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Abstract

The removal performance and the selectivity sequence of mixed metal iofis (@%, CL?*, Zr?* and N?*) in aqueous solution were
investigated by adsorption process on pure and chamfered-edge zeolite 4A prepared from coal fly ash (CFA), commercial grade zeolite
4A and the residual products recycled from CFA. The pure zeolite 4A (prepared from CFA) was synthesized under a novel temperature
step-change method with reduced synthesis time. Batch method was employed to study the influential parameters such as initial metal ions
concentration, adsorbent dose, contact time and initial pH of the solution on the adsorption process. The experimental data were well fitted
by the pseudo-second-order kinetics model (fof*CE&r’*, Cu/** and Zrf* ions) and the pseudo-first-order kinetics model (fof*Nons).

The equilibrium data were well fitted by the Langmuir model and showed the affinity ord&r>Que* > Zr?* > Co?* > Ni%* (CFA prepared

and commercial grade zeolite 4A). The adsorption process was found to be pH and concentration dependent. The sorption rate and sorption
capacity of metal ions could be significantly improved by increasing pH value. The removal mechanism of metal ions was by adsorption
and ion exchange processes. Compared to commercial grade zeolite 4A, the CFA prepared adsorbents could be alternative materials for the
treatment of wastewater.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction studied. Their presence in streams and lakes has been respon-
sible for several types of health problems in animals, plants
Several industrial wastewater streams may contain heavyand human beindg8,4]. Among the many methods available
metals such as Sb, Cr, Cu, Pb, Zn, Co, Ni, etc. including to reduce heavy metal concentration from wastewater, the
the waste liquids generated by metal finishing or the min- mostcommon ones are chemical precipitation, ion-exchange,
eral processing industridd]. The toxic metals, probably  adsorption and reverse osmosis. Most of these methods suffer
existing in high concentrations (even up to 500 mb)) must from some drawbacks such as high capital and operational
be effectively treated/removed from the wastewaters. If the costs and problem of disposal of residual metal sludge. lon-
wastewaters were discharged directly into natural waters, it exchange is feasible when an exchanger has a high selectively
will constitute a great risk for the aquatic ecosystem, whilst for the metal to be removed and the concentrations of com-
the direct discharge into the sewerage system may affect negpeting ions are low. The metal may then be recovered by
atively the subsequent biological wastewater treatrfi@gnt incinerating the metal-saturated resin and the cost of such a
In recent years, the removal of toxic heavy metal ions from process naturally limits its application to only the more valu-
sewage, industrial and mining waste effluents has been widelyable metals. In many cases, however, the heavy metals are
not valuable enough to warrant the use of special selective
exchangers/resins from an economic point of view. This has
* Corresponding author. Tel.: +852 2358 7210; fax: +852 2358 1543.  ehcouraged research into using low-cost adsorbent materials
E-mail address: meyhchao@ust.hk (C.Y.H. Chao). to purify water contaminated with metals.
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Coal fly ash was formed by combustion of coal in coal- rials (coal fly ash based). In fact, in the synthesis of pure form
fired power station as a waste product. The generation ratezeolite using coal fly ash, the residues from the process may
of coal fly ash for the whole world is approximately 500 also be potential adsorbents and is worthy of a comprehensive
million tons per year and is predicted to incre§sg Effi- study, especially considering that around 30% of the NaP1
cient disposal of coal fly ash is a worldwide issue because of zeolites are left behind as residues in the synthesis process.
its massive volume and harmful effects on the environment  The present work focused on utilizing a pure and
[6,7]. As a technique for recycling coal fly ash, synthesis of chamfered-edge zeolite 4A prepared from coal fly ash to
zeolites from coal fly ash has attracted a great deal of atten-remove mixed heavy metal ions such as'CCW*, Zn?*,
tion [8]. However, the total conversion time was generally Ni2* and C@* in water. The kinetic of the process and the
long (24-72 h) and the synthesis temperature was 902225  sorption capacity of the adsorbents were determined in rela-
In addition, the obtained zeolites usually consisted of con- tion to the effects of various factors on the adsorption process.
densed structure (low pore volume) such as NaP1, sodaliteThe parameters in this study included initial concentration of
and analcime in a mixture form with coal fly ash. Thus, the the mixed heavy metal ions, contact time, initial pH of the
applicability of synthetic zeolites from coal fly ash has greatly solution and adsorbent dosage. Moreover, an attempt was
been hindered. Recently, the auth{®$ have successfully = made to investigate the removal capacity of mixed heavy
applied a temperature step change method in synthesizingmetal ions by the treated coal fly ash (residual products after
pure zeolite 4A from coal fly ash with reduced synthesis time. preparation of pure and single phase zeolite 4A from the coal
This has enables wider use of coal fly ash converted zeolitefly ash). The heavy metal adsorption performances of the
products in various industrial and environmental protection original coal fly ash and a commercial grade zeolite 4A were
activities. also studied for comparison.

