
Adsorption (2006) 12:185–204

DOI 10.1007/s10450-006-0145-0

Adsorption of Fe(III) from water by natural and acid
activated clays: Studies on equilibrium isotherm, kinetics
and thermodynamics of interactions
Krishna G. Bhattacharyya · Susmita Sen Gupta

Received: 8 March 2006 / Revised: 29 July 2006 / Accepted: 5 September 2006
C© Springer Science + Business Media, LLC 2006

Abstract The present work investigates the removal

of Fe(III) ions from an aqueous solution by kaolinite,

montmorillonite and their acid activated forms. The

specific surface areas of kaolinite, acid activated kaolin-

ite, montmorillonite and acid activated montmorillonite

were 3.8, 15.6, 19.8 and 52.3 m2/g respectively whereas

the cation exchange capacity (CEC) was measured as

11.3, 12.2, 153.0, and 341.0 meq/100 g for four clay

adsorbents respectively. Adsorption increased with pH

till Fe(III) became insoluble at pH > 4.0. The kinetics

of the interactions is not certain, but the second or-

der kinetics (k2 = 4.7 × 10−2 to 7.4 × 10−2 g mg−1

min−1) appears to give a better description. Langmuir

and Freundlich isotherms were applied and isotherm

coefficients were computed. The Langmuir monolayer

capacity of the clay adsorbents was from 11.2 to

30.0 mg g−1. The process was exothermic with �H
in the range of −27.6 to −42.2 kJ mol−1accompanied

by decrease in entropy (�S =−86.6 to −131.8 J mol−1

K−1) and decrease in Gibbs energy. The results have

shown that kaolinite, montmorillonite and their acid

activated forms could be used as adsorbents for separa-

tion of Fe(III) from aqueous solution. Acid activation
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enhanced the adsorption capacity compared to the un-

treated clay minerals.
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1 Introduction

Adsorption is one of the most important physico-

chemical processes that occur at the solid-liquid and

solid-gas interfaces. Adsorption has become a preferred

method for removal, recovery and recycling of toxic

heavy metals from wastewater (Chang et al., 2002).

Different conventional and non-conventional type of

adsorbents have been tried for removal of various

metal ions, viz., red mud (Gupta et al., 2001), acti-

vated carbon (Ramos et al., 2002), tree fern (Ho et al.,

2002), coconut coirpith (Kadirvelu and Namasivayam,

2003), sewage sludge (Pan et al., 2003), sawdust (Yu

et al., 2003), silica (Chiron et al., 2003), bone char (Ko

et al., 2004), rice husk (Tarley et al., 2004), polymetal-

lic sea nodule (Maity et al., 2005), modified zeolite

(Wingenfelder et al., 2005), etc.

The clay minerals in soil play the role of a natu-

ral scavenger by removing and accumulating contam-

inants in water passing through the soil. The mecha-

nism of these processes is usually through ion exchange

and adsorption. The high specific surface area, chem-

ical and mechanical stability, layered structure, high

cation exchange capacity (CEC), and tendency to hold
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water in the interlayer sites have made the clays ex-

cellent adsorbent materials (Naseem and Tahir, 2001).

In addition, presence of Brönsted and Lewis acidity in

clay surface (Tanabe, 1981) enhances the adsorption

capacity of the clay minerals.

Treatment of clay minerals with concentrated in-

organic acids usually at high temperature is normally

referred to as acid activation. Acid treatment, while

being very important for mineral weathering and gen-

esis (Jackson and Sherman, 1952; Eberl et al., 1993),

often replaces exchangeable cations with H ions and

releases Al and other cations from both tetrahedral and

octahedral sites, but leaves the SiO4 groups largely in-

tact (Theocharis et al., 1988). It was reported that acid

activation followed by thermal treatment increases the

adsorption capacity to a good extent (Rodrigues, 2003).

Such observations have stimulated a good number of

studies in metal ion removal by using clay minerals and

their modified forms as adsorbents.

Pure clay minerals, particularly naturally occurring

bentonite has been used as a favoured adsorbent for re-

moval of various metals from aqueous medium. Uses

of bentonite for adsorptive removal of Zn(II) (Mellah

and Chegrouche, 1997) and Sr(II) (Khan et al., 1995),

natural and Na-exchanged-bentonite for removal of

Cr(III), Ni(II), Zn(II), Cu(II) and Cd(II) from water

(Alvarez-Ayuso and Garcia-Sanchez, 2003), sepiolite

for Co(II) (Kara et al., 2003), and even kaolinite for

Mn(II), Co(II), Ni(II), Cu(II) (Yuvaz et al., 2003) have

yielded significant adsorption. Other important results

include adsorption of Cu(II) and Zn(II) on surfactant-

modified montmorillonite (Lin and Juang, 2002), and

of Cu(II) on 1:10-phenanthroline grafted Brazilian ben-

tonite (De Leon et al., 2003).

