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Abstract

Kaolinite, montmorillonite and their poly(oxo zirconium) and tetrabutylammonium derivatives have been used in this work for removing
Cd(ll) from aqueous solution. Batch adsorption studies were carried out under various Cd(ll) concentrations, amount of clay adsorbents, pH,
interaction time and temperature. The uptake of the metal was initially very fast, but gradually slowed down indicating diffusion into the
interior of the adsorbent particles. The adsorption processes were more akin towards second order reaction mechanism. The suitability of
the adsorbent was tested by fitting the adsorption data with Langmuir and Freundlich isotherms, which gave good fits with both isotherms.
Adsorption was poor in strongly acidic solution but was improved in alkaline medium and continuously increased with rise in pH. The values
of the thermodynamic parametersH, AS andAG, indicated the interactions to be thermodynamically favourable.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Adverse health effects due to cadmium such as lung insuffi-
ciency, bone lesions, cancer and hypertension in humans are
Metallic elements are essential and indispensable for well documented4,5]. Chronic cadmium toxicity has also
growth as well as maintenance of metabolic functions of liv- been the cause of Japanese Itai—Itai disggs€d is known
ing organism. However, rapid industrialization coupled with to be carcinogenic to humans and the Environmental Protec-
increase in human activities has led to accumulation of toxic tion Agency, USA has set a limit of only 5 ppb for drinking
heavy metals in the environment. Heavy metals, viz., Pb(ll), water[3].
Hg(l1), Ni(ll), Cd(l), Cr(VI), etc., have become one of the The adsorption technique, being very effective and eco-
principal environmental concerns today and also the chief nomic for removal, recovery and recycling of metals from
threats to human healff]. wastewater, is one of the preferred methods for removal of
Cadmiumis released into natural water from metal plating, toxic contaminants from wat¢r]. Conventional adsorbents
mining, pigments and alloy industries as well as from sewage such as granular or powdered activated carbon are not always
[2]. Cadmium compounds are often found in or attached to popular as they are not economically viable and technically
small particles present in air, but it is difficult to tell by smell  efficient. Non-conventional materials have been tested in a
or taste, as it does not have any recognizable taste or odorlarge scale for this purpose, such as synthetic and natural fly
Breathing air with very high levels of cadmium can severely ash[8], lignite[9], tree ferf10], peanut shell11], peaf12],
damage the lungs and may cause death. Chronic exposure tetc.
air with low levels of cadmium results in a build-up of the The clay minerals in soil play an important role in the
metal in the kidneys, which may induce kidney damggje environment by acting as a natural scavenger of pollu-
tants from water through both ion exchange and adsorption
* Corresponding author. Tel.: +91 361 2571529; fax: +91 361 2700311. Mechanisms. The high specific surface area, chemical and
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capacity, etc., have made the clays excellent adsorbent mate- For preparing poly(oxo zirconium) clays, a suspension
rials. The cation exchange capacity (CEC) is different for was made by mixing 4 g of the clay with 100 ml of dou-
different clay minerals. Montmorillonite has a very high ble distilled water followed by slow addition of 100 ml of
CEC of 80-150 meq/100 g, illite 10-40 meq/100 g, kaolin- 0.1 mol/dn? solution of ZrOC) under constant stirring. Stir-
ite 3—-15meq/100 ¢13]. Both Bronsted and Lewis type of ring was continued for 24 h after which the suspension was
acidity in clays has been shown by Tan§b4] using various filtered and the clay residue was washed with water till it was
measuring techniques including IR and NMR spectroscopic free of CI~ ion. The clay was dried in an air oven at 373K
methods. The Bronsted acidity arises frofhibhs onthe sur-  for 30 min.
face, formed by dissociation of water molecules of hydrated  For preparing TBA-clays, the clays were made*Na
exchangeable metal cations on the surface: saturated by stirring 10 g of the sample with 11 of 1 M NaCl
n 1 solutionfor 12 hand then allowing itto settle. The supernatant
[M(H20),]"" — [M(OH)(H20),-1] =" + H* liquid was discarded and the process was repeated with fresh
The Bronsted acidity may also arise if there is a net neg- 1 M NacCl solutions. This was repeated twice. The clay was
ative charge on the surface due to the substitution tfI8j separated by centrifugation, washed with water several times
Al3* in some of the tetrahedral positions and if the resultant to make Ct free. The Na-saturated clay was then mixed
charge is balanced by3@™" cations. The Lewis acidity arises  with water to obtain 700 ml of suspension, which was stirred
from exposed trivalent cations, mostly #lat the edges,  for 16 h with a 300 ml aqueous solution containing TBA-Br
or AI®* arising from rupture of SiO—Al bonds, or through five times the CEC of the clay. The mixture was centrifuged
dehydroxylation of some Bronsted acid sites. and washed with water several times till it was free of Br
Considering all these characteristics, various adsorption The resulting organo-clay was dried in an air oven at 373K
studies have been reported where clays along with theirfor 30 min.
modified forms are employed. For example, China clay can  All the clays were calcined before using them as adsor-
confiscate cadmium from hazardous wg4te] and natural bents (kaolinite, montmorillonite and the ZrO-derivatives at
bentonite is used for elimination of zinc from aqueous solu- 773 K and the TBA-derivatives at 973 K for 10 h, the higher
tions[16]. Kara et al[17] reported the use of sepiolite forthe temperature in case of the TBA-derivatives was necessary to
removal of cobalt. Use of kaolinite for the removal of copper, get rid of the organic template).
nickel, cobalt and manganese is also stuli&jl A few stud-
ies have also beenreported for sorption of heavy metal cations?. 3. XRD measurement
on modified clay$19-22] The present study was undertaken
to investigate the feasibility of using kaolinite, montmoril- XRD measurements on all the six clay adsorbents were
lonite, poly(oxo zirconium) kaolinite and montmorillonite,  done with Philips Analytical X-ray spectrometer (PW 1710)