Among the different minerals which possess adsorbent
properties, zeolite appears to be one of the most promising
to perform metal purification functiofl0]. Zeolites have a 2. Materials and methods
three-dimensional structure constituted by (Si, AJ}€rahe-
dra connected by all their oxygen vertices forming channels 2.1. Adsorbate
where HO molecules and exchangeable cations counterbal-
ance the negative charge generated from the isomorphous All the compounds used to prepare the reagent solutions
substitution. The advantage of zeolites over resins, apart fromwere of analytic reagent grade. The mixed heavy metal ions
their much lower cost, is their ion selectivities. Owing to solutions containing 50, 100, 200 and 300 my kach of
zeolite’s structural characteristics and their adsorbent proper-Cr3*, CL#*, Zn2*, Ni2* and C3" ions were prepared by dis-
ties, they have been applied as chemical sieve, water softenesolving a weighed quantity of the respective nitrate salts in
and adsorben{d0-12] Several researchers have studied the deionized water. Before mixing the adsorbate with the adsor-
removal performance and selectivity sequence of heavy metalbents, the initial pH of each solution (pH=3 and 4) was
ions by natural zeolites (clinoptilolite and chabazjig—-20] adjusted to the required value by adding 0.1-10 M HNO
as well as synthetic zeolit§d21-24] Ouki and Kavannagh  and 0.1-10M NaOH solutiof25,26] It should be noted
[15] studied the performance of natural zeolites (clinoptilo- that nitrate anions are not forming precipitates or complexes
lite and chabazite) on the treatment of mixed metal effluents with the corresponding metals at the test conditions and are
(P, CP*, CUP, Zrét, Cr3*, Ni%tand C8+; concentration:  considered to be inef27]. In addition, at pH =3 and 4, the
1-30 mg t1); however, there were no data about kinetic mod- effect of complexing of the metal ions with hydroxide ion are
eling of the process. Panayotova and Velikt®] found that a not significanf28]. It is assumed that the impact of adjust-
pseudo-first-order kinetic reaction best described the removaling the initial solution pH with HN@ and NaOH solutions
of mixed metal ions (PH, C#*, Cl/2*, Zn?* and N#Y) at a in terms of changing the chemistry of the solution is not
concentration of 50 mg by natural zeolite (clinoptilolite).  significant.

AIvarez-Ayuso et al[23] studied the sorption behavior of

Cri*, Ni*, Zn?*, Ci#* and Cd* ions by natural (clinop-  2.2. Adsorbent

tilolite) and synthetic (NaP1) zeolites. They found that the

sorption capacity of synthetic NaP1 zeolite was 10 times A commercial grade zeolite 4A (Valfor 100) from PQ
greater than the natural zeolite. The general observation isChemicals (Thailand) Limited and coal fly ash prepared
that most of the authors dealt with solutions of single heavy pure and chamfered-edge zeolite 4A were used. The coal
metal ion under equilibrium condition. Conclusions drawn fly ash prepared pure zeolite 4A was synthesized by the
from such studies may not be valid when applying adsorp- effect of step-change of synthesis temperature during the
tion process to a mixed effluent is considered. Even less ishydrothermal treatment. Generally, a mixture of 30g of
known about the adsorption kinetics of multi-heavy metal fly ash and 300 ml of 2M NaOH solution in a 1L sealed
ions by coal fly ash prepared, pure and chamfered-edge, zeoPP bottle was kept in an oil bath at 100 for 2h under

lite 4A. Knowledge on this topic could be useful in designing stirred condition (300 rpm). Then, the solution was sepa-
wastewater treatment systems using low-cost adsorbent materated from the mixture by a filtration process. The molar
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ratio SiQ/Al203:NapO/SiO;:H20/N& O in the solution was All the instrumental conditions were optimized for the max-
adjusted to 1.64:8.09:56.51 by adding 100 ml of aluminium imum sensitivity as indicated by the manufacturer's manual.
solution. The purpose of the addition of 100 ml aluminum The pH values of the aqueous solutions were measured by a
solution was to control the molar ratio of the solution for Mettler-Toledo meter (MP 120). Surface morphology of the
subsequent synthesis of pure zeolite 4A from coal fly ash adsorbents was analyzed by scanning electronic microscopy
extracted solution. In addition, with the addition of the alu- (SEM, JEOL 6300) coupled with energy dispersive X-ray
minum solution, it was shown that pure, single phase and highanalysis (EDAX). In the SEM analysis, the adsorbent sam-
crystalline zeolite 4A sample could be easily synthesized ples were coated with a thin layer of gold and mounted on
from coal fly ash. The solution was then stirred (500 rpm) a copper stab using a double-stick tape. The patrticle size of
for 30 min at room temperature (26) and was synthesized the adsorbents was measured by laser beam scattering tech-
at the first temperature of 9C for 1.5h and subsequently nique (Coulter LS 230). Nitrogen adsorption/desorption was
at the second temperature of 95 for 2.5h. The coal fly carried outat 77 K using the Coulter SA3100 nitrogen physic-
ash prepared zeolite 4A was then pretreated with 1 M NaCl adsorption apparatus. The volume of adsorbed nitrogen was
for 24 h at 25 C before the adsorption experiment. The pur- normalized to standard temperature and pressure (STP). Prior
pose of the pretreatment was to bring the zeolite 4A to nearto the experiments, the sample was dehydrated at@30r
homoionic form (Na-form) so as to increases its effectiveness 2 h.

in the uptake of the heavy metal ions. After the conversion of

the coal fly ash into pure zeolite 4A process, it was observed 4 pusch sorption experiment

that the residual fly ash was also converted into NaP1 zeolite.

In order to recycle the coal fly ash completely, the resid-  The experiments were performed in a batch reactor

ual fly ash was denoted as treated coal fly ash which Was (250 ml) at 25+ 0.5°C with continuous stirring at 600 rpm.
also used in the study of adsorption experiment. Treated coal

fly ash labeled as TFA2 and TFA4.5 were used and they 241 Kinetics studies
were formed by the treatment of 30g of the coal fly ash ="’
and 300 ml of 2M NaOH solution at 10C for 2 and 4.5h
respectively. Finally, in order to contrast the removal per-
formance of the coal fly ash based adsorbents, the original
coal fly ash was also used in the adsorption study. Detailed
information about the synthesis and characterization of the
adsorbents converted from the coal fly ash could be found in
referencd9].

