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Abstract

The present study deals with the competitive adsorption of cadmium (Cd(ll)) and nickel (Ni(Il)) ions onto bagasse fly ash (BFA) from singl
component and binary systems. BFA is a waste material obtained from the flue gas of the bagasse-fired boilers of sugar mills. Equilibrium adsorp
is affected by the initial pH (pb) of the solution. The pbki~ 6.0 is found to be the optimum for the individual removal of Cd(ll) and Ni(ll) ions
by BFA. The pH of the system, however, increases during the initial sorption process for about 20 min and, thereafter, it remains constant. -
equilibrium adsorption data were obtained at different initial concentrat@rs {0-100 mg/l), 5 h contact time, 3Q temperature, BFA dosage of
10 mg/l at pH 6. The single ion equilibrium adsorption data were fitted to the non-competitive Langmuir, Freundlich and Redlich—Peterson (R-
isotherm models. The R—P and the Freundlich models represent the equilibrium data better than the Langmuir model in the studied initial m
concentration range (10-100 mg/l). The adsorption capacity of Ni(ll) is higher than that for Cd(ll) for the binary metal solutions and is in agreeme
with the single-component adsorption data. The equilibrium metal removal decreases with increasing concentrations of the other metal ion anc
combined action of Cd(ll) and Ni(ll) ions on BFA is generally found to be antagonistic. Equilibrium isotherms for the binary adsorption of Cd(ll)
and Ni(ll) ions onto BFA have been analyzed by using non-modified Langmuir, modified Langmuir, extended Langmuir, extended Freundlich a
Sheindorf-Rebuhn—Sheintuch (SRS) models. The competitive extended Freundlich model fits the binary adsorption equilibrium data satisfactc
and adequately. Desorption with various solvents showed that the hydrochloric acid is the best solvent; the maximum elution being about 65%
Cd(ll) and about 42% for Ni(ll). Since BFA is a waste material obtained at almost no cost, the spent BFA can be combusted to recover its ene
value and the bottom ash can be blended with cementitious mixture for making building blocks.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction (in enzymes, with their consequent damage) and of cadmium
(in bone tissues, which are fragilized)]. Cadmium is known
Heavy metals are widely distributed in the environment ando get accumulated in the kidneys causing its malfunction at
are biologically significant due to their toxicity. They are non- overdoses spilling proteins in the urine and disrupting protein
biodegradable and their concentration gets accentuated througtetabolism[2]. Consumption of rice containing high concen-
bioaccumulation via food chain in living tissues, causing var-trations of cadmium led to a surge in the Itai-Itai disease in Japan
ious diseases and disorders. Cadmium occurs in nature in the 1955[3]. Nickel is also a common environmental pollutant
form of cadmium sulfide (CdS), usually as a minor componentvhich is considered as toxic (e.g. in concentrations of 15 mg/l),
in zinc, lead and copper ores. During metal extraction and refinespecially to activated sludge bacteria, and its presence is detri-
ing in zinc, lead and copper smelters, cadmium gets reduced mental to the operation of anaerobic digesters used in wastewater
the environment in the form of metal slag and dissolved form intreatment plantgd]. Cadmium (Cd(Il)) and nickel (Ni(ll)) ions
wastewaters. Several noxious effects have been attributed to caate frequently encountered together in industrial wastewaters
mium in living systems, e.g. isomorphic substitution of zinc(ll) (e.g. from mine drainage, plating plants, paint and ink formu-
lation units, and porcelain enamelling). Nickel concentration in
wastewaters varies from a low value of 0.5 mg/l to a high value
* Corresponding author. Tel.: +91 1332 285319 (0), +91 1332 285106 (R 1000 Mg/l. However, the average concentration in the effluent
fax: +91 1332 276535/273560. from the plating plants ranges between 10 and 80 mg/l. Aver-
E-mail address: id_mall2000@yahoo.co.in (1.D. Mall). age cadmium ion concentration from plating plants is generally
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Nomenclature

competition coefficients of componeiity com-
ponent;

constant of Redlich—Peterson isotherm (I/mg)
bagasse fly ash

unadsorbed concentration of
component at equilibrium (mg/l)
unadsorbed concentration of each component
the binary mixture at equilibrium (mg/l)

initial concentration of adsorbate in solution
(mg/l)
initial concentration of each component in solu
tion (mg/l)

the single

mono-component (non-competitive) constant of

—

Freundlich isotherm of the single componer
((mg/g)/(I/mg})™)
individual Freundlich isotherm constant of each
component ((mg/g)/(/md})
individual extended Langmuir isotherm constant
of each component (I/mg)

constant of Langmuir isotherm (I/mg)
individual Langmuir isotherm constant of each
component (I/mg)

constant of Redlich—Peterson isotherm (I/g)
mass of adsorbent per liter of solution (g/l)
Marquardt’s percent standard deviation
mono-component (non-competitive) Freundlich
heterogeneity factor of the single component
individual Freundlich heterogeneity factor of eac
component

number of measurements

number of parameters

number of data points

number of sites having energy

initial pH of the solution

equilibrium single-component solid phase cor
centration (mg/g)

=

calculated value of solid phase concentration pf

adsorbate at equilibrium (mg/g)

experimental value of solid phase concentration

of adsorbate at equilibrium (mg/g)
equilibrium solid phase concentration of each
component in binary mixture (mg/g)
maximum adsorption capacity of adsorbent
(mg/g)

constant in extended Langmuir isotherm (mg/g
adsorption energy (J)

universal gas constant, 8.314 J/K mol

time (min)

absolute temperature (K)

z; multi-component (competitive) Freundlich
adsorption constants of each component

fraction of the adsorbate adsorbed on the adsor-

bent under equilibrium

in

Greek letters

Q; constant in SRS model for each component

B constant of Redlich—Petersonisotherm (®<1)

Bi constant in SRS model for each component

n; multi-component  (competitive)  Langmuir
adsorption constant of each component

0;(Q) coverage of each component at energy leyvel

around 15-20 mg/l. In lead mine acid drainage, the concentra-
tion can be as high as 1000 mg/I. Due to toxicity of metals, the
Ministry of Environment and Forests (MOEF), Government of
India, has set Minimal National Standards (MINAS) of 0.2 and
2.0 mg/l, respectively, for Cd(ll) and Ni(ll) for safe discharge
of the effluents containing these metal ions into surface waters
[5].