and tetrabutylammonium kaolinite and montmorillonite for using Cu kx. Only calcined clay samples were used for XRD
removal of Cd(ll) from agueous solution through adsorption. measurements.

2.4. Surface area
2. Materials and methods
The surface areas for the clay adsorbents were estimated
2.1. Reagents according to Sears’ methd@5,26] A sample containing
0.59g of clay was acidified with 0.1N HCI to a pH 3-3.5.
Reagent grade chemicals, ZrQ@Hz0 (Loba Chemie,  The yolume was made up to 50 ml with distilled water after
Mumbai) and tetrabutylammonium bromide 4(@5)sN*Br~ addition of 10.0 g of NaCl. The titration was carried out with
(CDH, Mumbai) were used. A stock solution of Cd(ll), standard 0.1 M NaOH in a thermostatic bath at 2985 K
prepared by dissolving Cd(N{J»-4H,0 (Qualigens, Mum-  t5 pH 4.0, and then to pH 9.0. The volurié, required to
bai) in double distilled water was taken as the adsorptive rajse the pH from 4.0 to 9.0 was noted and the surface area
solution. was computed from the following equation:

2.2. Preparation of the adsorbents S(m?/g) = 32V — 25 (1)

Kaolinite, KGa-1b (C1) and Montmorillonite, SWy-2(C2)  2.4.1. Cation exchange capacity
were obtained from the University of Missouri-Columbia, sThe CEC of the clays was estimated by using the copper
Source clay Minerals Repository, USA. Poly(hydroxo zir- bisethylenediamine complex metho@7]. 1M CuCh
conium) modified kaolinite (C3) and montmorillonite (C4) solution was prepared by dissolving 26.89 g Gu@l2 mol)
were prepared by standard procedure (Burch and Warbur-in 200 ml of double distilled water. 1M ethylenediamine
ton, 1986)[23]. The organo-clays, TBA-kaolinite (C5) and solution was prepared by dissolving 33.39 ml of ethylenedi-
TBA-montmorillonite (C6), were prepared by using tetra- amine in 500 ml double distilled water. Fifty microliters of
butylammonium bromide (TBA-Br)24]. the CuC} solution was mixed with 102 ml of the ethylenedi-
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amine solution to allow for the formation of the [Cu(e}f) adsorption coefficients are evaluated from the linear Fre-

complex. The slight excess of the amine ensures completeundlich and Langmuir plots obtained by plotting: (i) lag

formation of the complex. The solution is diluted with water Versus log’e and (ii) Ce/ge versusCe, respectively.

to one liter to give a 0.05 M solution of the complex. 0.5gofa A further analysis of the Langmuir equation can be made

dry clay sample was mixed with 5 ml of the complex solution 0n the basis of a dimensionless equilibrium parameter,

in a 100 ml flask, diluted with distilled water to 25ml and (known as the separation factor), which is considered as a

the mixture was shaken for 30 min in a thermostatic water more reliable indicator of adsorpti¢80,31} This parameter

bath and centrifuged. The concentration of the complex is given by:

remaining in the supernatant is determined by iodometric 1

method. For this, 5 ml of the supernatantwas mixedwith5ml R = ——— (5)

of 0.1 M HCl to destroy the [Cu(ep)?* complex and Kl salt 1+ bCrer)

was added at 0.5 g/ml of solution. The mixture was titrated whereb is Langmuir equ”ibrium coefficient an€es is any

with 0.02M Na$Ojz solution with starch as indicator. The  adsorptive concentration at which the adsorption is carried