The 0.1 g of pure zeolite 4A (coal fly ash prepared) was left
in contact with 100 ml of mixed heavy metal ion solutions (50
and 100 mg1?) atthe initial pH values of 3 and 4. Aliquots of
supernatant (0.5 ml) were withdrawn at different time inter-
vals (from 5 to 240 min) and the total sampling volume did
not exceed 5% of the total solution volume. The supernatants
were filtered with 0.4fm filter. The filtrates were acid-
ified with 2% HNGQ; to decrease the pH value to below
3 in order to avoid any precipitation before the ICP-AES

2.3. Characterization
measurement.

Powder X-ray diffraction (XRD) patterns of the adsor-
bents were obtained using a powder diffractometer (Philips 2-4-2. Sorption capacity
PW 1830) equipped with a Cudtadiation. The accelerating The adsorbents (0.5g) were left in contact with 100 ml
voltage and current used were 40kV and 20 mA, respec-0f mixed heavy metal ions solution in the range of
tively. The chemical compositions of the adsorbents was 50-300 mgt* with the initial pH value of 3 for 240 min. The
determined by a JEOL x_ray reﬂective ﬂuorescence Spec- ﬁltrates were ﬁltered W|th 04ﬁm f|lter and aCIdIerd W|th
trometer (XRF, JSX 3201Z). All metal concentrations were 2% HNOz to decrease the pH to below 3 before the ICP-AES
analyzed using Inductively Coupled Plasma Atomic Emis- measurement. In order to obtain the sorption capacity, the
sion Spectrometry (ICP-AES, Perkin-Elmer 3000 XL). The amount of ions adsorbed per unit mass of adsorbgnin(
samples were usually diluted five times by deionized water. Milligrams of metal ions per gram of adsorbent) was evalu-
Therefore, the concentration of metal ion solutions should ated using the following expression:
be in the range of 0-60mg?t. The calibration standards Co— Ce
were prepared using the standard solutions which was cer-ge =
tified by the supplier. Three calibration standards (20, 40
and 60mgt?!) and blank solution were used to calibrate where C, is the initial metal ion concentration (mgl),
the equipment. A linear calibration curve was obtained after C, the equilibrium metal ion concentration (mglp, V the
calibration. If the correlation coefficier®? was less than  volume of the aqueous phase (l), andhe amount of the
0.999, the machine was re-calibrated to ensure the accuracyadsorbent used (g). Removal efficiency of metal ions by the
of results. The samples were automatically measured threeadsorbent is considered in percentage as:
times in one aspiration. If the standard deviation of the test
results were greater than 1%, the samples were measuregemoval efficiency= Co—Ce
again until the test results fulfilled the analysis requirement. o

xV 1)

m

x 100 )
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Table 1
Chemical composition of the adsorbents
Composition (wt%) Coal fly ash Treated coal fly ash Zeolite 4A

TFA2 TFA4.5 Coal fly ash prepared Commercial (Valfor 100)
SiO, 50.09 42.12 40.22 43.34 44.68
Al,03 24.91 24.15 24.51 35.71 34.91
NaO 0.14 11.91 16.62 19.75 20.12
CaO 11.77 11.32 10.61 0.02 0.02
Fe03 7.60 5.87 5.01 0.80 0.03
MgO 0.40 1.15 0.84 0.25 0.18
TiO» 1.17 1.13 1.18 0.02 0.01
K20 1.19 0.46 0.34 0.07 0.05
MnO 0.10 0.20 0.16 0.03 0.00
Si/Al mole ratio zeolite 4A 1.70 1.44 1.57 1.32 1.32
Crystallinity (%) n.a. n.a. n.a. 47.41 86.05
BET surface area (Ag—1) 1.38 18.49 22.20 54.82 71.41

n.a.: Not available.

3. Results and discussion for 100) zeolite 4A were 1-Adm with a mean diameter of
2.7um and 1-3.m with a mean diameter ofj2m, respec-
The effects of contact time, initial pH, initial mixed heavy tively. Table lalso includes data on the specific surface area
metal ions concentration and adsorbent dosage on selectivityof the samples. The surface area of TFA2 and TFA4.5 has
sequence and adsorption kinetic of heavy metal ions wereincreased 13- and 16-fold. This increase in surface area is
investigated. A comparative study of the removal efficiencies due to the crystallization of the many zeolite crystals on the
of mixed metal ions by the coal fly ash based adsorbentsoriginally smooth fly ash spheres. Compared to coal fly ash
(the original coal fly ash, the treated coal fly ash residues andprepared zeolite, the larger surface area of commercial zeo-
pure zeolite 4A prepared from coal fly ash) and a commercial lite may be due to the smaller particle size of the sample.

grade zeolite 4A was also conducted. From the XRD patterns of the adsorbents (not shown), the
primary crystalline species in the coal fly ash sample were
3.1. Characteristics of adsorbents quartz (SiQ), mullite (3Al,03-2Si0) and calcite (CaCeg)

as identified by the sharp peaks, while the presence of the

Elemental composition data for the coal fly ash, treated amorphous phases of Si@ere identified by the presence
coal fly ash residues, coal fly ash prepared zeolite 4A and of a broad diffraction peak (neap 2 24°). Quartz and mul-
commercial zeolite 4A were shown fable 1 The amount lite were produced during the thermal decomposition of clay
of amorphous Si@in the coal fly ash was 46.2 wt% assayed minerals such as kaolinite during combustion. Treated coal fly
by a quantitative X-ray diffraction (XRD) methd@9]. After ashresidues (TFA2 and TFA4.5) were identified as a mixture
the zeolite 4A synthesis process, the treated coal fly ashof NaP1 zeolite (JCPDS card 39-0219) and calcite (C&CO
residues (TFA2 and TFA4.5) were incorporated with signifi- JCPDS card 05-0586). Coal fly ash prepared zeolite and com-
cant amount of Na after they were treated with NaOH solu- mercial zeolite were identified as a single-phase zeolite 4A
tion. The amount of Na element incorporated in the treated (JCPDS card 43-0142).
coal fly ash residues increased with the treatment titige 1
shows the morphology of the various adsorbents. The coal fly 3.2. Sorption kinetics
ash consisted of smooth spheres (0.04+4600with a mean
diameter of 20.7.m). These particles were formed from the There are essentially three stages in the adsorption pro-
cooling of molten products after the combustion of clay com- cess by porous adsorbeffi#d]: (1) solute transfer from the
pounds in the original co§®9]. By contrast, the morphology  bulk solution to the external surface of the sorbent through
of the treated coal fly ash residues (TFA2 and TFA4.5) was a liquid boundary layer (film resistance); (2) solute transfer
rough (1-1Qum, with a mean diameter ofi8n), appearing from the sorbent surface to the intraparticle active sites (intra-
as aggregates of small plates. This was because zeolite crysparticle resistance); and (3) interactions of the solute with the
tals (mainly NaP1) were precipitated out on the surface of the available sites on both the external and internal surfaces of
coal fly ash particles. The morphology of zeolite 4A (coal fly the sorbent (reaction resistance). One or more of the above-
ash prepared and commercial grade) was chamfered-edgedhentioned stages may control the rate at which the solute is
cubes (well developefll 1 0} faces). The chamfered-edged adsorbed and the amount of solute that is adsorbed onto the
cube morphology was due to the initial SiBl,03 concen- sorbent. In this study, the kinetics of sorption that defines the
tration used in the synthesis procg36]. The particle size  efficiency of sorption of mixed metal ions was checked by
of the coal fly ash prepared zeolite 4A and commercial (Val- the pseudo-first-order and pseudo-second-order equations.
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(e) Commercial zeolite 4A (Valfor 100)