Iron is one of the essential metal elements for hu-

mans with approximately 3000–5000 mg being present

in the human body which is required for normal func-

tioning of a human body (Landis and Yu, 1995). Oxi-

dation of dissolved iron in water converts it to white,

yellow and finally red-brown solid particulates that set-

tle gradually to the bottom. If the particulates are not

large enough to settle out, they remain suspended in col-

loidal form for longer periods leaving the water with a

red tint. They may react with tannins in coffee, tea and

some alcoholic beverages to produce a black sludge,

which affects both taste and appearance. The precipi-

tates of iron hydroxide are capable of blocking pipes

and creating problems in water supply. Iron also accu-

mulates biologically inside the pipes. Iron will cause

reddish-brown staining of laundry, porcelain, dishes,

utensils and even glassware. Soaps and detergents do

not remove these stains, and use of chlorine bleach and

alkaline builders (such as sodium and carbonate) may

intensify the stains. In addition, precipitates of iron hy-

droxide make the water turbid limiting its usage for

drinking and industrial purposes.

Iron is considered a secondary or “aesthetic” con-

taminant and the recommended limit of 0.3 mg/L is

based on taste and appearance rather than on any detri-

mental health effect (BDWG, 2001; USEPA, 2000) Iron

overload can cause haemochromatosis, which is a dis-

order arising from excessive accumulation of iron in the

body. Since the human body has limited ways of elim-

inating the absorbed iron, it accumulates over time in

liver, bone marrow, pancreas, skin, and testicles. Accu-

mulation of iron in these organs causes them to func-

tion poorly. For example, iron deposits in the pancreas

cause a decrease in insulin production resulting in di-

abetes mellitus. Iron deposits in the heart muscle can

cause heart failure as well as abnormal heart rhythms,

while iron accumulation in the liver causes scarring of

the liver (cirrhosis) and an increased risk of developing

liver cancer (Chakrabarti et al., 1984).

The present work was undertaken to study the via-

bility of using kaolinite, montmorillonite and their acid

activated forms for removal of Fe(III) from aqueous so-

lution by adsorption under various environmental con-

ditions.

2 Experimental

2.1 Reagents

Reagent grade H2SO4 (E. Merck, India) was used for

acid activation of clays. A stock solution containing

1000 mg of Fe(III) per litre was prepared by dissolving

Fe(NO3)3·9H2O (E. Merck, India) in double distilled

water and was used to prepare the adsorbate solutions

by appropriate dilution.

2.2 Clay adsorbents

Kaolinite, KGa-1b (K1) and Montmorillonite, SWy-2

(M1) were obtained from the University of Missouri-

Columbia, Source Clay Minerals Repository, USA.

Acid-activated kaolinite (K2) and acid-activated

montmorillonite (M2) were prepared by the procedure
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of Espantaleon et al. (2003). For this, 20 g of clays

(kaolinite and montmorillonite) were refluxed with

200 ml of 0.25 M H2SO4 for 3 h. The resulting ac-

tivated clay was centrifuged and washed with water

several times till it was free of SO2−
4 and dried at 383

K in an air oven until constant weight was attained. All

the clays were calcined at 773 K for 10 h before using

them as adsorbents.

2.3 XRD measurement

Phillips Analytical X-ray spectrometer (PW 1710) us-

ing Cu Kα radiations was used for characterizing the

adsorbents.

2.4 Surface area

The surface areas of the clay adsorbents were estimated

following Sears’ method (Sears, 1956). A sample con-

taining 0.5 g of clay was acidified with 0.1 N HCl to

pH 3 to 3.5. The volume was made up to 50 ml with

distilled water after addition of 10.0 g of NaCl. The

titration was carried out with standard 0.1 M NaOH in

a thermostatic bath at 298 ± 0.5 K to pH 4.0, and then

to pH 9.0. The volume, V, required to raise the pH from

4.0 to 9.0 was noted and the surface area was computed

from the following equation

S(m2/g) = 32 V − 25 (1)

2.5 Cation exchange capacity

Copper bisethylenediamine complex method has been

used to estimate the CEC of the clays (Bergaya and

Vayer, 1997). 50 ml of 1 M CuCl2 solution was mixed

with 102 ml of 1 M ethylenediamine solution to allow

for the formation of the [Cu(en)2]2+complex. A slight

excess of the amine ensures complete formation of the

complex. The solution is diluted with water to 1 L to

give a 0.05 M solution of the complex. 0.5 g of dry clay

sample was mixed with 5 ml of the complex solution in

a 100 ml flask, diluted with distilled water to 25 ml and

the mixture was agitated for 30 min in a thermostatic

water bath shaker and centrifuged. The concentration of

the complex remaining in the supernatant is determined

by mixing 5 ml of it with 5 ml of 0.1 M HCl to destroy

the [Cu(en)2]2+ complex, followed by addition of 0.5 g

KI per ml and then titrating iodometrically with 0.02 M

Na2S2O3 in presence of starch as indicator. The CEC

was calculated from the following formula:

CEC(meq/100 g) = MSV(x − y)/1000 m (2)

where M is the molar mass of the complex, S the con-

centration of the thio solution, V the volume (ml) of

the complex taken for iodometric titration, m the mass

of adsorbent taken (g), x the volume (ml) of thio re-

quired for blank titration (without the adsorbent) and y

the volume (ml) of thio required for the titration (with

the adsorbent).

2.6 Adsorption experiments

The adsorption experiments were carried out in

100 ml Erlenmeyer flasks by mixing together a con-

stant amount of clay with a constant volume of the

aqueous solution of Fe(III). The contents in the flasks

were agitated by placing them in a constant tempera-

ture water bath thermostat for a known time interval.

The mixture was then centrifuged (Remi R 24) and

Fe(III) remaining unadsorbed in the supernatant liquid

was determined with Atomic Absorption Spectroscopy

(Varian SpectrAA 220, air-acetylene oxidizing flame,

Lamp current 5 mA, wavelength 248.3 nm, slit width

0.2 nm, optimum working range 0.06−15.0 μg/mL).