The methods used for the removal of metals from wastew-
aters include chemical precipitation, membrane filtration, ion
exchange and adsorption. Precipitation methods are particu-
larly reliable but require large settling tanks for the precipitation
of voluminous alkaline sludge and a subsequent treatment is
also neede(6]. lon exchange has the advantage of allowing
the recovery of metallic ions, but it is expensive and sophisti-
cated. Adsorption as a wastewater treatment process has aroused
considerable interest during recent years. Commercially acti-
vated carbon is regarded as the most effective adsorbent for
controlling the organic and inorganic load. However, due to its
high cost and about 10-15% loss during regeneration, uncon-
ventional adsorbents like bagasse fly ash (BFA), peat, lignite,
bagasse pith, wood, saw dust, etc. have attracted the attention
of several investigators. Utilization of various low-cost adsor-
bents for the removal of heavy metals and other pollutants has
been recently presented by Mall et §if] and Bailey et al.

[8].

The sugar industry is one of the most important agri-based

industries in India, South America and Caribbean countries.
BFA is a waste collected from the particulate collection equip-
ment attached upstream to the stacks of bagasse-fired boilers.
It is mainly used for land filling, and partly used as a filler
in building materials and paper and wood boards. BFA has
good adsorptive properties and has been used for the removal
of COD and colour from sugar mi[B] and paper mill efflu-
ents[10]. Various researchers have utilized it for the adsorp-
tive removal of phenolic compoundtl,12]and dyeg13-15]
BFA is available in plenty and has no cost. Most of the sugar
mills spend money on its collection, transportation and dis-
posal as a land-fill material. Therefore, its use in adsorption
will not entail any expenditure, excepting that on its trans-
portation, sieving and final disposal. Thus, the adsorption with
BFA may prove to be much cheaper than that with activated
carbon.

Much of the work on the adsorption of heavy metal ions
by various kinds of adsorbents has focused on the uptake of
single metals. Since industrial effluents can contain several met-
als, it is necessary to study the simultaneous sorption of two
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or more metals and also to quantify the interference of one Forg=1, Eq.(1) reduces to the Langmuir equation, i.e.
metal with the sorption of the other. Thus, the studies on equilib-

rium and kinetics of adsorption of heavy metals from binary an o= qmKy Ce r Ce — Ce 1
ternary systems is very important. The equilibrium adsorption 1+ KL Ce ge qm  Kigm

isotherm equations proposed for single-component adsorption

have been extended and modified to represent the binary aMI]etre thL iEaR) is the If_ar(;gmwtr_ adsorptE)Irg 7°“St"?‘”t_f(."m9)
multi-component adsorption equilibria. However, no informa-'c'arcq 10 tN€ energy of agsorption 2 (=Krlar) signifies

tion is available in literature for the simultaneous removal ofthe adso_rptlon capacity of the adsorbent, (mg/g).l .
Cd(I1) and Ni(ll) ions by BFA. For 8=0, Eq.(1) reduces to the Henry’s equation, i.e.

The aim of the present paper is to (i) study the feasibility of KRCo
using BFA as an adsorbent for the individual and simultaneouge = ar = KHCe (4)
removal of Cd(ll) and Ni(ll) metal ions from aqueous solutions,
(ii) study the effect of initial pH (pk) on the adsorption process whereKy is the Henry’s constant (I/g).
and the pH change during the process, (iii) determine the appli- The R—P isotherm incorporates three parameters and can be
cability of non-competitive adsorption isotherm models (i.e.,applied to the homogenous and heterogeneous systems alike.
Freundlich, Langmuir and Redlich—Peterson (R—P)) based oHg. (1) can be converted to a linear form by taking logarithms
the regression analysis for single component, (iv) gather expeof both the sides as
imental data on adsorption equilibrium for the binary system
containing Cd(ll) and Ni(ll) ions and (v) to examine the appli- |n <KR9 — 1) =Ilnar+ B InCe (5)
cability of the multi-component adsorption isotherm equations qe
to the competitive adsorption equilibria of the metals in a binary

3)

A minimization procedure can be adopted to solve .

system. by maximizing the correlation coefficient between the predicted
values ofge from Eq. (5) and the experimental data using the

2. Theory solver add-in function of the MS excel.

2.1. Mono-component isotherm equations 2.2. Multi-component isotherm equations

To optimize the design of an adsorption system for thez 2. 7. Non-modified competitive Langmuir model
adsorption of adsorbates, it is important to establish the most Writing the basic Langmuir model for componerin a N-
appropriate correlation for the equilibrium curves. Variouscomponent system wherein competitive adsorption takes place,
isotherm equations like those of Freundlich, Langmuir anctbne gets:
Redlich—Peterson (R—P) have been used to describe the equi-
librium characteristics of adsorption.  qmiKLiCe; ©6)
The Freundlich isotherrfl6] is derived by assuming a het- fej= 1+ Z]'VflKL,jCe,j
erogeneous surface with a non-uniform distribution of heat of =
adsorption over the surface. Whereas in the Langmuir theorwhere gm; and Ki_; can be estimated from the fitting of the
[17], the basic assumption is that the sorption takes place at spexperimental data by the corresponding individual Langmuir
cific homogeneous sites within the adsorbent. The R—P isotherisotherm equations.
[18] can be described as follows:

2.2.2. Modified competitive Langmuir isotherm [19]
=" (1) Individual adsorption constants may not describe the inter-
1+ aRCg actions between individual metal ions as also between an indi-
) ) ] vidual metal ion and the mixture. The interactive effect can be
wherekR is the R—P isotherm constant (l/gk is also a con-  jncorporated in the individual isotherm equations by correcting
stant having unit of (/mg)andg is an exponent having avalue e individual adsorbate concentration by an interaction term,
between 0 and I is the equilibrium liquid-phase concentra- .. a5 given in Eq(7). 5; is a characteristic of each species and
tion of the adsorbate (mg/l) and is the equilibrium adsorbate  gepends on the concentrations of the other components in the

KRCe
qde

loading onto the adsorbent (mg/g). solution.; can be estimated from the competitive adsorption
Athigh liquid-phase concentrations of the adsorbate(E.  gata. The modified competitive Langmuir isotherm equation is
reduces to the Freundlich equation, i.e. given as
ge= KeCY" or Inge=INKp+nInCe (2) o qm.iKL.i(Cei/n:) 7)
(SN

, _ , 1+ N KL j(Cei/n))
where Krp=KRrlar, if B=1, is the Freundlich constant
[(I/mg" Y] and (1h)=(1—p) is the heterogeneity wheregn; andK|_; are derived from the corresponding individ-
factor. ual Langmuir isotherm equations.
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2.2.3. Extended Langmuir isotherm by the multi-component Langmuir isotherm equation, i.e.
Assuming that the surface sites are uniform, and that all the

adsorbate molecules (ions) in the solution compete for the sanig(Q) = N (13)
surface sites, Yan{R0] extended the Langmuir equation for 14> 21KCe
multi-component systems as where
gmaxKiCe, 0
o= S ® K, =Ko, p(RT> (14)