Fig. 1. SEM pictures of the coal fly ash and the adsorbents.

3.2.1. Pseudo-first-order kinetics model the equilibrium capacitye can be obtained from the slope

In 1898, Lagergren32] suggested a pseudo-first-order and intercept, respectively.
equation for the sorption of liquid/solid system based on solid
capacity. It assumes that the rate of change of sorbate uptake-2.2. Pseudo-second-order kinetic model
with time is directly proportional to the difference inthe sat- ~ Ho and Mckay developed a pseudo-second-order equa-
uration concentration and the amount of solid uptake with tion based on the amount of sorbed sorbate on the sorbent
time. The Lagergren equation is the most widely used rate [33]. If the rate of sorption is a second-order mechanism, the
equation in liquid phase sorption. The general equation is Pseudo-second-order chemisorption kinetics rate equation is

expressed as: expressed as:
dg,
k1 —k _ 2 4
log(ge — g1) = log(ge) — 2303 €)) dr 2(ge — ar) 4)

_ For the boundary conditions=0 tor=¢ andq,; =0 tog; =g,
where ge and ¢, are the amounts of metal ions adsorbed the integrated form of Eq4) becomes:

onto the adsorbents (mgg) at equilibrium and at time,
respectivelyk; is the rate constant of first order (miH). By _ 1 - - + kot (5)
plotting log(ge — g:) versus, the first-order constart and (e —q)  qe
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Fig. 2. Comparison between the measured and modelled time profiles for Fig. 3. Comparison between the measured and modelled time profiles for
adsorption of mixed heavy metal ions at pHB @5°C; stirring speed, adsorption of mixed heavy metal ions at pH & @5°C; stirring speed,
600 rpm;V, 100 ml;m, 0.1g of zeolite 4A (coal fly ash prepared)). 600 rpm;V, 100 ml;m, 0.1 g of zeolite 4A (coal fly ash prepared)).

which is the integrated rate law for a pseudo-second-order 6o min, Similarly, at pH = 4, all mixed metal ions were rapidly
reaction. Eq(5) can be rearranged to obtain a linear form:  removed by zeolite 4A within 60 min and around 90% of the

" 1 1 removal of the metal ions was achieved in the first 30 min,
=gt (6) except C#* at higher concentrations (100 mgf). It was
4 *29e  de because at higher values of pH, thg®¥ ions competed
The constants can be determined by plottiggversus. The less with the metal ions for the exchange sites in zeolite.
second-order sorption rate constanty mg-! min—1) andge It was observed that under all the experimental conditions,

(mg g1) can be determined from the intercept and the slope no significant adsorption was seen after 240 min of stir-
ofthe plot. This model is based on the assumption that the ratering. For subsequent experiments, the contact time was thus
limiting step may be a chemical sorption involving valence maintained for 240 min to ensure that equilibrium could be
forces through sharing or exchange of electrons between theachieved. It showed that ions removal was highly dependent
adsorbent and the adsorb§d]. on the initial metal ion concentration. While increasing the
Figs. 2 and 3how the kinetics of metal ions adsorption initial concentration of the mixed metal ions, a significant
onto the coal fly ash prepared zeolite 4A. It was observed decrease in the sorption of Zh Cc?* and N#* ions was
that the pseudo-first-order model fitted well for?Nions observed which could be attributed to the higher selectivity
and the pseudo-second-order model fitted well foP'Co  to Cl?* and CP*ions by zeolite 4A. The competition for zeo-
Cr3*, C/?* and Zrf* ions in the tested sorption system. The lite 4A adsorption sites in the presence of€and CP* led
model selected for fitting the experimental data was based onto a decrease in the uptake of other metal ions. Similar results
the tendency of the model to estimate the quantity of metal were reported by Panatotova and Veli§a®@]. The increase
ions removed at the initial and the final state of adsorption. in loading capacity of zeolite 4A when increasing the ini-
At pH=3, it was seen that all the metal ions were rapidly tial concentration of mixed heavy metal ions was probably
removed by the zeolite 4A (coal fly ash prepared) within due to a high driving force for mass transfer. Similar obser-
120 min, except Gf. In addition, the results demonstrated vations were reported in the removal of#tand C&* by
that around 90% of the metal ions were removed in the first sawdust34]. The observed selectivity series could be the
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Table 2

The pseudo-first(second)-order rate constants

pH Initial conc. (mg1?1) Metal ions e, exp(MQ gl Pseudo-first(second)-order kinetic model

de, cal Rate constant R?
(mgg™) (mmolg™)

3 50 Cg+a 9.34 10.15 0.17 0.006 0.998
creta 38.69 40.11 0.77 0.002 1.000
Cu2+a 40.01 40.34 0.63 0.017 1.000
Ni2+b 7.59 7.63 0.13 0.054 0.963
Zn2+a 26.58 30.14 0.46 0.001 0.997

