesized iodate
sodalite from CFA shows strong band due to Al-O-Si
asymmetric stretching vibrations at 988 and at 728-
662cm™~! is due to symmetric vibrations. Bending
modes of Al-O and Si-O are located at 466-432cm ™"
Apart from these framework bands enclathrated
iodate characteristic sharp band is visible at 800 cm ™.

3.2. X-ray analysis

The XRD pattern in Fig. 4(a) shows characteristic
peaks observable in fly ash used for synthesis of soda-
lite. Quartz (SiO,) and mullite (AlSi,O13) are the
major phases shown in the XRD pattern (Fig. 4(a)).
The presence of these phases (mullite and quartz) is
very significant for the sodalite synthesis process
which is the source of aluminium and silicon. After
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Fig. 3. IR spectra of (a) CFA and (b) iodate sodalite.

fusion and curing step, the obtained product shows
sodalite pattern and is shown in the XRD pattern
(Fig. 4(b)). The dissolution of SiO, and AlO; from
quartz, mullite, and aluminosilicate glass during
hydrothermal activation will result in the formation of
highly crystalline sodalite. The mineral phases are
identified with Joint committee on powder diffraction
standards cards.

3.3. MAS NMR spectroscopy

To study the framework ordering and framework
composition, MAS NMR is used. MAS NMR spectros-
copy is proved to be very useful for framework spe-
cies and it also gives information about non-
framework species like coordination, geometry and
mobility of cations and guest molecules or anions.
MAS NMR spectra of Na and *°Si for iodate alumi-
nosilicate sodalite, Nag[AlSiO4]¢(I03),, are shown in
Fig. 5(a) and (b) respectively. *Si is an ideal nucleus
for the study of aluminosilicate sodalite. *°Si MAS
NMR spectrum of a sodalite should give a single band
due to perfect ordering of Si and Al in the framework.
*Si chemical shift, J, exhibits single sharp resonance
line in the spectrum at —89.430, which confirms
strictly alternating ordering of Si and Al atoms in the
TO,-sodalite framework, i.e. Si(4Al) units [49].

Na atoms are expected to locate above the centre
of the six-ring windows of the cages and coordinated
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Fig. 4. XRD pattern (a) Fly ash and (b) aluminosilicate iodate sodalite.

with three oxygen atoms and anions in the sodalite
cage. ®Na MAS NMR spectrum of iodate sodalite
gives sharp single line in the spectrum at —4.363 ppm.
These results matches well with the results reported
in the literature [50,51].

3.4. Scanning electron microscopy

SEM images in Fig. 6(a) illustrate several aspects
about the morphology of fly ash particles. In general,
fly ash particles are predominantly spherical in shape
with a relatively smooth surface texture. In some cases
smaller particles are attached to the surface of larger
particles serving as substrate. The spherical particles
are either solid or hollow. The surface morphology of
the fly ash spheres usually is broken during the
synthesis of iodate sodalite and shows evidence of
dissolution by sodium hydroxide attack (Fig. 6(b)).

Investigations of the morphology of the iodate sodalite
crystals using SEM reveal relationship between the
habits of the sodalite crystals. The reaction product of
sodalite shows the well-known cubo-octahedral habit
of synthesized iodate sodalite (Fig. 6(b)). In this case,
sodalite has nearly equal size but is less perfect. After
modification of fly ash with alkali it takes the cubical
shape of sodalite, which indicates the completion of
reaction.

3.5. Adsorbtion

In fusion process with alkali, crystalline phases are
converted into sodium aluminosilicate, which is read-
ily soluble in aqueous medium. Addition of sodium
iodate to fused material enhanced the nucleation pro-
cess, iodate anions act as a structure-directing agent
and result in the more thermostable phase [40] like
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Fig. 5. MAS NMR of aluminosilicate iodate sodalite (a) *Na and (b) **Si.

Fig. 6. SEM of (a) Fly ash and (b) SEM of aluminosilicate iodate sodalite.

sodalite. One particularly important aspect is the
Si0,/ Al,O3 ratio in the formed sodalite, which is con-
firmed by *’Si MAS NMR results. The low ratio
increases hydrophilic nature of the sodalite and this
could lead to an enhanced metal exchange capacity.
The number of ions which can be sorbed or
exchanged under specified experimental conditions
may very well differ from the determined cation
exchange capacity values, as the ion exchange capac-
ity depend on experimental conditions and on the
pore size of the sodalite.