The pH of the adsorptive solution was adjusted by the

addition of either 0.01 N NaOH or 0.01 N HNO3. The

following conditions were maintained for different sets

of experiments:

Effects of pH: Clay 2 g/L, Fe(III) 50 mg/L,

temperature 303 K, interaction

time 300 min, pH 1.0 to 4.0 at

0.5 intervals

Kinetics: Clay 2 g/L, Fe(III) 50 mg/L,

temperature 303 K, pH 3.0, inte-

raction time 20, 40, 60, 90, 120,

150, 180, 240, 300, 360 min

Isotherms: Clay 2 g/L, temperature 303 K,

interaction time 300 min,

pH 3.0, Fe(III) 10, 20, 30, 40,

50, 75, 100, 150, 200, 250 mg/L

Effect of clay Fe(III) 50 mg/L, temperature

amount: 303 K, pH 3.0, interaction time

300 min, clay 2, 3, 4, 5, 6 g/L
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Effect of adorbate Clay 2 g/L, temperature 303 K,

amount: pH 3.0, interaction time

Thermodynamics: 300 min, Fe(III) 10, 20, 30, 40,

50 mg/L Clay 2 g/L, interaction

time 300 min, pH 3.0, Fe(III)

10, 20, 30, 40, 50 mg/L,

temperature 303, 308, 313 K

3 Results and discussion

3.1 Adsorbent characterization

3.1.1 XRD study

Acid activation with 0.25 M H2SO4 has considerable

influence on structures of both kaolinite and montmo-

rillonite, the affect being more pronounced in case of

montmorillonite. XRD patterns (Fig. 1) of the acid-

activated clays shows lowering and widening of the

characteristic peaks implying a decrease in the regular

pattern of the clay structure and a partial destruction

of the structure compared to the parent clays. Such

distortion as well as dispersion and amorphization of

clay minerals following acid treatment give rise to an

increase in the intensities of the very low angle diffrac-

tion bands (Jozefaciuk and Bowanko, 2002; Rodrigues,

2003). A few significant observations from the present

work are summarized below:

(i) For the calcined, acid activated montmorillonite

(M2), the basal spacing expanded from 4.44 to

4.47 Å (2θ = 19.98◦), which is accompanied by

a decrease in intensity from 43.06 to 29.09%. In

case of the calcined, acid activated kaolinite (K2),

widening of the basal spacing is comparatively

less prominent (4.45 to 4.46 Å; 2θ = 19.92◦) and
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Fig. 1 XRD patterns for (a)

kaolinite (K1), (b) acid

activated kaolinite (K2), (c)

montmorillonite (M1), (d)

acid activated

montmorillonite (M2)
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the peak intensity changes from 23.14 to 21.32%

only.

(ii) The intensity of most of the XRD peaks of mont-

morillonite decrease sharply on acid treatment

such that both octahedral and tetrahedral sites

might have been affected drastically. This type of

change is significantly less in case of acid treated

kaolinite. Treatment with strong acid causes pref-

erential release of octahedral Al ions from the

kaolinite structure with formation of additional

Al-OH and Si-OH bonds without disturbing the

mineral structure (Suraj et al., 1998).

(iii) The relative intensity of a low angle peak occurring

at 2θ = 5.70◦ increase from 1.28 (kaolinite, K1)

to 4.44% (Acid activated kaolinite, K2). Similar

effects are however not very prominent in mont-

morillonite.

(iv) Acid activation of montmorillonite yielded two

new peaks at 22.91 Å (2θ = 3.85◦) and 12.49 Å

peak (2θ = 7.06◦), which are absent in the

untreated montmorillonite. Appearance of new

peaks indicates the formation of expansible phases

and interlamellar expansion (Fanning et al.,

1989).

(v) The tip width of the 19.98◦ peak (2θ ) in mont-

morillonite (M1) reduces from 0.32 to 0.30 (acid

activated montmorillonite, M2); but this fea-

ture has not been observed in acid activated

kaolinite.

3.1.2 Surface area

The specific surface area of kaolinite (K1) and acid-

activated kaolinite (K2) is measured as 3.8 and

15.6 m2/g. The corresponding values for montmoril-

lonite are 19.8 (M1) and 52.3 m2/g (M2). Ravichan-

dran and Sivasankar (1997) reported a specific surface

area of 19.0 m2/g for montmorillonite, which on treat-

ment with HCl (0.1 to 0.7 M) increased up to188.3

m2/g. Such high values of specific surface area are not

achieved in the present work by treatment with 0.25

M H2SO4 acid. No report on the effect of acid treat-

ment on the specific surface area of kaolinite could be

found, but the untreated kaolinite is reported to have

specific surface area of 5 to 25 m2/g (Volzone et al.,

1999). The acid treatment opens up the edges of the

platelets and as a consequence, the surface area and the

pore diameter increase (Diaz and Santos, 2001), which

is in conformity with the results obtained in this work.

Kara et al. (2003) reported that increase in the surface

area of sepiolite upon acid activation followed by cal-

cination is attributed to the removal of water molecules

both formed during acid activation and those inherently

present as crystal water.