100 Cca*a 5.57 6.17 0.10 0.007 0.968

crita 29.12 32.52 0.63 0.001 0.996
CuP+a 22.59 23.58 0.37 0.004 0.999
Ni2*0 3.98 3.87 0.07 0.027 0.942
Zn?+a 9.22 10.54 0.16 0.004 0.975

4 50 Cg+a 16.84 17.75 0.30 0.005 0.999
Cr3ta 38.66 38.85 0.75 0.032 1.000
Cu2+a 39.80 39.81 0.63 4.948 1.000
Ni2+0 11.51 10.49 0.18 0.059 0.956
Zn2+a 40.38 41.17 0.63 0.008 1.000

100 Ca*a 5.15 5.50 0.09 0.020 0.978

crita 56.41 56.47 1.09 0.001 0.996
Cuita 72.04 72.73 1.14 0.005 1.000
Ni2+P 6.14 4.95 0.08 0.102 0.989
Zn%ta 19.59 20.10 0.31 0.008 0.997

R? is the correlation coefficienff{ 25°C; stirring speed, 600 rpm; pH, 3, 4; time, 0—240 min100 ml;m, 0.1g of zeolite 4A (coal fly ash prepared)).
a Values were determined by the pseudo-second-order kinetic model. Unit of rate capdsapmg* min—?.
b Values were determined by the pseudo-first-order kinetic model. Unit of rate cokstamnin~?.

result of various factors, such as framework structure of zeo- homogeneous adsorption surface, whereas the Freundlich
lite, hydrated size and hydration free energy of metal ions. isotherm is suitable for a highly heterogeneous surface.
These effects will be discussed in Sect®8. It should be

noted that adsorption mechanism of multi-metal ions by an 3.3.7. Langmuir isotherm

adsorbent is Complicated. The behaviour of each metal ion The Langmuir sorption isotherm is the best known of all

in @ multi-metal ions system depends strongly on the con- jsotherms describing sorptidd7] and it has been success-

centration and the properties of the other ions present, pH offy|ly applied to many sorption processf3,38-40] It is
the solution, and the physical and chemical properties of both represented as:

the adsorbent and adsorbate. The shape and coefficients of the

adsorption kinetics of the system were affected by both the bCe @)

. . . . e =dm-_—"—~
interaction and competition effects among the multi-metal ¢ M1+ bCe

ions. Table 2lists the results obtained from the pseudo-first- \,harec, is the equilibrium aqueous metal ions concentration
order and the pseudo-first-order kinetics models. It showed (mg 1), ge the amount of metal ions adsorbed per gram of
that the calculated, agreed well with the experimental data. adsorbent at equilibrium (mgg), gm andb are the Langmuir

:’he charac.ter:]stic time f]?r the pseudch kinetics mo?el; Was constants related to the maximum adsorption capacity and
ound to be inthe range of 1-2 orders of magnitude of minute. energy of adsorption, respectively. The valuegefmg g 1)

andb (mg~1) can be determined from the linear plot@f/ge
3.3. Sorption isotherms versusCe.

The analysis of the isotherm data is important to develop 3 3 5> Freundlich isotherm
an equation which accurately represents the resultsandwhich - e Freundlich isotherm is most frequently used to

could be used for design purposes. In order to investigate thegescribe the adsorption of inorganic and organic components
sorption isotherm, two equilibrium models were analyzed: i, so|ution[41,42] This fairly satisfactory empiricalisotherm

Langmuir and Freundlich isotherm equations. These tWo can pe used for a non-ideal sorption that involves heteroge-
isotherm models were first derived and used for gas adsorp-neqys sorption and is expressed as:

tion by microporous adsorbents, and then extended to solute
adsorption from aqueous solutiof35,36] The Langmuir

1
lo =log K+ — log C 8
model is obtained under the ideal assumption of a totally 9 ¢ = '°9 +, 109 Ce ®)
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which decreased to 45.29 mgfor Cr3*, 31.58 mg g1 for
B ———— T ol fiy ash Zn?*,11.52mg g’ for Co?*, and 7.90 mg g* for Ni2*. The
o o prfpa§:z+ sorption sequence of metal ions on zeolite 4A (coal fly ash
e g - o P repared and commercial grade) was the same and was as
prep g
4o follows: Ci?*>Cré* >Zn?* > Co?* > Ni?*. Factors such as
S 30l RS — I I ;:]2 crystal structure of zeolite 4A, free energy of hydration and
= A Commercial hydrated radii of the metal ions may be responsible for the
£ S 24
= ] °. Z gfa observed selectivity. Zeolites, in general, are weakly acidic
208/ s o in nature and therefore sodium form exchangers are selec-
T Ni22++ tive for hydrogen (RNa+HO < RH+Na" + OH™). This
= v B — ° X __fanjnqw leads to high pH values when the exchanger is equilibrated
with a relatively dilute electrolyte solutidd 3], making fea-
0 —— 77— sible the metal hydroxide precipitation. The crystal structure
0 s 100 150 200 250 300 of zeolite 4A contains large cages having a near spherical
C. (mgfl) shape and free diameter of 1A4Each of these cages is

) ) . connected with six neighbouring cages via eight-membered
Fig. 4. Experimental metal adsorption isotherms of coal fly ash prepared

and commercial zeolite 4A and modelled results using Langmuir equation rngs (S_M.R) havmg ,a crystallographm.dloameter of Al
(T, 25°C: stirring speed, 600 rpm: time, 240 min; pH33:.00 mlm, 0.5 g). The effective pore width of zeolite 4A isA. A common

factor preventing a group of metal ions from being adsorbed
whereK is roughly an indicator of the adsorption capacity by zeolite 4A is the size of the hydrated ion. If the hydrated
and 14 the adsorption intensity. The magnitude of the expo- ion size is greater than that of the pore, the species may be
nent 14 gives an indication of the favorability of adsorption. ~excluded or some of the waters of hydration must be stripped
Values ofn, wheren > 1 represent favorable adsorption con- from the solvated ions to enable them to enter the pores of
dition. By plotting logge versus logCe, values ofk andn can the zeolite. According to the size of hydrated radii of ions in
be determined from the slope and intercept of the plot. Table 4 [44] the selectivity sequence of the hydrated ions is