CEC was calculated from the fO”OWing formula: out. For favorable adsorption, % <1, whileRr_ >1 rep-
resents unfavorable adsorption, aRd=1 indicates linear

CEC(meq/100g3= MSV(x — y)/1000n @ adsorption. IfR_ =0, the adsorption process is irreversible

where M=molar mass of the complex§=strength of  [2,32,33]

the thio solution,V=volume (ml) of the complex taken The thermodynamic parametetSH, AS, AG, for the

for iodometric titration,m =mass of adsorbent taken (g), @dsorption process are calculated using the following equa-

x=volume (ml) of thio required for blank titration (without ~ tions[34]:

the adsorbent)y =volume (ml) of thio required for the

- ; . AS AH

titration (with the adsorbent). OnKyg=—— — (6)
R RT

2.5. Adsorption procedure ()AG = AH — TAS (7

Pre-weighted sample of the adsorbent and a measured VolyvhereKd is known as the distribution coefficient for the

ume of Cd(Il) solution were taken in 100 ml conical flasks ggf:rrrﬁmlg d??our‘?lltrt]zeéﬁje. eT:r? d\:ﬁgiste??eli Zl?t(:]éﬁn::r lot
and the mixture was agitated in a thermostated water bath forOf In K4 versus 17" Puttir? these values ianQ7) AG can P

a constant time. The mixture was then centrifuged (Remi R d ' 9 e

24) and Cd(Il) remaining unadsorbed in the supernatant lig- be calculated.

. ; : : , The kinetics of the adsorption process could be studied
uid was determined with Atomic Absorption Spectroscopy by carrying out a separate set of adsorption experiments at
(Varian SpectrAA 220, Lamp current 4 mA, air-acetylene y ying P P P

oxidizing flame, 228.8nm wavelength, slit width 0.5nm constant temperature in which the progress of the process is
optimum workiﬁg rar.1ge 0 02—3|.£g/ml)’ CaIcuIation_;: of ' followed with time. Assuming pseudo first order kinetics, the
various adsorption parameters were done as per standar (gate of the adsorptive interactions can be evaluated by using

procedure. The experiments were carried out by varying the he simple Lagergren equatig8b]:
amount of t_he adsorbent, initial cont_:en_trati_on of Cd(ll), pH In(ge — qt) = In ge — kut (8)
of the solution, temperature, and agitation time.
wherege andg; are the values of amount adsorbed per unit
2.6. Theoretical basis mass at equilibrium and at any timeandk; is the pseudo
first order adsorption rate constant. The valuekpfcan
Adsorption alters the distribution of a solute in the con- be obtained from the slope of the linear plot ofda¢ gt)

stituent phases and the interfaces between tf#8h An versus.

adsorption process is usually described by the following two ~ When adsorption does not follow pseudo-first order kinet-

widely used isothermg9]: ics given by Eq.(8), two important differences are usu-
ally observed: (i)k1 (ge — gt) then does not represent the

(a)Freundlich isothermge = KtCeg 3) number of available adsorption sites and (ii)znis not

equal to the intercept of the plot of y— ¢t) againstz

(b)Langmuir isotherm % = (bl ) + (1) Ce 4) [36]. In these cases, pseudo second order kinetics given
qe dm

wherege is the amount of Cd(Il) adsorbed per unit mass of dar
the adsorbentge =x/m, x is the amount of Cd(ll) adsorbed o k2(ge — q1)? 9)

on m (g) of the adsorbent at a particular temperatucg),
the equilibrium concentration of Cd(IIX; and n Freundlich wherek; is the second order rate constant, will have to be
coefficients, and and gy, are Langmuir coefficients. The applied. For the boundary conditions; 0 tor=r andg;=0
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to gt = gy, the integrated form of the equation may be written
as:

t
" [(1/k2q3) + t/qel
t/qt=1/h + (1/qe).t

whereh = k242 can be regarded as the initial sorption rate as
t— 0. If the pseudo second order kinetics is applicable, the
plot of r/g; versus gives a linear relationship, which allows
computation ofye, k2 andh.