3.1.3 Cation exchange capacity (CEC)

The samples of kaolinite and montmorillonite used in

the present work had CEC of 11.3 meq/100 g and

153.0 meq/100 g respectively as measured by the

method described. These values are in agreement with

those given by Grim (1968). Acid treatment enhanced

the CEC of kaolinite marginally to 12.2 meq/100 g,

but the CEC of montmorillonite increased to 341.0

meq/100 g which was more than double the value of

the untreated montmorillonite.

Clays contain both Brönsted and Lewis acid sites

associated respectively with the interlamellar region

and the edge sites. When clay is heated (∼373 K),

most of the interlamellar water is removed leaving only

’one layer’ of water and the Brönsted acidity increases

markedly (Yahiaoui et al., 2003) to that of a very strong

acid. The clay interlayer structure collapses if the tem-

perature is raised to 473–573 K with the residual water

being driven out and the Lewis acidity increases at the

expense of the Brönsted acidity. Further heating (calci-

nation at ∼700 K) results in complete dehydroxylation

of the aluminosilicate lattice, while retaining the Lewis

acidity.

The ion exchange capacity of clay minerals is at-

tributed to structural defects, broken bonds and struc-

tural hydroxyl transfers (Rodrigues, 2003). Acid treat-

ment increases the total number of exchange sites

marginally (CEC increase ∼8%). The treatment of the

clay with 0.25 M H2SO4 results in replacement of a

number of different cations with H+ ions and on sub-

sequent heating and calcination, dehydroxylation oc-

curs leaving behind a number of Lewis sites. Much of

the increase in CEC in the present work is likely to

be due to increase in Lewis acidity as the acid treated

clay was calcined at 773 K before CEC measurement.

The CEC increase may be a complex process involving

these effects as well.
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3.2 Adsorption of Fe(III)

3.2.1 Effects of pH

It is not possible to carry out adsorption experiments

with Fe(III) at pH > 4.0 due to precipitation of the metal

as Fe(III)-hydroxide, which introduces uncertainty into

the interpretation of the results. The extent of adsorp-

tion (%) of Fe(III), however, gradually increase in the

pH range of 1.0 to 4.0. Adsorption of Fe(III) on kaoli-

nite, acid activated kaolinite, montmorillonite and acid

activated montmorillonite increase from 17.0 to 30.0%,

20.6 to 34.8%, 59.6 to 75.8% and 66.0 to 79.3% respec-

tively in the pH range of 1.0 to 4.0 under the experi-

mental conditions. The amount of Fe(III) adsorbed per

unit mass of clay (qe) also increase (Fig. 2) with the

order of M2 (acid-activated montmorillonite) > M1

(montmorillonite) > K2 (acid activated kaolinite) >

K1 (kaolinite).

At very low pH, Fe(III) ions face stiff competition

from H3O+ ions for the adsorption sites and conse-

quently, adsorption of Fe(III) is low. The active sites

on clay surface have been known to be weakly acidic

(Boonamnuayvitaya et al., 2004; Padmavathy et al.,

2003) and these sites are gradually deprotonated at

comparatively higher pH resulting in larger uptake of

metal ions. It has been known that the stability of the

hydrated hydroxide ion in aqueous solution is less than

that of the hydrogen ion. This is due to the fact that the

hydroxide ion is larger than the proton, and therefore,

more water molecules are required to surround this ion

for hydration (Shaw, 1980; Kim, 2004). This results ad-

sorption of much more OH− ions on clay compared to

H+ ions. With increasing pH, more and more OH− ions
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Fig. 2 Influence of pH on

adsorption of Fe(III) on (a)

kaolinite (K1) and acid

activated kaolinite (K2), (b)

montmorillonite (M1) and

acid activated

montmorillonite (M2) at

303 K (clay 2 g/L, initial

Fe(III) 50 mg/L, time 300

min)
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will be adsorbed on clay making it negatively charged

and consequently, adsorption of Fe(III) will also in-

crease.

The results of variation of amount adsorbed with pH

(Fig. 2) show that the net effect of acid activation is to

increase the number of adsorption sites for Fe(III) and

at any pH, the acid activated clay (both kaolinite and

montmorillonite) has a higher adsorption capacity com-

pared to the non-activated clay. Under the experimen-

tal conditions, Fe(III) removes by acid-activated and

non-activated montmorillonite is 19.8 and 18.2 mg/g

(pH 4.0) respectively. For kaolinite, these values are

respectively 8.7 and 7.5 mg/g. The two curves in each

set (kaolinite or montmorillonite) are nearly parallel

to one another implying that acid activation enhances

the adsorption capacity uniformly independent of the

influence of increasing pH.

3.2.2 Kinetics of Fe(III) adsorption

Fe(III) uptake continuously increase with time till

300 min after which the increase was insignificant

(Fig. 3). The uptake is rapid up to 40 min and then,

it slowed down as equilibrium is approached at the

natural pH of the Fe(III) solution (=3.0). During the

experiment, initial and final pH values are measured

which does not change much.