For all cases, the Langmuir model represents a better fitas follows: NF* > Cl?* > Co** > Zn?* > Cr3*. Also, from the

to the experimental data than the Freundlich model. The same table, the metal with the highest free energy of hydra-
adsorption isotherms of metal ions by coal fly ash prepared tion should therefore prefer to remain in the solution phase.
and commercial zeolite 4A are shown Fiig. 4 The good Thus, according to the free energy of hydration, the selec-
agreement of the Langmuir plots with the experimental data tivity sequence is C& >Zn?* > Ni%* > Cu?*. However, both
suggests a monolayer coverage of metal ions on the outerselectivity sequences do not explain well the high selectivity
surface of the adsorbent. The valygsandb obtained from  of Cu?* and CP* ions and the observed sequences. It was
these plots are listed iflable 3 The Freundlich parame- postulated that the main mechanism involved in the sorp-
tersK and 1k are also presented ifable 3 For coal fly  tion of Cl?* and CP* ions was based on precipitation of
ash prepared zeolite 4A, the greatest equilibrium sorption metal hydroxides on the surface of zeolite or inside the pore
capacitygm was obtained for CiI, i.e. 50.45 mg g*, which walls. A similar observation was reported on adsorption of
decreased to 41.61 mggfor Cr3*, 30.80 mg g* for Zn?*, Cw?* and CP* ions on NaP123]. In comparison with Ni*
13.72mgg* for Co?*, and 8.96 mgg? for Ni2*. Similarly, ions, the high adsorption of bions may be due to the
for commercial zeolite 4A, the greatest equilibrium sorp- accommodation of tetrahedral Co aquacomplexes to the zeo-

tion capacitygm was obtained for Cif, i.e. 53.45mgg?, lite framework[26].

Table 3

Langmuir and Freundlich parameters for adsorption of mixed metal ions on zeolite 4A

Adsorbent Metal Langmuir model Freundlich model

gm (Mgg ) b(Img™) R? K ((mgg H)(mgl1)") 1in R?

Coal fly ash prepared zeolite 4A &o 13.72 0.32 0.998 6.66 0.145 0.959
crét 41.61 0.98 0.998 28.47 0.076 0.850
cw* 50.45 2.16 1.000 37.11 0.079 0.974
Ni2* 8.96 0.32 0.997 6.27 0.066 0.834
zZn?* 30.80 0.17 0.995 18.47 0.089 0.623

Commercial zeolite 4A co 11.52 1.15 0.997 4.79 0.17 0.911
crét 45.29 0.93 0.999 27.54 0.11 0.971
cwt 53.45 0.49 0.997 36.85 0.09 0.965
Ni2* 7.90 0.13 0.998 4.24 0.11 0.946
Zn2* 31.58 0.33 0.997 17.61 0.13 0.871

R? is the correlation coefficienff{ 25°C; stirring speed, 600 rpm; time, 240 min; pH,13;100 ml;m, 0.5 g of zeolite 4A).
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Table 4

Radii and hydration energies of different metal ions

Metal ions Hydrated radiuei’\o Unhydrated radiusz() Free energy of hydration (kcatd-ion)
co* 4.23 0.82 —479.5

crt 4.61 0.65 -

cw* 4.19 0.82 —498.7

Ni2* 4.04 0.72 —494.2

Zn?* 4.3 0.83 —484.6

Several selectivity sequences have been reported in theand precipitation within the channels of zeolites and at the
literature (mainly conducted in a single solution, except surface of zeolites may occur.

references[15,18,20] for natural clinoptilolite and Na- The effect of pH (from 3 to 5) on the adsorption of mixed
clinoptilolite: B&*>Pt* > C* > Zn?* > Cw?* [44], Pt metal ions by zeolite 4A was examined. Based on the solu-
>NHg4* > Clw?t ~ CdP* > Z?* ~ Co?* > Ni2* > Hg?t  [13], bility products of the metal hydroxidg§1], the pH of pre-
Pt > CUw* > Ct > Zn?t > Crt > Co?* > Ni%* [15], P+ > cipitation at the test concentrations was computed, as shown

CU+>Cr* [45], PB*>Cr*>Fe*>Cuw* [18], P> in Table 5 Precipitation occurred when the initial pH of the
Fe¥*>Cu*>Cr* [20]. For NaP1: B&'>Cuw*>Cd ~ solutions were adjusted to 5. As a result, only the removal
Zn?*>Cc?*>Ni?* [46] and CP*>Cuw*>Zr?*>Cd* > efficiency of metal ions by zeolite 4A (coal fly ash prepared)
Ni2* [23]. For zeolite 4A: C&">Co?*>Mn?* >zt > at pH 3 and 4 were reported. As showrFiig. 5, the removal
Cd?* > Ni%* [26]. The observed differences were considered efficiency of metal ions generally increased when the initial
to be due to the specifics of the adsorbents and to the differ-pH was increased. This was because zeolites were highly
ences in the experimental techniques used. Moreover, thereselective for HO* ions when the BO* ions concentration
is less data relating to the selectivity of pure and chamfered- was high. Thus, at lower pH values thg®f ions competed
edge zeolite 4A prepared from coal fly ash. From the results with metal ions for the exchange sites in zeo]§2]. More-
obtained, it was inferred that the selectivity sequence of over, surface functional groups of zeolite may dissociate at
zeolite 4A (coal fly ash prepared and commercial grade) higher pH values leaving more anionic surface sites that may
may be system specific which depended on the propertiesmake a significant contribution to the metal remoj&8].
of the adsorbent and the experimental set-up used. It is alsoBesides, it was reported that the isoelectric point of zeolite 4A
expected that the coal fly ash prepared zeolite could bewas around pH=84]. So, the zeolite surface is positively
considered for usage of purifying mixed heavy metal waste. charged when the pH of solution is lower than 8. The reduced
removal of metal ions as the pH decreases can be ascribed to
3.4. Effect of initial pH value on removal of heavy metal this increase in positive charge on zeolite surface. The results

ions

Table 5

The pH of the aqueous solution is an important control- pH value when precipitation occurred at the tested concentrations

ling parameter in the sorption procg4%] and metal removal

typically increases with increasing pH valu@s]. The pH Initial concentration (mgt?) Metal ions OpCI-CIL:/;/rr;n precipitation
may affect the ionization degree of the sorbate and the sur-