Here, the values afmax andK; can be obtained from the opti-  Ntégration ofN;(Q)¢;(Q) over energy level in the range of
mized fitting of Eq.(8) with the experimental data for the —o° !0 +ooyields Eq.(11)and the competition coefficients are
equilibrium adsorption of components in the multi-componentdefined as; = Ko/Ko; and thusa;; = 1/a;;. The SRS equation
system. has bee_n succ_essfully applied to multl_-component equilibrium
adsorption of different types of contaminaf28—26}

The ge;, individual adsorption yield (Ad6) and the total

2.24. Extended Freundlich isotherm , adsorption yield (Ag%) can be calculated by using the fol-
The equilibrium adsorption from binary mixtures can also belowing expressions:

represented by the extended Freundlich equation as given below

: Coi— Cei)V
124 Gei = (Coi = CeiV (mg of adsorbatéy of adsorbent) (15)
w
Kg lcg11+x1
= i 9 100(Co,; — Ce,
o7 oo e, ® adioo= % (16)
’ ' 0.
KF,ZCn22+X2 o .
qe?2 = (10) AdTot% = 1OOZ(CO,1 Ce,i) (17)

Ceo + 20 > Coii

whereKFr 1, Kr 2, n1 andny can be estimated from the correspond-whereV is the volume of the adsorbate containing solution (I)
ing individual Freundlich isotherm equations and the other sixandw is the mass of the adsorbent (g).
parametersxg; y1; z1 andxp; y2; z2) are the multi-component
Freundlich adsorption constants of the first and the second corg:3. Determination of isotherm parameters
ponentg22].
The isotherm parameters of all the multi-component models

2.2.5. Sheindorf-Rebuhn—Sheintuch (SRS) equation can _be found by using the MS Excel 2002 ff)r Windows by min-

Sheindorf et al.[23] derived a Freundlich-type multi- iMizing Marquardt's percent standard deviation (MP$23)]. .
component adsorption isotherm equation known as th&PSD ha; beenusedto testthe adequacy and accuracy of the fit
Sheindorf-Rebuhn—Sheintuch equation, to represent the expé} various isotherm models with the experimental da@14]
imental data. The general SRS equation for a compariern 1S Similar to the geometric mean error distribution, but modi-

N-component system is given as: fied by incorporating the number of degrees of freedom. MPSD
is given as
N ni—1
;= KriCe iCe,j 11 1 < exp— Ge.ical | >
qe,i FiCei Zalj ej ( ) MPSD = 100 Z(‘Ie,z,exp Qe,z,cal> (18)
j=1 ftm — np ] qe,iexp

The constankr; and the exponem are determined from the
single-component equilibrium adsorption data. The competitio
coefficientsy;; account for the inhibition to the adsorption of the
component by the component, and can be determined from
the thermodynamic data, or more likely, from the experimental
adsorption data of the multi-component system. The SRS equ
tion assumes that in a multi-component adsorption system, (i
each componentindividually obeys the Freundlich isotherm; (ii)
for each component, there exists an exponential distribution %il
site adsorption energies, i.e.

wherenn, is the number of experimental data points agds
The number of parameters in the isotherm equation.

?. Experimental
1. BFA

BFA was obtained from a nearby sugar mill (Deoband Sugar
I, U.P, India) and used as an adsorbent without any pretreat-
ment. Detailed physico-chemical characteristics of the BFA have
Bi0 already been presented elsewhgi@,14]. Proximate analysis
RT ) (12)  was carried out by using the procedure as detailed in 1S:1350
(Part 1)[28]. Bulk density was determined by using MAC bulk

whereq; and g; are constants; (iii) the surface coveragdy  density meter whereas particle size analysis was carried out
each adsorbate molecule (or ion) at each energy {8¥&biven  using standard sieves. Moisture content, volatile matter, ash,