At the onset of adsorption process, i.e., at low cov-

erage, removal of Fe(III) is very rapid, but as the cov-

erage increase, the number of available surface sites

come down, and the rate decrease till equilibrium is

approached. At equilibrium, the uptake is controlled

by the rate at which the metal ions are transported

from the external surface to the interior sites of clay

(Yu et al., 2000).
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Fig. 3 Effects of interaction

time on adsorption of

Fe(III) on (a) kaolinite (K1)

and acid activated kaolinite

(K2), (b) montmorillonite
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montmorillonite (M2) at

303 K (clay 2 g/L, initial
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Fig. 4 Lagergren plots for

Fe(III) adsorbed on

kaolinite (K1), acid

activated kaolinite (K2),

montmorillonite (M1) and

acid activated

montmorillonite (M2) at

303 K (clay 2 g/L, initial

Fe(III) 50 mg/L, pH 3.0)

Different models have been used to test the kinet-

ics of clay-Fe(III) interactions. The Lagergren curves

are obtained by plotting log (qe – qt ) vs. time (Fig. 4)

according to the pseudo first order model (Lagergren,

1898; Ho, 2004):

ln(qe − qt ) = lnqe − k1t (3)

where qe and qt are the amounts adsorbed per unit mass

at equilibrium and at any time t , and k1 is the first order

adsorption rate constant. These curves are linear (r ∼
– 0.98) and the first order rate constant (obtained from

the slopes) varies between 2.3 × 10−2 to 2.5 × 10−2

min−1 for the four adsorbents (Table 1). However, lin-

earity of the Lagergren plots does not necessarily assure

a first order mechanism (Ho and McKay, 1999a) due

mainly to the inherent disadvantage of correctly esti-

mating the equilibrium adsorption capacity, qe. The qe

values obtained from the Lagergren plots differed from

the experimental qe values from −55.5% to + 32.2%

(Table 2). The first order kinetics is therefore less likely

to explain the rate processes.

The large deviations have led to verifying the kinet-

ics of the interactions further by using the second order

equation (Ho and McKay, 1999b):

t/qt = 1/
(
K2q2

e

) + (1/qe)t (4)

where k2q2
e is described as the initial adsorption rate as

t → 0. The plots of t/qt vs. t (Fig. 5), which allows

computation of qe and k2, are linear (r ∼ + 0.99) and

the rate constant, k2, varies from 4.7 × 10−2 to 7.2 ×
10−2 g mg−1 min−1 (Table 1). Acid activation raises

the second order rate constant marginally for montmo-

rillonite (7.0 × 10−2 to 7.2 × 10−2 g mg−1 min−1), but

the influence is more prominent for kaolinite (4.7 ×
10−2 to 7.4 × 10−2 g mg−1 min−1). The affinity of

the acid activated kaolinite towards Fe(III) is definitely

much more and the interactions take place rapidly com-

pared to those in case of non-activated clays, and even

activated montmorillonite.

A comparison of qe values (experimental and those

obtained from the slopes of the second order plots) now

shows a better agreement (Table 2) and the maximum

deviation between the two sets of values is now in the

range of −4.3 to + 11.8%. Though the deviation is

much less compared to the first order Lagergren plots,

differences still existing might be due to that actual

process being not in conformity with simple first order

or second order kinetics.

The Elovich equation (Ho and McKay, 1998), appli-

cable for chemisorption on energetically heterogeneous

solid surface, is given by

qt = β ln (αβ) + βln t (5)
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Table 1 Rate coefficients for adsorption of Fe(III) on kaolinite (K1), acid-activated kaolinite (K2), montmorillonite (M1) and acid

activated montmorillonite (M2) at 303 K (clay 2 g/L, initial Fe(III) 50 mg/L, pH 3.0)

Clay adsorbents

Parameters K1 K2 M1 M2

Pseudo first order k1 × 102 (min−1) 2.5 2.3 2.4 2.4

r −0.98 −0.98 −0.98 −0.98

Pseudo second order k2 × 102 (g mg−1min−1) 4.7 7.4 7.0 7.2

r +0.99 +0.99 +0.99 +0.99

Elovich coefficients α×103 (g mg−1min2) 46.8 328.5 1429.5 1906.0

β(mg g−1min−1) 1.4 1.4 1.5 1.5

r +0.98 +0.98 +0.98 +0.98

Table 2 Experimental and computed qe values from Lagergren

and second order plots for adsorption of Fe(III) on kaolinite

(K1), acid-activated kaolinite (K2), montmorillonite (M1) and

acid activated montmorillonite (M2) at 303 K (clay 2 g/L, initial

Fe(III) 50 mg/L, pH 3.0)

Clay adsorbents

Parameters K1 K2 M1 M2

qe (mg/g) Experimental 5.9 7.0 16.6 18.2

Lagergren plots 7.8 7.5 8.1 8.1

Deviation (%) +32.2 +7.1 – 51.2 – 55.5

Second order plots 6.6 6.7 17.0 18.6

Deviation (%) +11.8 – 4.3 +2.4 +2.2
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Fig. 5 Second order plots

for Fe(III) adsorbed on

kaolinite (K1), acid

activated kaolinite (K2),

montmorillonite (M1) and

acid activated

montmorillonite (M2) at

303 K (clay 2 g/L, initial

Fe(III) 50 mg/L, pH 3.0)
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Fig. 6 Plots of Elovich

equation for Fe(III)

adsorbed on kaolinite (K1),

acid activated kaolinite

(K2), montmorillonite (M1)

and acid activated

montmorillonite (M2) at

303 K (clay 2 g/L, initial

Fe(III) 50 mg/L, pH 3.0)

where α and β, the Elovich coefficients, represent

the initial adsorption rate (g mg−1min2) and the des-

orption coefficient (mg g−1min−1) respectively. These

can be computed from the plots of qt vs. ln t . In the

present work, the Elovich plots are linear (r ∼ + 0.98)

(Fig. 6) and the coefficient, α, varies from 46.8 × 10−3

to 1906.0 × 10−3 g mg−1min2(Table 1) in conformity

with the rapid initial intake observed experimentally

(Ho and McKay, 2002). The acid activated forms have

higher α values than that that of non activated ones, in-

dicating the formation of comparatively larger number

of chemisorptive bonds between acid-activated clays

and Fe(II) ions than in case of non-activated clays and

Fe(III). The other coefficient, β, does not show any

variation among the non activated and acid activated

clay adsorbents.