. . ca* 8.09
face property of the sorbef9]. Chemically, the solution pH it 507
influences metal speciation. For instance, heavy metal ions Ct 5.89
may form complexes with inorganic ligands such asOH Ni2* 7.92
The extent of the complex formation varies with pH, the ionic zn* 7.80
composition and the particular metal concerned. The exact100 cé* 7.94
speciation of a metal has a significant impact on the removal cré* 4.97
efficiency of the zeolites. The selectivity of metal ion by zeo- le: 5.74
lites is also influenced by the character of the metal complex ;‘:12+ ;Z;;
that predominates at a particular solution [i3]. Exposure '
of the zeolite surface to water causes the ionization of surface??° Cg: 7.79
hydroxyl groups (S+tOH and A-OH). The degree of ioniza- gu2+ g:g;
tion depends on pH, and the acid/base reaction occurring at Ni2* 7.62
the hydroxyl groups may results in surface charge develop- zZn?* 7.50
ment[50]. Zeolites are not only influenced by pH butinturn 34 cé 770
are capable of affecting solution pH especially in batch sys- crt 4.81
tem [43] and zeolites tend to have a higher internal pH. In cw* 5.50
addition, the zeolite surface may be influenced by the ambi- ;‘; ;ii

ent pH which is not equal to the external solution pH value
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Fig. 5. Effect of pH on removal efficiency of metal iori§ 5°C; stirring
speed, 600 rpm; time, 240 mi%, 100 ml;m, 0.1 g of zeolite 4A (coal fly
ash prepared).

also showed that the removal efficiency of<was higher
than CP* when the initial pH value was increased. This vari-

of the solutions was conducted. After the removal process
(240 min), elements (such as Al, Si, K, Na, Sb, As, Cd, Ca,
Mg, Cr, Co, Cu, Fe, Pb, Mn, Mo, Ni, Se, Ag, Tl, Znand Ti) in
the solutions were examined by ICP—AH@ble 6shows the
concentrations of exchangeable ions passed into the solutions
fromthe zeolitic framework. Itis seen that only*SiAl3* and
Na* ions passed into the solutions. The leaching of Si- and
Al-species may be due to the effect of the hydrogen ions on
the aluminosilicate framework of the zeolite, which initially
causes a rupture of the AD bonds and further detachment
of Al- and Si-species through hydrolysis reacti¢ds]. The
results showed that both the adsorption of total heavy metal
ions and the CEC of zeolite increased with increasing con-
centration of the ions in the solution. Similar observations
were obtained in the study of removal of KHon by zeolite
[56]. Table 6also shows, in the test conditions, the ratio of
exchanged Naions to total adsorbed metal ions is from 24 to
31%. Itis shown that the removal mechanism of heavy metal
ions was by the adsorption and ion exchange processes. How-
ever, compared to the total metal ions removed in the tests, the
amount of metal ions removed by the ion exchange process
could not be quantified in this study.

Sodium ion, being the sixth most abundant metallic ion

ation underlined that the sorption of metal ions on zeolite 4A in the earth’s crust, is a natural constituent of both water and
was dependent on pH value. Similar observations have beerfood. In water, sodium is found by several sources such as dis-

pointed out in the study of selectivity of Euand CP* ions
by natural clinoptilolite[20]. Regarding metals adsorption

solution of underground sodium salt deposits, sea water and
natural ion exchange in soils. In seawater, the average con-

on zeolite 4A, the impact of pH on the surface chemistry of centration of sodium ions is around 10,760 mg IBesides,

zeolite was not investigated in this study; however, investiga- water purification and bacterial control in water supplies are
tion of pH influence on the distribution constants of metals accomplished by adding sodium hypochlorite. In addition,
adsorption on zeolite 4A can be found in Majdan et al. work softening water in municipal water treatment plants requires

[26].

3.5. Exchangeable ions passed into the heavy metal ions
solution

the addition of sodium carbonate (lime-soda method). In typi-
cal tannery wastewatg39] and tannery effluent after the pre-
cipitation treatmen60], the average concentration of sodium
ions is around 12,500 and 22,029 md,| respectively. It is
postulated that the impact of the leached sodium ions from

In order to investigate if there was any exchangeable ionsion exchange process (69-218 md)l on the treatment of
leached from the zeolite 4A (coal fly ash prepared and com- wastewater may not be significant. According to the studies
mercial grade) after the removal process, a study of the dif- by the Water Quality Association (WQA), the disposal of
ferences between the initial and the final ions concentrationswaste brine do not harm the leach fie]8g]. However, when

Table 6

Variation of concentrations of exchangeable ions with initial heavy metal ion concentrations