Adsorption is a multi-step process involving transport o

qt or, in the linear form

(10)

f
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tives, the expansion was from 9.54 to 9ZB:{20:9.26”)
when the intensity decreased from 16.68 to 7.06%. This was
found to be true for higher order XRD peaks also. Widen-
ing of the tip width of the XRD peaks was also observed.
The tip width of the 8.75peak (@) increased from 0.240 to
0.960 for poly(oxo zirconium) montmorillonite and the 9226
peak (&) from 0.200 to 0.560 for TBA-montmorillonite.
Loss of crystallinity and a reduction in the number of XRD
peaks, particularly the low-angle peaks were clearly observed
for montmorillonite derivatives. The number of peaks ¢ 2
range of 1-30 decreased from 13 (pure, calcined montmo-

the solute molecules from the aqueous phase to the surfacdillonite) to 5 for Zro-montmorillonite, and to 9 for TBA-

of the solid particulates followed by diffusion of the solute
molecules into the interior of the pores—which is most likely
to be the slow process. The pore diffusion rate constant (
is given by the equatiofB87]:

gt = ki.1°° (11)

If the plots of g; versus:-® yield straight lines passing
through the origin, intra-particle diffusion is likely to control
the kinetics of the adsorption process. The slope gives the
rate constant;.

3. Results and discussion
3.1. Adsorbent characterization
3.1.1. XRD study

Intercalation followed by calcination is known to reduce
crystallinity [38] and the structure of the resultant clay

becomes amorphousto XRD. The process of calcination, nec-

montmorillonite.

In case of kaolinite derivatives, widening of the basal spac-
ings was not very prominent but the XRD peaks became
less intense compared to those of the pure, calcined kaoli-
nite (e.g., 12.35(20) peak had intensity of only 73.4% for
ZrO-kaolinite compared to the intensity of 99.6% for the
pure, calcined kaolinite). Similar observation was made with
respect to all other XRD peaks, but the intensity decrease
was much less in case of TBA-kaolinite. The tip width of the
XRD peaks increased after calcinations—thus the tip width
of the 12.35 (20) peak changed from 0.100 to 0.160 when
pure, calcined kaolinite was converted to ZrO-kaolinite. Sim-
ilarly, the tip width of the 21.28 (20) peak changed from
0.160 to 0.240 when pure, calcined kaolinite was converted
to TBA-kaolinite. As expected, calcination decreased crys-
tallinity and reduced the number of XRD peaks, particularly
the low-angle peaks. Thus, the number of peak®irahge
of 1-30° decreased from 7 (pure, calcined kaolinite) to 5 for
ZrO-kaolinite, and to just 1 for TBA-kaolinite.

The XRD measurements indicated that ZrO- and TBA-
have entered into the layers of both kaolinite and montmoril-

essary to stabilize the intercalated solids, leads to decrease ifonite. For estimating the extent of intercalation and pillaring,

basal spacings sometimes accompanied by structural collaps
[39,40] XRD of modified clays shows poor crystallinity,
broad and less intense peaks compared to the parent cla
mineral[41]. This suggests the presence of layers intercalated
with different polycations, or an irregular stacking of inter-

& any, further work will be necessary.

% 1.2. Surface area

The measured surface areas of the six adsorbents are given
in Table 1 The specific surface area of kaolinite (C1) was only

calated and non-intercalated layers. It is to be noted that the3 8 n?/g, but itincreased to 13.4%y for the ZrO-derivative
intercalated solids are usually better ordered than the parenkés) anéi 14.0 /g for the TBA-derivative (C5). Similarly

clays, but calcination reduces the ordering. This is manifested
in the elimination of low-angle peaks pointing to the disap-
pearance of long-range orderingdmlirection[38].

Kaolinite and montmorillonite reacted with poly(hydroxo
zirconium) and tetrabutylammonium salts yielding similar
results. Intercalation followed by calcination showed a con-
siderable loss of crystallinity in comparison to the parent clay
minerals with a concomitant loss in the number and intensity
of the XRD peaks accompanied by a general widening of the

same. The low-angle peaks were conspicuously absent in the

XRD measurements of the modified clays. In general, inter-
calation of montmorillonite with poly(hydroxo zirconium)
salt followed by calcination expanded the basal spacing from
10.09 to 10.5G\ (20=8.75) accompanied by a decrease
in intensity from 12.05 to 7.33%. In case of TBA deriva-

the montmorillonite sample (C2) had a specific surface area
of 19.8 nf/g, which is almost five times that of kaolinite.
On introduction of ZrO- and TBA- into montmorillonite,
the specific surface area increased to 3%8n{C4) and
42.2 /g (C6), respectively. The surface area of montmoril-
lonite and Na-montmorillonite was measured, respectively, as
19.0 n¥/g[42] and 27.3 /g [43]. The surface area of kaoli-
nite was reported as 5—25fg [44]. Similar results have been