The intra-particle diffusion plots (qt vs. t0.5) (Fig. 7)

according to the equation (Weber and Morris, 1963):

qt = ki t0.5 (6)

also yielded linear curves (r ∼ + 0.93) with the rate

constant, ki , having values from 0.27 to 0.30 mg g−1

min−0.5 (Table 3). This suggests that a large number of

Fe(III) ions might have diffused into the pores before

being adsorbed. Significantly, the plots do not have a

zero intercept as required by the above equation. The in-

tercept varies from +1.8 to +13.7 indicating that intra-

particle diffusion may not be the sole dominating factor

controlling the mechanism of the process.

The Liquid film Diffusion Model (Boyd et al., 1947)

given by

ln(1 − F) = −k f d t (7)

is applicable when the flow of the reactant from the

bulk liquid to the surface of the adsorbent determines

the rate constant. Here, F is the fractional attainment

of equilibrium (= qt/qe) and kfd is the adsorption rate

constant. The plots of – ln(1 – F) vs. t (Fig. 8) have

good linearity (r ∼ +0.98) with intercepts of −0.3

to + 0.8 (Table 3). Although the curves do not pass

through the origin as required by the model, the inter-

cepts are close to zero and therefore, diffusion from

the liquid phase might have played an important role

in the interaction process. The film diffusion rate coef-

ficient has values in the range of 2.3 × 10−2 to 2.5 ×
10−2 min−1.

The kinetics of Fe(III) adsorption on clays, viz.,

kaolinite, montmorillonite and their acid-activated

forms, as expected is not a simple process and no def-

inite kinetic mechanism could be proposed. The rates
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Fig. 7 Intraparticle

diffusion plots for Fe(III)

adsorbed on kaolinite (K1),

acid activated kaolinite

(K2), montmorillonite (M1)

and acid activated

montmorillonite (M2) at

303 K (clay 2 g/L, initial

Fe(III) 50 mg/L, pH 3.0)

Table 3 Rate coefficients

for intra-particle and liquid

film diffusion models for

adsorption of Fe(III) on

kaolinite (K1),

acid-activated kaolinite

(K2), montmorillonite (M1)

and acid-activated

montmorillonite (M2) at

303 K (clay 2 g/L, initial

Fe(III) 50 mg/L, pH 3.0)

Clay adsorbents

Parameters K1 K2 M1 M2

Intra-particle diffusion ki × 10 (mg g−1min−0.5) 2.7 2.7 3.0 3.0

Intercepts +1.8 +3.0 +12.1 +13.7

r +0.93 +0.93 +0.93 +0.93

Liquid film diffusion k f d × 102 (min−1) 2.5 2.3 2.4 2.4

Intercepts −0.3 +0.1 +0.7 +0.8

r +0.98 +0.98 +0.98 +0.98

are very close to second order kinetics, but other pro-

cesses may also be operating simultaneously.

3.2.3 Effects of adsorbent and adsorbate amount

As the amount of clay adsorbents varies from 2 to

6 g/L, the extent of adsorption of Fe(III) increase from

23.8 to 39.5% for kaolinite, 28.1 to 44.9% for acid-

activated kaolinite, 66.2 to 81.9% for montmorillonite,

and 72.7 to 87.8% for acid-activated montmorillonite

(for Fe(III) concentration of 50 mg/L). However, the

increase in the extent of adsorption is not sufficient to

affect an increase in the amount adsorbed per unit mass.

Thus, qe shows a decreasing trend (Fig. 9). Similar re-

sults have been obtained by other workers (Cu(II) on

sawdust, Yu et al, 2000; Cr(VI) on ion exchange resins,

Rengaraj et al., 2003). Several factors may be responsi-

ble for such behaviour. Two major considerations may

be:

(i) a large adsorbent amount reduces the unsaturation

of the adsorption sites and correspondingly, the

number of such sites per unit mass comes down

resulting in comparatively less adsorption at higher

adsorbent amount, and

(ii) higher adsorbent amount creates particle aggrega-

tion, resulting in a decrease in the total surface area

and an increase in diffusional path length both of

which contribute to decrease in amount adsorbed

per unit mass (Sukla et al., 2002).

Figure 9 shows that acid-activated montmoril-

lonite maintains a higher level of adsorption than the
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kaolinite (K1), acid
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montmorillonite (M1) and

acid activated

montmorillonite (M2) at
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Fig. 9 Influence of

adsorbent amount on

adsorption of Fe(III) on (a)

kaolinite (K1) and acid

activated kaolinite (K2), (b)

montmorillonite (M1) and

acid activated

montmorillonite (M2) at

303 K (initial Fe(III) 50

mg/L, pH 3.0, time 300 min)
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Fig. 10 Effects of Fe(III)

concentration for adsorption

on (a) kaolinite (K1) and

acid activated kaolinite

(K2), (b) montmorillonite

(M1) and acid activated

montmorillonite (M2) at

303 K (clay 2 g/L, pH 3.0,

time 300 min)

non-activated verities or even more than the acid acti-

vated kaolinite.