Initial conc. Adsorbent Exchangeable ions (nd) Capacity (mg g?l) Ratio of exchanged Na CEC (meqg?l)
(mgl™t) I = " ions to total adsorbed
Si Al Na Total a_ldsorbed Ethanged metal ions (%)
metal ions Na' ions
50 Zeolite 4A 8.12 0.78 69.40 48.09 13.86 28.82 0.6
Valfor 100 10.72 0.68 75.20 47.98 14.98 31.22 0.65
100 Zeolite 4A 9.78 0.74 115.60 93.54 23.04 24.63 1
Valfor 100 11.23 0.70 124.08 91.07 24.54 26.95 1.07
200 Zeolite 4A 9.34 1.92 145.74 130.35 31.66 24.29 1.37
Valfor 100 10.52 1.82 154.16 130.04 33.46 25.73 1.45
300 Zeolite 4A  17.20 2.24 208.20 140.85 41.46 29.44 1.8
Valfor 100 22.20 2.62 218.08 140.14 43.55 31.08 1.89

T, 25°C; stirring speed, 600 rpm; time, 240 min; pH,3;100 ml;m, 0.59.
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Table 7
Equilibrium sorption capacity and removal efficiency of mixed metal ions by different adsorbents
Initial conc. (mg 1) Adsorbent Equilibrium sorption capadit{removal efficiency, %) Equilibrium pH
co** cr* cwt Ni2* Zr*
200 Coal fly 0.87 10.91 18.64 0.87 3.52 3.99
Ash (1.96) (26.73) (45.74) (1.92) (7.64)
TFA2 12.63 40.75 40.12 12.76 38.15 5.90
(28.27) (100) (98.55) (28.53) (82.92)
TFA4.5 11.17 40.80 40.16 11.73 36.80 6.02
(25.2) (100) (98.53) (25.96) (79.91)
Zeolite 4A 14.51 35.63 40.11 9.51 30.59 5.62
(Coal fly ash) (32.75) (87.33) (98.42) (21.06) (66.42)
Valfor 100 12.81 37.17 40.08 7.94 32.04 5.75
(28.92) (91.19) (98.44) (17.6) (69.62)
300 Coal fly 1.20 10.00 15.19 2.00 4.00 3.79
Ash (1.96) (17.61) (27.14) (3.18) (6.21)
TFA2 8.79 48.72 54.96 9.19 30.33 4.84
(14.38) (85.85) (98.22) (14.65) (47.14)
TFA4.5 6.39 50.66 54.20 6.39 27.51 4.71
(10.46) (89.37) (96.97) (10.46) (42.8)
Zeolite 4A 13.54 41.58 49.94 8.76 27.04 4.73
(Coal fly ash) (22.22) (73.52) (89.57) (14.01) (42.17)
Valfor 100 11.18 44.53 51.08 7.59 25.76 4.89
(18.3) (78.52) (91.36) (12.1) (40.06)

T, 25°C; stirring speed, 600 rpm; time, 240 min; pH,3;100 ml;m, 0.59.
a Unit of equilibrium sorption capacity: mgd.

the treated effluent is discharged onto open land, into freshby TFA2 and TFA4.5 were due to adsorption and precip-
water bodies such as ponds and streams, proper treatmentation formation. For adsorbents TFA2 and TFA4.5, it was
on the high concentration of sodium ions solution should be observed that the selectivity sequence of@nd C#* metal
undertaken. It is reported that a significant degradation in theions was dependent on initial concentration of the solution.
quality of the groundwater in the area is indicated by the high Based on the experimental results obtained, it was concluded
concentrations of Ng C&*, Cl-, and HCG~ ions in sam- that the coal fly ash prepared zeolite 4A and the treated fly
ples from dug wells and bore wells located in the vicinity of ash residues (TFA2 and TFA4.5) could both be applied for
the effluent-disposal sit¢58]. treatment of wastewaters.

Adsorption at solid—solution interfaces is an important
means for controlling the extent of pollution due to industrial
or landfill effluent449]. Due to its high cost and loss in regen-
eration, the use of activated carbon or zeolite as conventional
adsorbents may not be an economical way of treating wastew-
ater compared to the use of zeolite products and residues

It was observed that the removal efficiency of metal ions con\{erted from coal fly ash. Fl.thhermor.e, F:onverting coal fly
increased with increasing the mass of zeolite 4A (coal fly ash @D Into adsorbents could relieve or eliminate the problems
prepared and commercial grade) which could be attributed regarding the disposal of huge quantities of coal fly ash gen-
to the increase in the available surface area per unit Vol_erated by thermal power plants every year.
ume of solution for adsorption with zeolitdable 7 lists
the equilibrium sorption capacity and the removal efficiency
of metal ions by different adsorbents. The original coal fly 4. Conclusion
ash had the lowest removal efficiency and equilibrium sorp-
tion capacity of the metal ions at the tested concentrations. The present study showed that the coal fly ash based
Besides, it was interesting that the treated fly ash residuesadsorbents were effective in removing mixed heavy metal
(TFA2 and TFA4.5) had a relatively high removal efficiency ions from aqueous solutions compared to the commer-
and equilibrium sorption capacity of the metal ions (except cial zeolite 4A. It showed that the selectivity sequence
Co?* ions) than zeolite 4A (coal fly ash prepared and com- of metal ions by the adsorbents was dependent on the
mercial grade). The high removal efficiency of metal ions by system employed, and was mainly dependent on the
TFA2 and TFA4.5 may be caused by the existence of NaP1linitial concentrations of the metal ions and the initial
zeolite on the surface of the treated fly ash particles. It was pH of the solution. Generally, at the tested concentra-
believed that the main mechanisms of removal of metal ions tion of 300 mgt?, it was C#+>Cr** > Zn?* > Co?* > NiZ*

3.6. Comparative study of the removal efficiency of
metal ions by the coal fly ash, treated fly ash residues
(TFA2 and TFA4.5) and zeolite 4A (coal fly ash prepared
and commercial grade)
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(coal fly ash prepared and commercial zeolite 4A),
CU+>Cr* > Zn?* > C?* ~ Ni2* (treated fly ash residues:
TFA2 and TFA4.5) and Ci>Cr*>zZn?*>Ni2*>Co?**
(the coal fly ash). The sorption kinetics oflions could be
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mechanism of heavy metal ions was by adsorption and ion
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