N1(Q) = a; exp <—
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fixed carbon and bulk density of BFA were 7.64%, 17.37%,3.2. Chemicals
26.43%, 48.56% and 133.3 kglmrespectively. The particle
sizes of BFA were <180 (31.71%), 180—-212 (39.92%), 212—-850 All the chemicals used in the study were of analytical reagent
(21.95%), 850-1000 (1.97%), 1000-1180 (2.09%), 1180-140AR) grade. Nickel chloride hexahydrate (NBH,O) was
(1.40%) and >1400 (0.96%)m. X-ray diffraction analysis of procured from M/S Qualigens Fine Chemicals, Mumbai. Cad-
BFA was carried out using Phillips (Holland) diffraction unit mium sulphate octahydrate (Cd$8H,0), NaOH and HCI
(Model PW 1140/90), using copper target with nickel as filterwere obtained from s.d. Fine Chemicals, Mumbai. Stock solu-
media, and K radiation maintained at 1.54Z5oniometer speed tions of Cd(ll) and Ni(ll) were made by dissolving exact amount
was maintained at°Imin. X-ray spectrum of BFA reflects the of CdSQ;-8H,0 and NiCh-6H,0 in distilled water, respec-
presence of alumina (AD3), silica (SiG), CaO, CaSi@ and tively. The range of concentration of both components prepared
CagSi501g. Diffraction peaks corresponding to crystalline car- from stock solution varied between 10 and 100 mg/l. These test
bon were not observed in BFA. solutions were prepared by diluting 1 g/l of stock solution of
The specific surface area was measured byalisorption  Cd(ll) and Ni(ll) with double-distilled water. The acids used in
isotherm using an ASAP 2010 Micromeritics instrument and bythe desorption studies were obtained from s.d. Fine Chemicals.
Brunauer—-Emmett-Teller (BET) method, using the software of
Micromeritics. Nitrogen was used as cold bath (77.15K). The3.3. Batch adsorption and desorption studies
Barrett—Joyner—Halenda (BJH) metH@®] was used to calcu-
late the mesopore distribution for the BFA. The BET surface area For each experimental run, 100 ml aqueous solution of the
is 168.8 ¥ g~ whereas BJH adsorption/desorption surface areknown concentration of Cd(Il), Ni(ll) or a binary mixture of
of pores is 54.2/49.9 Ay~ L. The single point total pore volume these components was taken in 250 ml conical flask containing
of pores (< 1042.3&) is 0.101cnf g1, whereas cumulative 1g of BFA. These flasks were agitated at a constant shaking
pore volume of pores (1fX< d< 3000,&) is0.053cnig1. The rate of 150 rpm in a temperature controlled orbital shaker (Remi
analysis of the BJH adsorption pore distribution shows that thénstruments, Mumbai) maintained at 30.
mesopores (Zé <d< 500,&) have atotal pore areaofabout99%  The initial pH of the adsorbate solution is affected by the addi-
and that the macropores about 1%. The average pore diametan of the BFA. The sorption process is affected by the initial
by BET method is found to be 23.97 whereas the BJH adsorp- pH (pHp) of the adsorbate solution—adsorbent mixture. During
tion/desorption average pore diameter is 3RZE.90A. The  the process of sorption, pH changes continuously. Therefore,
BFA, thus, is found to consist of mesopores predominantly. Thishe effect of pk on the sorption was studied by adjusting the
is what is desirable for the liquid-phase adsorptive removal opHg in the range of 2—10 using 1N (36.5 g/l) HCI or 1N (40 g/l)
metal ions. NaOH aqueous solution. In these experiments, the BFA loading
FTIR spectrometer (Thermo Nicolet, Model Magna 760) waswas kept at 10 g/l of the adsorbate solution containing 30 mg/l
employed to determine the presence of functional groups in BF&ach of Cd(ll) and Ni(ll) at 30C. Since it was found that the
at room temperature. Pellet (pressed-disk) technique was useduilibrium between the adsorbate concentration in the adsor-
for this purpose. The pellets were prepared by using the santgent and in the solution was attained in 5 h, the effect of pil
ratio of each adsorbent in KBr. The spectral range was fronthe extent of adsorption was estimated after 5 h of the mixing of
4000 to 400 cmt. According to FTIR spectra, a broad band the adsorbate solution and BFA.
between 3100 and 3700 cthin BFA indicated the presence Cd(Il) and Ni(ll) in the sample was determined by flame
of both free and hydrogen bonded OH groups on the adsorbeatomic absorption spectrophotometer (GBC Avanta, Australia)
surface[30]. This stretching is due to both the silanol groupswith the detection limit of 0.009 for Cd(ll) and 0.040 mg/l for
(Si—-OH) and adsorbed water (peak at 3400°¢pon the sur-  Ni(ll) at the wavelength of 228.8 and 232 nm, for Cd(ll) and
face [31]. The stretching of the OH groups bound to methylNi(ll), respectively, by using air-acetylene flame. Before the
radicals presented a very light signaP920cnt?! for BFA. analysis, the sample was diluted to the concentration in the range
The spectra indicated weak and broad peaks in the region aff 0.2-1.8 and 1.8-8 mg/l for Cd(ll) and Ni(ll), respectively,
1600-1800 cm! corresponding to CO group stretching from with double-distilled water. Metal ion concentrations were deter-
aldehydes and ketones. The FTIR spectra of BFA showed tranmined with reference to appropriate standard metalion solutions.
mittance in the 1050-1290 cth region due to the vibration
of the CO group in lactonei82]. The 1360-1380cmt band  3.4. Adsorption isotherm experiments
may be attributed to the aromatic CH and carboxyl-carbonate
structures[33]. The peak at 1100cmt is due to—C—O-H For single metal-BFA systems, initial metal ion con-
stretching and—OH deformation values, while the peak at centration was varied from 10 to 100 mg/l. In binary metal
1620cnt! may be due to NH deformation. Although some ion mixture—BFA systems, for each initial concentration of
inference can be drawn about the surface functional group&d(ll) solution, viz., 10, 20, 30, 50 and 100 mg/l, the nickel
from IR spectra, the weak and broad bands do not provideoncentration was varied in the range of 10-100 mg/l (viz., 10,
any authentic information about the nature of the surfac0, 30, 50 and 100 mg/l). In all cases, thegpdt the solution
oxides. The presence of polar groups on the surf8d¢is  was maintained at 6.0. This phvas found to be the optimum
likely to give considerable cation exchange capacity to theon the basis of batch tests carried out to determine the effect
adsorbents. of pHp on adsorption capacity of BFA for metal ions. For batch
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desorption experiments, a series of 250 ml Erlenmeyer flasks 85 -
containing 50 ml of aqueous solution of HCI 804, HNO3 ‘
and CHCOOH of known concentration or water was contacted
with metal loaded adorbent (0.5 g) at 8 °C. The mixtures

were agitated at 150 rpm for 5 h in the orbital shaker. Thereafter, = i
the supernatant was analyzed for metal ions released into the 70 |
solvent.

8.0 L

7.5 ——Cd(IT)

—&— Ni(Il)

4. Results and discussion

0 I(‘)() 2l'l() 3(‘Jl) 4(I)[} Sll)() 6(‘)() 700

4.1. Effect of initial pH (pHp) Time (min)

The pH of the adsorbate solution has significant effect o F:_?O' §:OY?2§§O%?222 gg?r‘gxe;&tgssfgngozigfd(II) and Nill by BFA.
the sorption of adsorbates on different adsorbents. This is partly
due to the fact that the hydrogen ion itself is a strong competingor Cd(ll) and 8.31 for Ni within a very short time of about
adsorbate, and partly due to the chemical speciation of met&l0 min. This increase in pH during the sorption process because
ions under the influence of the solution pH. It is known thatof the simultaneous and, perhaps, competitive adsorption of the
cadmium species are present in deionized water in the formetal cations and Hions onto BFA. Between pH 6 and 8.5, the
of CcP*, Cd(OH)", Cd(OH)®, Cd(OHYs), etc.[35]. The con-  majority of Cd is present as Cd(OH)The pH seems to remain
centration of the hydrolyzed cadmium species depends on thgonstant after 3 h of contact between the adsorbate solution and
cadmium concentration, and the solution pH. The distributiorthe adsorbent.
of various hydrolyzed C& species as a function of pH is pre-  The effect of pk on the removal of individual Cd(ll) and
sented inFig. 1 The percentage of G& hydrolytic products  Ni(ll) ions by BFA is shown inFig. 3. The removal of metal
was calculated from the following stability constaf86]: ions is found to increase with an increase in the fridm 3 to 6.
C* 4+ H.0 — Cd(OH o+ _ 79 The maximum uptake of metal ions was obtained at abogt pH

+H20 = Cd(OH)" +H",  pKi=7. 6 and the metal ions removal was nearly constant foy pBL
The oxides of alumina, calcium and silica present in the

Cd(OH)" +Hz0 = Cd(OHRp+H™, pKp= 106 BFA develop charges in contact with water. Except silica, all
B N other oxides possess positive charge for the pH range of interest
Cd(OH) +H20 = Cd(OHp™ +H™, pk3z= 143 because the zero point charge gpld) of SiO,, Fe03, AloO3

tand CaO are 2.2, 6.7, 8.5 and 11.0, respectively. A positive
in the solution for pH<6. It is obvious that in the alkaline charge develops on the surface of the oxides of BFA in an acidic

range precipitation plays main role in removing the Cd(ll) ionsmedium due to the aqua complex formation of the oxides present

attributed to the formation of precipitate of Cd(Qk#). Simi- as follows:

larly, species diagram constructed by Mavros showed Ht -

tha}[/ N:CEII) are thg only ions preseni/in the niiﬂ:killl solution at MO+ H-OH-—M-OH"" + OH (19)

pH < 6. The precipitation of Ni(Il) as Ni(OH)precipitate takes Cd(ll) and Ni(ll) ion adsorption at low pi (pHo < 6) is

place at pH>7.7. This is also confirmed in the present study angsser than that at higher gH=6). This is due to the fact that

those of other investigatof88,39] the surface charge developed at lowgpiki not suitable for the
During the adsorption run, the pH changes quickly and therygsorption of these metal ions. For @&i6, a significant elec-

remains constant. For a typical experimental run, the time coursgostatic repulsion exists between the positively charged surface
of pH is shown inFig. 2 It can be seen frorkig. 2that the pH