Table 1

Surface area and cation exchange capacity (CEC) of the clay adsorbents
Parameter C1l c2 C3 C4 C5 C6
Surface area (Atg) 3.8 198 134 358 142 422
CEC (meq/100g) 113 153.0 102 732 39 476
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reported by other authof85] suggesting that intercalation [6,48,49] A positive charge develops at the clay surface in
creates a porous framework increasing the surface[dba an acidic medium as follows:

H* n _
3.1.3. Cation exchange capacity (CEC) —MO +H - OH —M — OHz™ + OH

Montmorillonite has a very large CEQgble J) compared  and this surface charge is responsible for preventing the pos-
to that of kaolinite, the values obtained being 11.3 meq/100 g jtive Cd(Il) ions from approaching the surface. In an alkaline

(kaolinite) and 153.0 meq/100 g (montmorillonite) in agree- medium, the clay surface becomes negatively charged favour-
ment with the reported valugd3]. Intercalation and cal-  jng Cd(Il) uptake:

cination had a drastic effect on the CEC of the deriva- - _
tive clays resulting in a large decrease, particularly for the —MOH +OH™ = -MO™ + H20

montmorillonite derivatives. The ZrO- and TBA-kaolinite _p0o + cd®*2 -M-O cd*
had CEC of 10.2 and 3.9 meq/100g while ZrO- and TBA- ) . ) )
montmorillonite had CEC of 73.2 and 47.6 meg/100g. Evi- _ Itis to be noted that increased adsorption of metal ions at

dently, the large cations (ZR) and TBA') mask some of higher pH might be due to precip.itation of Cd(ll) as insoluble
the exchangeable cations in the interlayer space leading to©d(OH) and not due to adsorptid8].

decrease in CEC. Similar results have been reported recently

[45]. The large decrease in CEC in case of montmorillonite 3-3- Effect of agitation time and kinetics of adsorption
derivatives compared to the kaolinite derivatives is a clear

indication that intercalation was more successful in case of ~Adsorption of Cd(ll) showed an increasing trend up

montmorillonite. to a reaction time of 240 min beyond which adsorption
appeared to have approached equilibrium. Maximum adsorp-
3.2. Effect of pH tion occurred within the first 40 min. Tran et 4¥] have

reported 60—70% Cd(Il) uptake on silica gel within 50 min
Adsorption of Cd(ll) was studied over the pH range of 2-9 although equilibration required 135 min more. Similar obser-
with clay amount of 2 g/l and Cd(Il) concentration of 50 mg/l vations have been reported by other autjs€s51]
at 303K fig. 1). The solution pH had a dramatic effect on For an adsorbent amount of 2 g/l and initial Cd(ll) con-
the adsorption of Cd(ll) onto clays. The extent of adsorption centration of 50 mg/l, adsorption was 15.9 (C1), 86.4 (C2),
(%) increased as the pH of the solution increased. At lower 12.9 (C3), 55.1 (C4), 14.8 (C5) and 70.5 (C6)% after a
pH, Cd(ll) ions have to compete with the large number 6fH  reaction time of 300 min. The adsorption was in the order
ions for the surface sites and as a result, the adsorption wagf C2>C6>C4>C1>C5>C3. The clay minerals C1, C3
not much. Similar behavior has been reported in literature and C5 have poor adsorption capacity for Cd(ll). Similar
[46,47] trends are shown by the amount adsorbed per unit ngaks (
Effects of pH may be interpreted on the basis of the for- (Fig. 2).
mation of aqua complex by the oxides present in clay surface

24 4
204
m‘r_’_’*/’k/"_,—’—"/‘/k_’_"
e o
& B
< 1 E
CI i
8 4
44
04 - ‘ . . T ‘ . 0 ; ‘ . ‘ - .
2 3 4 5 6 7 8 9 0 50 100 150 200 250 300
pH Time (min)
—{—Cl B-C2 <—C3 -C4 AC5 4&C6 —+Cl -C2 <0—C3 ——C4 A-C5 —4&Co
Fig. 1. Effect of pH on amount adsorbed per unit mass of qjgydt 303 K Fig. 2. Variation of amount of Cd(ll) adsorbed per unit mass of clgy (