When the initial concentration of Fe(III) is in-

creased, the extent of adsorption (%) of Fe(III) comes

down, and significantly, the amount adsorbed per unit

mass, qe, shows an increasing trend (Fig. 10). At low

initial metal ion concentration, the ratio of the number

of Fe(III) ions to the number of available adsorption

sites is small and consequently the adsorption is inde-

pendent of the initial concentration. With an increase

in Fe(III) concentration, the situation changes and the

number of metal ions available per unit volume of the

solution rises resulting in an increased competition for

the binding sites (Ucun et al., 2003). At high concen-

tration of Fe(III), unit mass of the adsorbent is exposed

to larger number of Fe(III) ions and it takes up pro-

gressively higher number of ions as the appropriate

binding sites are gradually filled up. This gives rise to

an increase in qe although the net adsorption comes

down. It is observed that as the initial concentration of

Fe(III) varies from 10 to 50 mg/L, the net adsorption

of Fe(III), changes from 43.8 to 23.8%, 50.7 to 28.1%,

87.8 to 66.2% and 90.9 to 72.7% for kaolinite, acid-

activated kaolinite, montmorillonite, and acid-activated

montmorillonite respectively. The order of adsorption

among the four clay adsorbents is M2 (acid-activated

montmorillonite) > M1 (montmorillonite) > K2 (acid

activated kaolinite) > K1 (kaolinite).

3.2.4 Adsorption isotherm

The Freundlich plots, based n the well known isotherm

equation (Freundlich, 1906):

qe = K f Cn
e (8)

are linear (r ∼ +0.96 to 0.98) (Fig. 11). This isotherm

is generally considered applicable to non-specific ad-

sorption on heterogeneous solid surfaces. The values of

the adsorption coefficients obtained from the plots are

given in Table 4. The coefficient, n, is from 0.3 to 0.4,

while the coefficient, K f , is from 1.3 mg1−1/nL1/ng−1

(kaolinite, K1) to 6.4 mg1−1/nL1/ng−1 (acid-activated

montmorillonite, M2). By definition, the adsorption in-

tensity, n, is less than unity and the values obtained in

Springer



198 Adsorption (2006) 12:185–204

0.3

0.6

0.9

1.2

1.5

-0.2 0.2 0.6 1 1.4 1.8 2.2

log Ce (mg/L)

lo
g 

qe
 (

m
g/

g)

K1 K2 M1 M2

Fig. 11 Freundlich plots

for Fe(III) adsorbed on

kaolinite (K1), acid

activated kaolinite (K2),

montmorillonite (M1) and

acid activated

montmorillonite (M2) at

303 K (clay 2 g/L, pH 3.0,

initial Fe(III) 10, 20, 30, 40,

50, 75, 100, 150, 200,

250 mg/L, time 300 min)

this study conform to the same. The Freundlich ad-

sorption capacity, K f , is highest for the acid-activated

montmorillonite and lowest for the non-activated kaoli-

nite. The order of adsorption among the four clay ad-

sorbents is M2 (acid-activated montmorillonite) > M1

(montmorillonite) > K2 (acid activated kaolinite) >

K1 (kaolinite).

The Langmuir plots (Fig. 12) obtained from the well

known isotherm equation (Langmuir, 1918):

Ce/qe = 1/(bqm) + (1/qm) Ce (9)

are linear with the regression coefficient, r ∼ 0.99

(Table 4). Values of b (35.0 Lg−1 to 115.5 Lg−1) show

that the equilibrium:

Clay (solid phase) + Fe(III) (aqueous phase)

= Clay.......Fe(III)

is shifted predominantly to the right, i.e. towards

the formation of the adsorbate-adsorbent complex.

Acid activation results in almost equivalent change

in the Langmuir monolayer capacity, qm , for both

kaolinite and montmorillonite. (qm for kaolinite and

Table 4 Freundlich and Langmuir coefficients for adsorption of

Fe(III) on kaolinite (K1), acid-activated kaolinite (K2), mont-

morillonite (M1) and acid-activated montmorillonite (M2) at

303 K (clay 2 g/L, initial Fe(III) 10, 20, 30, 40, 50, 75, 100,

150, 200, 250 mg/L, pH 3.0, time 300 min)

Clay adsorbents

Coefficients K1 K2 M1 M2

Freundlich K f (mg1−1/nL1/n g−1) 1.3 1.7 5.2 6.4

n 0.4 0.4 0.4 0.3

r +0.98 +0.97 +0.97 +0.96

Langmuir qm (mg g−1) 11.2 12.1 28.9 30.0

b (L g−1) 35.0 43.4 84.7 115.5

r +0.99 +0.99 +0.99 +0.99
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Fig. 12 Langmuir

isotherms for Fe(III)

adsorbed on kaolinite (K1),

acid activated kaolinite

(K2), montmorillonite (M1)

and acid activated

montmorillonite (M2) at

303 K (clay 2 g/L, pH 3.0,

initial Fe(III) 10, 20, 30, 40,

50, 75, 100, 150, 200,

250 mg/L, time 300 min)

acid-activated kaolinite is 11.2 and 12.1 mg g−1, qm for

montmorillonite and acid-activated montmorillonite

was 28.9 and 30.0 mg g−1). The qm values follow the

same order as the Freundlich adsorption capacity, i.e.