Itis evident that the C&f ions are the only ionic species presen

of the adsorbate solution increases frompj@Ho a final of 8.40 3
25 1

100 ¢
= [ =i & ]
© g0+ ‘ B
2 g r  —2.CdOH" £ 15
Z.2 [ —3.CdOH), =
£t 60 T 4.CdOH)s . —e— Cd(IT)
ZF : —=— Ni(ID)
FEYT 0.5
133 [
5] C
(=¥ 20 + 0 T T T T T

0 2 4 6 8 10 12
0+ e i : pHy
0 2 4 6 8 10 12 14
pH Fig. 3. Effectof pH on the removal of cadmium(ll) and nickel(ll) ions for single

adsorbate aqueous solution by BFA. 610, 7=30°C, r=5h, Co=30mg/l,
Fig. 1. Distribution of various C# species as a function of pH. BFA dosage =10 g/l.
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Fig. 4. Effect of contact time on the removal of Cd(Il) and Ni(ll) by BFA.qH Fig. 5. Comparison of non-linearized adsorption isotherms of cadmium(ll) ion
6.0,7=30°C, 1=5h, Co = 100 mg/l, BFA dosage = 10 g/. in the presence of increasing concentration of nickel(ll) iory 19,7=30°C,
t=5h,Cp [Cd(Il)]=10-100 mg/l, BFA dosage =10 g/I.

of the BFA and the cationic metal ions. Besides, a higher con- ) ] )
centration of H in the solution competes with Cd(Il) and Ni(ll) farther and deeper into the pores encountering much larger resis-
for the adsorption sites, resulting in the reduced uptake of metdf"Ce: This results in the slowing down of the adsorption during
ions. the later phase of adsorption.

As the ph of the system increases, the number of positively . . . .
charged sites decreases and the number of negatively chargéd. Single and binary adsorption of cadmium(II) and

sites increases on the surface of BFA as shown below: nickel(1l) ions
—MOH + OH™ — -MO™ +H20 (20) The equilibrium uptakes and the adsorption yields obtained
MO~ +Cd - -M—-0O-Cd 21) for single-component (Cd(ll) and Ni(ll)) solutions at pi8.0

are shown irFFigs. 5 and @&nd inTable 1 As seen from the fig-

A negatively charged surface site on the BFA favours theures and the table, the adsorption capacity of BFA for Ni(ll) is
adsorption of cationic metal ions due to electrostatic attractiongenerally greater than that for cadmium. An increase in the ini-
Similar theories have been proposed by Viraraghavan and Rdt@l metal concentration up to 100 mg/l results in an increase in
[40] and Mathialagan and Viraraghavp#l] for metal adsorp- the equilibrium uptake and a decrease in the adsorption yield

tion on coal fly ash. of both the components. When the initial ion concentration
increases from 10 to 100 mg/l, the loading capacity of BFA
4.2. Effect of contact time increases from 0.89 to 5.18 mg/g for Cd(Il) and from 0.95 to

5.78 mg/g for Ni(ll). The initial concentration provides the nec-
Aqueous metal ion solutions witfip = 100 mg/l were kept €ssary driving force to overcome the resistances to the mass
in contact with the BFA for 24 h. The residual concentrationstransfer of Cd(ll) and Ni(ll) ions between the aqueous phases
at 5h contact time were found to be higher by a maximum oftnd the solid phase. The increase in the initial concentration also
~1% than those obtained after 24 h contact time. Thereforeenhances the interaction between the metal ions in the aque-
after 5 h contact time, a steady-state approximation was assumets phase and the BFA. Therefore, an increase in the initial
and a quasi-equilibrium situation was accepted. Accordinghgoncentration of metal ions enhances the adsorption uptake of
all the batch experiments were conducted with a contact tim&d(ll) and Ni(ll) ions. The simultaneous adsorption of Cd(ll)
of 5h under vigorous shaking conditiorfSig. 4 presents the and Ni(ll) ions from binary mixtures was also investigated at
time-course of adsorptive removal of Cd(ll) and Ni(ll) and their PHo 6.0. In the first stage of adsorption studies, the initial Cd(l1)
uptake by BFA. The rate of cation removal is found to be very
rapid during the initial 20 min, and thereafter, the rate of metal

. . . . . —8—(, (Cd)=0 mg/l
ions removal decreases considerably. No significant change in ——C, (Cd=10 mg/
metal ion removal is observed after about 120 min. It is also ——C, (C=20 mg/]

—8—C (Cd)=30 mg/l

found that the adsorptive removal of the metal ions ceases after
300 min of contacting with the BFA. During the initial stage of
sorption, a large number of vacant surface sites are available for
adsorption. After a lapse of some time, the remaining vacant
surface sites are difficult to be occupied due to repulsive forces
between the adsorbate molecules on the solid surface and inthe ¢ ERRTTE ; 54 oy e g o
bulk phase. Besides, the metal ions are adsorbed into the meso- 0 10 20 30 40 50 60 70 80
pores that get almost saturated with metal ions during the initial C ¢ [Ni(ID] (mg/1)

stage of adsorptlop. Thus’ the derIng force_ for mass tranSfeIEig. 6. Comparison of non-linearized adsorption isotherms of nickel(ll) ion in
between the bulk liquid phase and the solid phase decreasgg presence ofincreasing concentration of cadmium(il) ion.§8, 7= 30°C,
with the passage of time. Further, the metal ions have to traverse 5 h, Co [Ni(ll)] = 10-100 mg/l, BFA dosage = 10 g/!.