(clay 2 g/l, initial Cd(Il) 50 mg/l, time 240 min). with time at 303K (clay 2 g/l, initial Cd(l1) 50 mg/l, pH 5.5).
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Table 2
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First order rate constant (mif), second order rate constant (g Mgnin—1) and pore diffusion rate constant (mg'gnin—C-5) for adsorption of Cd(Il) at 303 K

(clay 2 g/l, initial Cd(ll) 50 mg/l, pH 5.5)

Adsorbents Pseudo first order Pseudo second order Pore diffusion
ky x 10% (min~1) R k2 x 1% (gmg L min~1) R ki x 10t (mg gt min—9-9) R

C1 1.86 0.99 4.0 0.99 2.49 0.92
Cc2 1.91 0.73 3.0 0.99 2.12 0.89
C3 2.02 0.99 3.6 0.99 2.20 0.93
C4 1.88 0.99 6.1 0.99 2.24 0.91
C5 1.75 0.99 3.7 0.99 2.44 0.92
C6 1.79 0.99 3.5 0.99 2.13 0.88

Pseudo-first order (or Lagergren) and pseudo-second
order kinetics yielded good linear plots (Lagergren plots,
R=0.74 to 0.99Fig. 3 and second order plot®=0.99
Fig. 4). Values of the rate constants obtained from the plots
are given inTable 2 Second order interaction appeared to
be the favoured process from the better linearity of the plots.
A comparison of theoretical and experimenjaland logge
values (equilibration time taken as 240 min), giveiiiable 3
also support second order kinetics.

The results suggest that Cd(Il) adsorption on claysis much
more akin to the second order kinetics. Similar second order
kinetics for Cd(ll) adsorption has been reported by other
authorg6,52]. But Benguella and Benaisfz8] reported first
order kinetics for Cd(Il) adsorption on chitin.

Whether the process of adsorption is controlled by pore
diffusion, is tested by plotting; versus°-> (Fig. 5 as in
Eq.(11). The plots were linear with regression coefficient of

0.5 4

log (qe-qt) (mg/g)

-0.5 A

50 100 150 200 250

time(min.)

aoci mC2 <&C3 *C4  ACS ACo

Fig. 3. Lagergren plots for adsorption of Cd(Il) at 303K (clay 2 g/l, initial
Cd(Il) 50 mg/l, pH 5.5).

60

45

t/qt (g min/mg)

30

151

200 250

time(min)

150

HC2 <©C3 eC4 AC5 AC6

Fig. 4. Second order plot for the adsorption of Cd(ll) at 303K (clay 2 g/l,
initial Cd(l1) 50 mg/l, pH 5.5).

0.99. The pore diffusion rate constaht, has values from
2.12x 107110 2.49x 1001 mg g L min—0-°(Table 2. These
values indicate substantial diffusion of Cd(ll) ions into the
pores of the clay adsorbents. However, the plots do not pass
through the origin and the intercept varies from 0.98 to 22.40
instead of being zero. Therefore, although pore diffusion
might have considerable influence on the adsorption process,
it may not be the controlling factor in determining the kinetics
of the process.

Table 3
Experimental and computegk values from Lagergren and second order
plots at 303K (clay 2 g/l, initial Cd(Il) 50 mg/l, pH 5.5)

Parameters (mg/g) Clay minerals
C1 Cc2 C3 C4 C5 C6
qe
Experimental 398 2160 323 1378 370 17.63
Second order plot  3.98 18.18 346 11.76 3.74 14.92
log ge
Experimental 0.58 133 051 1.14 057 1.25
Lagergren plots 0.69 0.54 0.67 0.63 0.64 0.54
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- w " 204
20 1
| |

N A A 16

16 1 A
A b 12
. ob

. ¢ g

12 4 . &
gﬂ .
o
4
8 4
04 . . . .
10 20 30 40 50
41 W o Cd(II) (mg/L.)
—O-Cl -m-C2 ——C3 ——C4 - C5 —&C6
0 W Fig. 6. Amount of Cd(Il) adsorbed per unit mags)(for five different initial
4 6 q 0 > W 1‘6 l‘x Cd(Il) concentrations (10, 20, 30, 40 and 50 mg/l) at 303K (clay 2 g/I, pH
B 5.5, time 240 min).
t (min)*0.5

OCI mMC2 0C3 ¢C4 ACS ACG increasesKig. 7). However, beyond a clay load of 5g/l, the

decrease in Cd(lIl) uptake is not very prominent which is per-
haps due to formation of agglomerates by the clay minerals
reducing available surface area and blocking some of the
adsorption sites. Similar results were obtained by Bengualla
3.4. Effect of initial Cd(II) concentration and Benaiss§b3] for removal of Cd(ll) by chitin with 6 g/l