In the present study, for every divalent metal stud-
ied (M?"), the released Na* was in considerable excess
(>twice) to the charge of metal ions exchanged onto

the sodalite [52], which is a very important finding,
since to maintain the equilibrium during the ion
exchange process; for every metal taken up, two
equivalents of Na" need to be released according to
the following equation:

M*" 4+ 2Na — SOD——M — SOD + 2Na*

Thus sorption is usually quite a complex process;
often involving much more than simple ion exchange
into the pore openings of the ion exchanger. Factors
such as the pH, nature and concentration of the coun-
ter ion (metal ion), ion hydration, varying metal solu-
bility, the presence of competing, and complexing ions
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all effect the amount of metal ion that will adsorb [53].
To study these parameters; including the physical,
chemical and electrostatic interactions between the sor-
bent (iodate sodalite material) and the sorbate (lead,
cadmium, and zinc), sorption experiments were con-
ducted with solutions consisting of selected metals.
Firstly, synthesized sodalite is leached to obtain a
quantitative estimation on the expected leaching
behavior of certain elements and its significance is
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Fig. 7. Effect of contact time on the extent of adsorptions at
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dose=0.5g).
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Table 2

Metal ion characteristic parameters

Metal Jonic  Hydrated Electronegativity Hydration
radius radius (Pauling) enthalpy
(pm)  (pm) (k] /mol)

Zn** 88 430 10.65 —2,044

Cd* 109 426 1.69 ~1,806

Pb** 133 401 233 —1,480
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Table 3
Adsorption capacities of Pb%*, Cd?* and Zn>*, on various low-cost adsorbents
Adsorbent Pb** mg/g Cd** mg/g Zn** mg/g References
Modified kaolinite clay 40.00 13.23 27.78 [60]
Brown marine macro algae 50.40 39.50 32.00 [61]
Biofilms and associated minerals 40.00 10.40 29.40 [62]
Iodate sodalite 50.00 43.48 38.46 Present work

based on the fact that the mobility of heavy metals
may cause leaching into the sodalite phase and subse-
quent leaching into the solution under study. The
leaching result shows less than 1 ppm for all the met-
als under study. The potential leaching behavior of
the elements may differ from one experiment to the
next. Experimental and analytical error and deviation
of atomic absorption spectrometry and EDTA titration
is of +2% with respect to each metal.

3.5.1. Results for contact time with sodalite and heavy
metal ions

These experiments were conducted to investigate
the sorption kinetics of selected metals onto the soda-
lite, the optimum time for the metal-sodalite system to
reach equilibrium was determined. In our experiment,
in 120 min. the equilibrium is attained. This is may be
due to dense structure of sodalite. The results demon-
strated that very low residual concentrations for
almost all metal cations were observed within 120 min
of contact and as such, sorption was virtually com-
pleted within this time period. The results showing the
variation of % uptake of metal as a function of contact
time. Fig. 7(a)-(c), confirms the decrease in solution
metal concentration. The metal uptake (mg/g) vs. time
curves shows a smooth, continuous increase to satura-
tion, for most cations within the first 120 min, after
which plateau values are obtained, suggesting the pos-
sible formation of single layer on sodalite and the ion
exchange process [54,55].

3.5.2. Results for the temperature variation investiga-
tions

The effect of temperature on metal retention, for the
adsorption of Cd?*, Pb**, and Zn** was carried out at
three different temperatures (25, 50, and 75°C). The
equilibrium uptake (mg/g) of sodalite increased with
temperature elevation for all metals studied. The
results obtained shows that uptake for Pb**, Cd**, and
Zn** uptake increased with temperature observed for
iodate sodalite, suggests the process to be endothermic.

An increase in exchange temperature will cause
progressive weakening of the ion-dipole forces
between the exchanging ion (metal cations) and the

(a) oos

0.07 -l i

0.06 A

1/Qe
«

0.05 o A e25°C
gl m50°C

0.04 £
75°C

0.03
0.01 0.02 0.03 0.04

1/Ce
(b) °* -
0.09 o
0.08 e <

0.07

1/Qe
@
| |

0.06 s+ m—_— ®25°C

0.05 - m m50°C

0.04 B 75°C

0.03 T
0.01 0.02 0.03 0.04

1/Ce

(c) 0.1

0.09
0.08 P ol

0.07

1/Qe

B g

0.06 A i

m50°C
0.05
75°C
0.04
0.01 0.014 0.018 0.0220 0.026 0.03
1/Ce
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solvent dipoles (water molecules); thereby reducing
the salvation coating and kinetic diameter of the ingo-
ing metal ion and this leads to an increase in the
extent of hidden site participation within the sodalite,
of which the overall effect is an increase of the general
affinity of the sodalite phase for the entering metal
ions [56,57].

3.5.3. Results for the concentrations of heavy metal var-
iation investigations

The relation between the initial metal ion concen-
tration and sorption process is shown in Fig. 8(a)—(c).
Metal sorption capacity of sodalite sharply increased
with an increase of heavy metal ion concentration
until Co of 80 mg/L. After this, Co, the metal sorption
capacity remains nearly constant.

Generally, as a rule, the ion exchanger (in this
case, sodalite) prefers the cation of higher valence; an
effect that is purely from electrostatic forces and in
many cases the smaller counter ion [54]. Hydration of
the cation also plays a very significant role, since the
migrating species are cation-water complexes and as
such, some differences in ion exchange selectivity are
bound to be attributable to necessity to reject some
water molecules (see Table 2).