—— (' (Cd)=50 mg/l
—=&— (', (Cd)=100 mg/l

qe [Ni(ID] (mg/g)
Wk th o -1 e

—_ 2
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Table 1

Comparison of individual and total adsorption equilibrium uptakes and yields found at different cadmium(Il) concentrations in the abseneaeadfreseasing
concentrations of nickel(ll) ions onto bagasse fly ash

Co.cd Coni Cecd CeNi Ge.cd GeNi Adcg% Ady; % Adrot%
0 0 0 0 0 0 0 0 0.00
10 0 1.10 0 0.89 0 89.00 0 89.00
20 0 3.98 0 1.60 0 80.10 0 80.10
30 0 7.46 0 2.25 0 75.13 0 75.13
50 0 17.10 0 3.29 0 65.80 0 65.80
100 0 48.24 0 5.18 0 51.76 0 51.76
0 10 0 0.48 0 0.95 0 95.20 95.20
10 10 2.82 1.87 0.72 0.81 71.80 81.30 76.55
20 10 6.20 2.60 1.38 0.74 69.00 74.00 70.67
30 10 10.82 3.52 1.92 0.65 63.93 64.80 64.15
50 10 21.80 4.36 2.82 0.56 56.40 56.40 56.40
100 10 53.80 6.80 4.62 0.32 46.20 32.00 4491
0 20 0 2.12 0 1.79 0 89.39 89.39
10 20 2.99 4.20 0.70 1.58 70.10 79.00 76.03
20 20 6.95 5.40 1.31 1.46 65.25 73.00 69.13
30 20 12.00 7.80 1.80 1.22 60.00 61.00 60.40
50 20 23.60 9.80 2.64 1.02 52.80 51.00 52.29
100 20 58.10 14.20 4.19 0.58 41.90 29.00 39.75
0 30 0 541 0 2.46 0 81.98 81.98
10 30 3.33 8.60 0.67 2.14 66.70 71.33 70.18
20 30 8.28 9.80 1.17 2.02 58.60 67.33 63.84
30 30 14.00 12.10 1.60 1.79 53.33 59.67 56.50
50 30 26.40 15.70 2.36 1.43 47.20 47.67 47.38
100 30 62.10 21.00 3.79 0.90 37.90 30.00 36.08
0 50 0 13.30 0 3.67 0 73.40 73.40
10 50 4.20 16.40 0.58 3.36 58.00 67.20 65.67
20 50 10.33 18.60 0.97 3.14 48.35 62.80 58.67
30 50 17.10 23.00 1.29 2.70 43.00 54.00 49.88
50 50 30.80 29.60 1.92 2.04 38.40 40.80 39.60
100 50 67.20 37.40 3.28 1.26 32.80 25.20 30.27
0 100 0 42.16 0 5.78 0 57.84 57.84
10 100 6.31 42.60 0.37 5.74 36.90 57.40 55.54
20 100 12.45 46.95 0.76 5.31 37.75 53.05 50.50
30 100 19.80 55.70 1.02 4.43 34.00 44.30 41.92
50 100 34.10 67.20 1.59 3.28 31.80 32.80 32.47
100 100 75.30 73.30 2.47 2.67 24.70 26.70 25.70

concentration was changed from 0 to 100 mg/l, at each initiahbsence of Ni(ll) ions and in the presence of 100 mg/I Ni(ll) ion
Ni(Il) ion concentration of 0, 10, 20, 30, 50 and 100 mg/l. Theconcentration, the adsorbed Cd(ll) ions at equilibrium are found
non-linear adsorption isotherms of Cd(ll) ions with Ni(ll) ion to be 5.18 and 2.47 mg/g, respectively.

concentration as the parameter are showrignb. It is seen that In general, a mixture of different adsorbates may exhibit three
the equilibrium Cd(Il) uptake increases with increasing initial possible types of behaviour: synergism (the effect of the mixture
Cd(ll) concentration up to 100 mg/l at all Ni(ll) ion concentra- is greater than that of each of the individual adsorbates in the
tions. The curvilinear relationship between the amount of Cd(ll)mixture), antagonism (the effect of the mixture is less than that
adsorbed per unitmass of BFA and the residual Cd(ll) concentrasf each of the individual adsorbates in the mixture) and non-
tion at equilibrium suggests that the saturation of BFA-bindinginteraction (the mixture has no effect on the adsorption of each
sites could occur only at higher concentrations. The equilibriunof the adsorbates in the mixture). The combined effect of the
uptake of Cd(Il) decreases with increasing Ni(ll) ion concentratwo components, viz., Cd(Il) and Ni(ll) seems to be antagonis-
tion. The individual and total adsorption equilibrium uptakes bytic. To analyze the antagonistic adsorption interaction of the two
BFA and the yields of Cd(Il) and Ni(ll) ions at different Cd(Il) metalions, the adsorption yields of the single and binary compo-
concentrations at different initial concentrations of Ni(ll) ions nent systems were also compared. For instance, Usibt 1

are also listed infable 1 In general, the increase in the ini- it was expected that the total adsorption yield must be equal to
tial Ni(ll) ion concentration decreases the individual adsorptiorb4.80% for the total metal concentration of 200 mg/l containing
yields of Cd(ll) and the total adsorption yields for each experi-equal (100 mg/l) concentration of Cd(ll) and Ni(ll) in the mix-
mental run. The results also show that the equilibrium uptake dfure [Adre% =54.80=100« [(51.76 mg/l Cd(Il)+57.84 mg/|
Cd(ll) ions decreases with increasing initial Ni(ll) ion concen- Ni(ll) ion)/200 mg/l initial total concentration]]. However, the
tration. At 100 mg/l initial Cd(ll) ion concentration and, in the total experimental adsorption yield was 25.70% for total metal



V.C. Srivastava et al. / Chemical Engineering Journal 117 (2006) 79-91 87

ions concentration of 200 mg/l consisting of 100mg/l eachTable 2

of Cd(I1) and Ni(ll) ions [Adrot% = 25.70 = 100« [(24.70 mg/| Isotherm parameters values for the removal of cadmium(ll) and nickel(ll) by

Cd(l) + 26.70 mg/I Ni(ll) ion)/200 mg/l initial total concentra- bagasse fly ash

tion]]. This shows that the binary solution exhibited inhibitory Langmuir constants

(antagonistic) adsorption for each metal, thereby resulting in &4sorpate KL (Umg) am (Mglg) R2

lower sorption yield.
The uptake of Ni(ll) ions in the absence and presence oﬁ

Cd(ll) ions in the range of 10—-100 mg/l concentrations was

also studied.Fig. 6 depicts the variation of Ni(ll) uptake Freundlich constants

at equilibrium with increasing initial Ni(ll) concentrations

(from 0 to 100 mg/l) at a constant initial Cd(ll) concentration

(10100 mg/l) at plg 6.0. Similar adsorption patterns have beencadmium 0.8544 0.4693 0.9995

observed both in the single component (Ni(ll) ion) and the™<® 1.2865 0.4016 0.9995

binary (Cd(II)-Ni(Il) ion) systems; Ni(ll) ion equilibriumuptake gegiich—Peterson constants

increases with increasing initial Ni(ll) ion concentration up to

admium 0.0899 6.1942 0.9857
ickel 0.1534 6.4887 0.9852

Adsorbate K ((mg/g)/(mg/ljny n R?