) ) ) ~asthe upper limit of the adsorbent load.
The adsorption experiments were carried out with five

Cd(Il) concentrations of 10, 20, 30, 40, 50 mg/l with a con-
stant clay amount of 2 g/l, time 240 min, pH 5.5 at 303 K.
The amount of Cd(ll) adsorbed per unit mass at different
concentrations is shown iRig. 6. The amount increases
almost linearly with an increase in Cd(ll) concentration. Sim-
ilar results have been reported by other auttib854] At

low metal ion loads, adsorption involves the high energy
sites. Under these conditions, the ratio of number of moles of
metal ion to the available adsorption sites is low, and there-
fore, the amount adsorbed per unit mass increases slowly
[55]. With an increase in metal ion load, the higher energy
sites will be rapidly saturated and the metal ions will grad-
ually occupy the lower energy sites, resulting in a contin-
uous increase in the amount adsorbed per unit mass till all
the adsorption sites are filled up. The adsorption efficiency
(percentage adsorption), however, shows a relative decrease
[51].

Fig. 5. Plot ofg vs.79-3 for adsorption of Cd(ll) at 303K (clay 2 g/, initial
cd(il) 50 mg/l, pH 5.5).

qge (mg/g)

3.5. Effect of clay amount

2 3 4 5 6
A separate batch of experiments was also carried out where clay(g/L)

the amount of clay was varied from 2 to 6g/l for all the -0l B0 —0—C3 ——Cd —AC5 —kC6
six clays with initial Cd(ll) concentration of 50 mg/l and

agitation time 240 min at 303 K. For all the six clay min- g 7. Amount of Cd(il) adsorbed per unit mags)(for five different clay
erals, the amount adsorbed decreases as the adsorbent loaghounts at 303K (initial Cd(ll) 50 mg/l, pH 5.5, time 240 min).
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Fig. 9. Langmuir isotherms for Cd(ll) adsorption at 303K (clay 2 g/l, pH

Fig. 8. Freundlich isotherms for Cd(Il) adsorption at 303K (clay 2 g/I, pH 5.5, Cd(ll) 10, 20, 30, 40 and 50 mg/l, time 240 min).

5.5, Cd(ll) 10, 20, 30, 40 and 50 mg/I, time 240 min).

o adsorption capacityk) lies between 0.33 and 2.21 fig )
3.6. Adsorption isotherm Lln g1,
. . _ The Langmuir monolayer adsorption capagity, is quite
. The adsorption data follow the empirical Freundlich 506 with values between 5.27 and 43.47 mg/g. The Lang-
isotherm Fig. 8), which is applicable to non-specific adsorp- muir equilibrium coefficienth, has values of 26.70-45.301/g.

tion on heterogeneous solid surfaces. In order to ascertain, separation factak, , with values of 0.0012—0.0016, also
whether the adsorption is chemisorptive in nature with chem- support favorable adsorption of the metal ions on the clay

ical forces binding Cd(ll) ions to the surface of the clay inarals; the very small values indicate that the adsorption

adsorbents_, 'Fhe experimental data are also tested \_/vith r_espec(;f the Cd(1l) on clays requires very small amount of energy.
to Langmuir isothermiig. 9). The plots have good linearity Strong adsorbate—adsorbent interactions are suggested by

in_both the cases (Freundlich ploiss 0.99, Langmuir plots, 0 yajyes of the adsorption coefficients. Similar ranges of
R=0.96-0.99) at 303 K. The values of the adsorption coef- values are reported for adsorption of Cd(ll) on chis],

ficients, computed from these plots are given inTable 4 blast furnance sludg&6], bagasse fly asi57], etc
The values of the coefficients indicate the favourable nature ' .

of adsorption of Cd(ll) on the clay minerals. The adsorption
intensity given by the Freundlich coefficient,is <1 in all
cases, the values lying between 0.62 and 0.79. The Freundlic

3.7. Effect of temperature and thermodynamic
I‘{)arameter

The effect of temperature on adsorption of Cd(ll) ions on
Table 4 clays was studied by conducting the batch adsorption exper-
Freundlich and Langmuir adsorption parameters at 303K (clay 2 g/l, initial iments at 303, 308 and 313 K. Between 303 and 308 K, the
Cd(iN) 10, 20, 30, 40, S0mg/l, pH 5.5, time 240 min) adsorption of Cd(Il) showed a rise, but the adsorption slowly