The metal ions with larger ionic radius have lower
charge density and lower electrostatic attraction that
limits the interaction of the metal ions with the
adsorption sites. Thus metals with higher electronega-
tivity sorbs more readily. The obtained selectivity
series is in agreement with the metal ions electronega-
tivity, namely Pb**(2.33)>Cd**(1.69)>Zn>*(1.65). Also,
with an increase of the ionic size, the absolute value
of enthalpy of hydration decreases. According to the
values of enthalpy of hydration, the Pb**aq ions will
have a greater accessibility to the adsorbent surface
[57], followed by Cd2+aq and Zn2+aq, which would
lead to the following order Pb**>Cd**>Zn®" in the
extent to the adsorption process (Fig. 8(a)—(c)).

Some of the factors affecting the sorption process
are hydrated radii of metal ions [58], hydration
enthalpy of cations, the strength of the metal-frame-
work oxygen bond on the zeolite type, surface the
microspores of the zeolite, in this case sodalite. The
order of metal ion selectivity is Pb**>Cd**>Zn?*.

4. Adsorption Isotherm

Sodalites are aluminosilicates and have dense
structure. They are considered to have an insignificant
capability to adsorbed heavy metals. The conversion
of fly ash to sodalite had a positive effect on sorption

capacity due to the formation of rough surface struc-
ture with an increased surface area after the NaOH
treatment favored the adsorption sorption data and
were fitted to the Langmuir and Freundlich models.
The adsorption [59-61] of heavy metals on different
adsorbents is given for comparison in Table 3.

4.1. Langmuir isotherm

The Langmuir constants Qo and b are calculated
from Fig. 9(a)-(c). Table 4 provides these values for
the adsorption of Pb%**, Cd*" and Zn?" on the iodate
sodalite sample. The values of R* are in range 0.912-
0.993 indicates that the adsorption data fit the Lang-
muir isotherm very well. The maximum adsorption
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Fig. 10. Freundlish isotherms plot for adsorption of heavy
metals onto iodate sodalite at 25, 50 and 75°C
tenzlperatures, different temperatures, (a) Pb%*, (b) Cd**, (¢)
Zn~".
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Table 4
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Langmuir and Freundlich adsorption isotherm parameters obtained at different temperatures of Pb**, Cd**, and Zn** on

iodate sodalite

Metal Temp. Slope Langmuir Slope Freundlich
Intercept b Qo R? Intercept n K R?
Pb** 25 1.486 0.023 0.0155 43.48 0.959 0.597 0.254 1.675 1.794 0.968
50 1.347 0.022 0.0163 45.45 0.981 0.583 0.312 1.715 2.051 0.983
75 1.152 0.020 0.0174 50.00 0.993 0.565 0.348 1.770 2.228 0.997
cd* 25 1.992 0.026 0.0131 38.46 0.912 0.628 0.103 1.592 1.260 0.935
50 1.541 0.024 0.0156 41.67 0.969 0.592 0.246 1.689 1.761 0.993
75 1.341 0.023 0.0172 43.48 0.951 0.589 0.291 1.698 1.954 0.966
Zn** 25 2.196 0.033 0.0150 30.30 0.933 0.558 0.158 1.792 1.438 0.953
50 1.835 0.03 0.0163 33.33 0.978 0.544 0.245 1.838 1.757 0.991
75 1.691 0.026 0.0154 38.46 0.989 0.564 0.256 1.773 1.815 0.993

capacities (Qo) for all the metal increase and followed
the order 75°>50°>25°C.

The characteristic of Langmuir isotherm model can
be described by the separation factor, Ry, as follows,

1

R —  ~
Y13 C,

(5)

Where, b is the Langmuir constant obtained from Eq.
(1) and C, is initial concentration of metal ion. The
adsorption process is thermodynamically unfavorable
if Ry >1, linear if Ry =1, thermodynamically favorable
if 0<Rp <1 and irreversible if R =0. In these adsorp-
tion experiment calculated R; values ranged from
0.3649 to 0.4329, therefore the adsorption process is
thermodynamically favorable.

4.2. Freundlich isotherm

The Freundlich isotherm constants K; and n are
calculated from Fig. 10(a)—(c). Table 3 lists their values
for the adsorption of Pb**, Cd?**, and Zn** on the
sodalite. The values of R* for all the metal ion adsorp-
tion are in the range 0.935-0.997, fits for Freundlich
isotherm very well. n values for adsorption are greater
than 1, revealing that adsorption was a favorable
process.

5. Conclusions

The new process proposed in the present paper is
an efficient method to obtain enclathrated sodalite
from raw CFA. First time we are reporting evaluation
of Langmuir and Freundlich isotherm using iodate
sodalite. The present study shows that iodate alumi-
nosilicate sodalite is an effective sorbent for the

removal of cadmium, lead, and zinc ions from aque-
ous solutions. The sorption of Cd?**, Pb**, and Zn** by
sodalite is a function of the sorbet doses, initial con-
centration of metal ions and contact time. The results
in this paper provide a good indication of the differ-
ent operating conditions that would be required for
efficient removal of heavy metals from aqueous solu-
tion. The obtained iodate sodalite is a dense material
and its adsorption capacity is half of natural zeolite,
but it shows higher adsorption capacity than reported
for many adsorbents in literature, its high sorption
capacity per unit cost makes this material promising
and economical alternative.
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