2
100 mg/l. Increase in Cd(ll) concentration decreases the equilitf4°?3t K= (/9) ar (1/mg) p R
rium uptake of Ni(ll) ion.Table l1also shows the effect of Cd(Il) Cadmium 10.4449 11.3658 0.5489 0.9997
ions on the equilibrium uptake of Ni(Il) ions, both singly and in a Nickel 306.786 237.387 0.5997 0.9998

mixture, individual Ni(1l), individual Cd(ll) and total adsorption

yields at pH 6.0. It is found that the presence of Cd(ll) retards ) _ )

the equilibrium uptake of Ni(ll) ions from the solution. In the favourable adsorption. The values for Ni(ll) and Cd(ll) ions
absence of Cd(ll) in the solution, the equilibrium Ni(ll) uptake @re found to be about 0.60 and 0.55, respectively. Therefore,
is found to be 5.78 mg/g at the initial Ni(ll) ion concentration of P0th Ni(l) and Cd(ll) ions are adsorbed favourably and that
100 mg/l. When the concentration of Cd(ll) is kept at 100 mg/|adsorpt|on of Ni(ll) is fayoured in comparison to that of_Cd(II)

in the solution at the same initial Ni(ll) ion concentration, the Py BFA. Thus, both the isotherm models, viz., Freundlich and
equilibrium Ni(ll) uptake decreases to 2.67 mg/g. R-P, indicate the same conclusion. The values of the Freundlich
and Langmuir constants for the adsorption of Cd(Il) and Ni(ll)
onto different adsorbents under different environmental condi-
tions have been reported in the literature. A comparison of these

To optimize the design of an adsorption system for the adsorr}lames with the values obtained in _the present work is sh_own
tion of adsorbates, it is important to establish the most apprdn Table 3 It may be seen that the isotherm parameters differ
priate isotherm model. Various isotherm equations like those ofidely in their values for different adsorbents. It is, therefore,
Freundlich, Langmuir and R—P have been used to describe tiiecessary to be cautious Wh|le.usmg these |sotherm. parameter
mono-component equilibrium characteristics of adsorption oi/alues in the design of adsorption systems. Comparisajof
Cd(ll) and Ni(ll) ions onto BFA. The experimental equilibrium Values shows that the BFA exhibits a reasonable capacity for
adsorption data were obtained by varying the concentrations ¢¢d(!) and Ni(ll) adsorption from aqueous solutions. The com-
Cd(ll) or Ni(ll) ions with a fixed dosage of BFA (10 g/l). parison of the.expenmental and predlcFed equilibrium uptakes

The adsorption parameters for each metal ion obtained frorfte) from the single-component Freundlich and R—P models for
the fitting of different isotherm models with the experimentalthe individual adsorption of Cd(1l) and Ni(ll) from the aqueous
data are listed iTable 2along with the linear regression coeffi- Solution of different concentration onto BFA at pB.0 are pre-
cients R2. BFA has a heterogeneous surface for the adsorption siénted infable 4along with their MPSD values. The R—P model
metal ions. Therefore, it is expected that the Freundlich and R—Bhows a better fit to the experimental adsorption data than the
isotherm equations can better represent the equilibrium sorptidrreundlich model.
data. ThekR? values are closer to unity for the R—P and the Fre-
undlich models than that for the Langmuir model. Therefore, thel.5. Multi-component adsorption models
equilibrium adsorption data of Cd(ll) and Ni(ll) ion adsorption
on BFA can be represented appropriately by the R—P and the The simultaneous adsorption data of Cd(ll) and Ni(ll) from
Freundlich models in the studied concentration range. the binary mixture onto BFA have been fitted to the multi-

The single-component Freundlich consta&fs,andn indi-  component isotherm models, viz., non-modified and modified
cate the adsorption capacity and adsorption intensity, respetangmuir models, extended Langmuir and Freundlich models,
tively. Higher the value of the exponent the higher will be and the SRS model. The parametric values of all the multi-
the affinity and the heterogeneity of the adsorbent sites. It isomponent adsorption models are giverTable 5 The MPSD
found fromTable 2that the BFA shows greater heterogeneity values between the experimental and calculatedalues for
for Cd(ll) than that for Ni(ll) ions. Sincea < 1; both the metal the entire data set of Cd(ll) and Ni(ll) are also giveWable 5
ions are favourably adsorbed by BFA atp610. TheKg values  The comparisons of the experimental and calculae@lues of
indicate the higher uptake of Ni(ll) than that of Cd(ll) ions by Cd(Il) and Ni(ll) ions in mixtures are also presented in the parity
BFA. The value of the R—P constaghibetween 0 and 1 indicates plots shown irFigs. 7 and 8Since, most of the data points are

4.4. Single-component adsorption isotherm
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Table 3

Freundlich and Langmuir constants for adsorption of cadmium(ll) and nickel(ll) on various adsorbents

Adsorbent Kr ((mg/g)/(mg/I}m) n gm (Mg/g) K. (I/mg) Reference

Cadmium
Red mud - - 106.452 0.009 [48]
Afsin-Elbistan fly ash - - 0.294 179.400 [49]
Seyitomer fly ash - - 0.216 11.084 [49]
Fontinalis antipyretica - - 29.000 0.130 [50]
Amberlite IR-120 resin - - 101.056 0.009 [51]
Baker’s yeast cells 3.08 1.450 31.750 0.092 [52]
Akaganeite-type nanocrystals 1.94 0.403 17.100 0.029 [53]
Pelvetia caniculata 13.00 0.357 75.000 0.075 [54]
Corncob 3.72 0.074 5.090 1.230 [55]
Corncob (oxidized 0.6 M C3 26.10 0.192 55.200 0.330 [55]
Corncob (oxidized 1 M NA) 13.50 0.081 19.300 0.570 [55]
Bagasse fly ash 0.85 0.469 6.194 0.089 Present work

Nickel
Pine bark - - 6.282 0.022 [56]
Yohimbe bark - - 8.806 1.049 [57]
Cork bark - - 41.097 0.545 [57]
Steel converter slag 8.1 0.357 - - [58]
Afsin-Elbistan fly ash - - 0.987 2.092 [59]
Seyitomer fly ash - - 1.160 1.839 [59]
Almond husk AC 4.20 0.467 30.769 0.025 [60]
Almond husk AC (SAY) 0.06 1.202 30.769 0.091 [60]
Baker's yeast - - 11.400 0.032 [61]
Grape stalks wastes - - 10.673 0.023 [62]
Blank alginate beads 6.11 0.301 25.600 0.099 [39]
Free dead algal cells 4.40 0.227 13.900 0.098 [39]
Immobilized dead algal cells 8.85 0.278 31.300 0.145 [39]
Waste apricot AC - - 101.010 1.020 [63]
Amberlite IR-120 resin - - 48.083 0.029 [51]
Maple sawdust 0.10 0.680 0.273 0.051 [64]
Bagasse fly ash 1.29 0.402 6.489 0.153 Present work

a CA: citric acid.

b NA: nitric acid.