Clays  Freundlich coefficients Langmuir coefficients came down as the temperature was further increased to 313 K.
B K mg~ g1y plg)  gm(mglg) R The process is controlled by the adsorbate—adsorbent and

c1 064 038 3230 678 0013 adsorbate—ad;orbate interactive forces and the resglts indi-

c2 061 6.76 2058  30.67 o014 Cate that the first type of interactions becomes weak in com-

c3 0.62 0.33 35.90 5.27 0012 parison to the latter as the temperature increfg®s Thus,

C4 079 120 26.70  36.63 .0016  although the process as a whole is endothermic in the tem-

c5 0.67 0.32 32.50 6.31 .0013

perature range 303-313 K, it shows the tendency to become

ce 0.r8 221 45.20 4347 0009 ey othermic as the temperature increases above the ambi-
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ent. Therefore, higher temperature is not favourable for the

adsorption process. The dependence of the amount adsorbed ‘4/\I

on temperature is given iRig. 10

AH, AS and AG for the adsorption process are com-
puted from the plots of 1Ky versus 17 (Table 5. AH is 1111///‘\‘
in the range of 13.8-40.2 kJ/mol indicating the endothermic
nature of the interactions. Endothermic adsorption of Cd(ll) 0/,,///’/‘\’
has been reported by other authfg6-59]

AS lies in the range of 43.4-147.5J/Kmol. Thus, the
interactions do not involve a considerable change in surface
configuration. Entropy increase accompanying the process
illustrates increased randomness at the solid-solution inter-
face supporting strong affinity of the adsorbent for Cd(lIl)

ge (mg/g)
oo

[28].

AGisintherange of-13.3to—45.4 kJ/mol. The decrease 24 . ‘
in Gibbs energy is significant as it shows the interactions to be 303 308 313
spontaneous. It is also observed that the decrease was more T
at higher temperatures indicating that the interactions were O-Cl -®-C2 -3 - C4 —AC5 —4Co

favoured by an increase in temperature in agreement with
the endothermic nature of Cd(ll) adsorption on the clays. A
similar observation was earlier made by Gupta ] for
adsorption of Cd(Il) on bagasse fly ash.

Fig. 10. Effect of temperature on amount of Cd(Il) adsorbed per unit mass
(clay 2 g/l, initial Cd(Il) 30 mg/l, pH 5.5, time 240 min).

Table 5

Thermodynamic data for the adsorption of Cd(ll) (clay 2 g/l, pH 5.5, time 240 min)

Clay Cd(Il) (mg/l) AH (kJ/mol) AS (J/IKmol) —AG (kd/mol)

Values Mean Values Mean 303K 308K 313K

C1l 10 247 25.0 67.6 66.3 20.5 20.9 21.1
20 25.4 68.3 20.7 21.0 21.4
30 14.8 33.8 10.2 104 10.6
40 29.4 79.1 23.9 243 24.7
50 30.7 82.4 249 253 25.8

Cc2 10 69.6 40.2 251.4 1475 76.1 77.4 78.6
20 42.4 156.6 47.4 48.2 48.9
30 31.3 116.6 35.3 35.9 36.5
40 31.3 114.9 34.8 354 35.9
50 26.6 97.9 29.6 30.1 30.6

C3 10 27.1 35.2 73.9 69.1 22.4 22.8 23.1
20 33.6 94.6 28.6 29.0 295
30 35.0 98.1 29.7 30.2 30.7
40 49.7 144.4 43.7 44.4 45.2
50 30.7 69.6 21.1 21.4 21.7

C4 10 13.9 13.8 45.8 434 13.9 14.1 14.3
20 13.8 44.2 134 13.6 13.8
30 14.0 43.9 13.3 135 13.7
40 13.6 41.8 12.7 12.9 131
50 13.6 41.3 125 12.7 12.9

C5 10 26.8 31.1 73.7 85.9 223 22.7 23.1
20 27.5 75.3 22.8 23.1 23.7
30 29.6 81.2 24.6 25.1 25.4
40 33.9 93.9 28.4 28.9 29.4
50 37.8 105.2 31.8 324 32.9

Cc6 10 195 19.3 69.9 68.2 21.2 215 21.8
20 18.4 65.3 19.8 20.1 20.4
30 18.0 62.9 19.1 194 19.7
40 16.4 56.8 17.2 175 17.8

50 24.1 86.3 26.1 26.6 26.9
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Thermodynamic data on metal adsorption on clays are grateful to the University Grants Commission, New Delhi for
scarce. Echeverria et g60] have found that AH, AS providing assistance under the FIP scheme for this work.
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+16.8 kJ/mol, 58 J/molK and-1.04 kJ/mol, respectively.
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