¢ AC: activated carbon.
d SA: sulphuric acid.

distributed around the 48ine, this indicates that all the multi-
component isotherm models could represent the experimental

Table4 _ adsorption data for the binary systems with varying degree of
Comparison of the experimental and calculaged/alues evaluated from the fit

mono-component Langmuir, Freundlich and Redlich—Peterson models for the . . .
individual adsorption of cadmium(ll) and nickel(ll) onto bagasse fly ash The multi-component non-modified Langmuir model shows

a poor fit to the experimental data (MPSD =95.76). The values
of the modified Langmuir coefficieny) were much lower than
Langmuir ~ Freundlich  R-P  1.0indicating that the non-modified multi-component Langmuir

Co(mg/l)  Ce(Mg/l)  geexp(MB/Y)  ge,calc(My/g)

Cadmium model related to the individual isotherm parameters could not
10 11 0.89 0.56 0.89 0.89 be used to predict the binary-system adsorption. The use of
20 3.98 16 163 1.63 1.65 the interaction termy, improved the fit of the modified Lang-

30 7.46 2.25 249 2.19 221 muir model only marginally. The extended Langmuir and the
50 171 3.29 .75 3.24 325 SRS models fitted to the binary adsorption data of Cd(Il) and
100 48.2 5.18 5.03 5.27 523 >

MPSD 23.89 239 219 Ni(ll) onto BFA reasonably well. However, the extended Fre-

Nickel undlich model best-fitted the experimental data with the lowest
10 0.48 0.95 0.45 0.96 096 MPSD value of 13.65 in comparison to other models. This is
20 212 1.79 1.59 1.74 1.74 expected as BFA has heterogeneous surface and the adsorp-
30 5.41 2.46 2.94 2.53 254 tion of the single metal ions have also been well represented
igo }é-ig 2-% g-zg 2-% 35’-3‘; by the Freundlich isotherm. It is evident that the modification
MPSD 3507 240 239 of the Freundlich equation as given by E3) and(10) takes

into account the interactive effects of individual metal adsorbate




Table 5

Multi-component isotherm parameter values for the simultaneous removal of
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cadmium(ll) and nickel(ll) by bagasse fly ash

Non-modified Langmuir model

MPSD

Modified Langmuir model

95.763

Extended Langmuir model

Adsorbate n;

K;

gmax

Cadmium
Nickel
MPSD

Extended

0.672
0.990
80.60

Freundlich model

0.102
0.109
28.81

4.528

Adsorbate Xi

Vi

Zi

Cadmium
Nickel
MPSD

0.602
0.768
13.65

0.606
0.363

0.795
1.1462

SRS model

Adsorbate

a2 azi

Cadmium
Nickel
MPSD

2.917 -
- 3.015
26.83

)
ions between and among themselves and the adsorbent reason-é
ably well. Therefore, the binary adsorption of Cd(ll) and Ni(ll) 2
ions by BFA can be represented satisfactorily and adequately

by the modified Freundlich

dimensional graphical representation of the sorption isotherm

isotherm E8) and(10). A three-

plot for the binary metal adsorption system is giverfig. 9.

In this plot, the experimental data points are shown along with
the predicted isotherms using the extended Freundlich isotherm
Egs.(9) and(10). As can be seen, the predictions are found to

be satisfactory.

4.6. Desorption study and disposal of BFA

In the wastewater treatment systems using adsorption pro-
cess, the regeneration of the adsorbent and/or disposal of the
adsorbate loaded adsorbent (or spent adsorbent) are very impor-
tant. It has been reported that the sorption process of trace metals

7 rd
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Fig. 7. Comparison of the experimental and calculgtadilues of cadmium(ll)
ions in a binary mixture of cadmium(ll) and nickel(ll) ions.
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Fig. 8. Comparison of the experimental and calculatgedalues of nickel(ll)

ions in a binary mixture of cadmium(ll) and nickel(ll) ions.
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Fig. 9. Binary adsorption isotherms cadmium(ll)—nickel(ll). The surfaces are
predicted by the extended Freundlich model and the symbols are experimental

data. (a) Cadmium(ll) uptake and (b) nickel(ll) uptake.
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80T ions was marginally greater than that for Cd(ll), for both the
[ 6549 64.53 63.77 single and binary metal solutions under the same experimental

601 WCAIn DN conditions. The netinteractive effect of Cd(ll) and Ni(ll) ions on

1245 the adsorption of Cd(ll) ions by BFA was found to be antagonis-

204 34.63 37.23 tic. The simultaneous adsorption phenomena of Cd(Il) and Ni(ll)
' 26.51 ions on the BFA can be satisfactorily and adequately represented
I"‘_-T 15.69 by the extended Freundlich and the SRS models. Based on Mar-

Percent desorption

l._|4 quardt’s percent standard deviation error function, the extended
‘ Freundlich isotherm model showed the best fit to the binary
HCI HNO,  H,80, CH,COOH Water adsorption data. The regeneration of the spent BFA is not recom-
Desorbing agents mended because of it being a waste material and being available

Fig. 10. Desorption efficiencies of metal ions from BFA by various desorbingat almostno cost. The c.jesorp.tlon experlment.s with different 59"

agentsT=30°C, 1=5h, Co (desorbing agents) = 0.1M,= 10 g/l. vents showed only partial elut|_on ofthe metal ions. Hydrochloric
acid was the best eluent showing about 65% elution of Cd(ll) and

) i ) about 42% of Ni(ll). The metal loaded spent BFA can be used
is not completely reversible. Several explanations have been Pros, making fire-briquettes and used in the furnaces to recover
posed for such an observation, including diffusion of trace metalrrts energy value. The resultant bottom ash can be blended with
yvithin oxid_e particles ori.nto migropor@é;Z], precipitatipr{43], cementitious mixture and used as building blocks. The leacha-

incorporation of metals into oxidgé4] and readsorptiofs]. bility of metal ions from the blocks to aqueous solutions is, how-

For the desorption experiments, several solvents (acids, basgge, il under investigation. Finally, it may be concluded that

and water) have been used. Batch desorption experiments Wege-» ay he used for the individual and simultaneous removal
carried out and the desorption efficiencies are compared ig¢ cq11y’and Ni(ll) ions from metal-containing effluents.
Fig. 10 The use of deionized water resulted in only a limited
amount of metal ion desorption (<16%). Acetic acid showed the
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