M2 > M1 > K2 > K1.

Very few reports exist that gives the values of the

isotherm coefficients for adsorption of Fe(III). From

his experiments on adsorption of Fe(III) on granular

activated carbon, Kim (2004) has reported adsorption

isotherms giving good fit of the Freundlich equation

(r2 = 0.9468) with values of adsorption capacity (K f )

and adsorption intensity (n) as 0.108 and 0.423. The re-

sults obtained in the present work are reasonably better

compared to this.

3.2.5 Thermodynamic studies

Amount of Fe(III) adsorbed per unit mass of clay (qe)

comes down when temperature is increased from 303 to

313 K suggesting exothermic interactions (Fig. 13). For

example, amount of Fe(III) adsorbed on acid activated

kaolinite is 7.0, 5.9 and 5.0 mg/g at 303, 308 and 313 K

respectively for Fe(III) concentration of 50 mg/L and

clay amount of 2 g/L. The trends are similar with the

other adsorbents. These results indicate that, with the

rise in temperature, Fe(III) escapes to the solution phase

from the solid phase (clay adsorbent). In addition, the

excess heat energy promotes desorption at higher tem-

perature. Such exothermic adsorption processes are not

uncommon for adsorption of metal ions from aqueous

phase. Adsorption of Cd(II) on hematite (Singh et al.,

1998), adsorption of Cu(II), Zn(II), Cd(II) and Ni(II)

on synthesized silico-antimonate ion exchanger (Abou-

Mesalam, 2003), etc., have already been reported as

exothermic.

The thermodynamic adsorption parameters,�H,�S
and�G, (Table 5), are computed from the plots of ln

Kdvs. 1/T (r ∼ +0.99) with the help of the equation

(Thomas and Crittenden, 1998):

ln Kd = �S/R − �H /RT (10)

�G = �H − T �S (11)

where Kd ,known as the distribution coefficient of the

adsorbate, is equal to qe/Ce (L/g), T the temperature

(K), and R = 8.314 × 10−3 kJ K−1mol−1. A typical of

ln Kd vs. 1/T is given in Fig. 14. The mean adsorption

enthalpy, �H changes from −27.6 to −42.2 kJ mol−1.
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Table 5 Thermodynamic

data for adsorption of

Fe(III) on kaolinite (K1),

acid-activated kaolinite

(K2), montmorillonite (M1)

and acid-activated

montmorillonite (M2) (clay

2 g/L, initial Fe(III) 10, 20,

30, 40, 50 mg/L, pH 3.0,

time 300 min)

Clay adsorbents

Parameters K1 K2 M1 M2

− �H (kJ mol−1) 33.9 28.7 27.6 42.2

− �S (J K−1 mol−1) 123.7 104.5 86.6 131.8

− �G (kJ mol−1) 303 K 37.5 31.6 26.2 39.9

308 K 38.0 32.2 26.7 40.6

313 K 38.7 32.7 27.1 41.2

Fig. 13 Effect of

temperature on Fe(III)

adsorption on kaolinite

(K1), acid activated

kaolinite (K2),

montmorillonite (M1) and

acid activated

montmorillonite (M2) (clay

2 g/L, pH 3.0, initial Fe(III)

50 mg/L, time 300 min)

The magnitude of these values indicates moderately

strong bonding between Fe(III) ions and the clay min-

erals (Gupta et al., 2001). The exothermic enthalpy for

acid activated montmorillonite is higher than that for

non activated montmorillonite, non activated kaolinite

and even acid activated kaolinite which indicates that

Fe(III) ions are held more strongly by acid activated

montmorillonite.

Fe(III)-adsorption on clays is accompanied by an en-

tropy decrease and the mean values vary from −86.6 to

−131.8 J K−1 mol−1. Entropy decrease indicates a pos-

itive affinity of the clay minerals towards Fe(III) ions

(Gupta et al., 2001) representing a thermodynamically

favorable process (Yadava et al., 1991). Since stability

is associated with an ordered arrangement, it is obvious

that Fe(III) ions in aqueous solution are in a much

more chaotic distribution than Fe(III) ions adsorbed on

clays.

Spontaneity of the process of adsorption of Fe(III)

on clays is demonstrated by the decrease in Gibbs en-

ergy in the present work. �G values changed from

−37.5 to −38.7 kJ mol−1, −31.6 to −32.7 kJ mol−1,

−26.2 to −27.1 kJ mol−1, and −39.9 to −41.2

kJ mol−1 for kaolinite, acid-activated kaolinite, mont-

morillonite and acid-activated montmorillonite respec-

tively. With increasing temperature, the magnitude of

Gibbs energy comes down in conformity with the

exothermic nature of the adsorption process as an in-

creased supply of heat energy would lead to enhanced

desorption.
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Fig. 14 Plots of ln Kd vs

1/T for Fe(III) adsorbed on

kaolinite (K1), acid

activated kaolinite (K2),

montmorillonite (M1) and

acid activated

montmorillonite (M2) (clay

2 g/L, pH 3.0, initial Fe(III)

50 mg/L, time 300 min)

Thermodynamic data on metal adsorption on clays

are limited and no report on the same for Fe(III) on clays

could be found. Yuvaz et al. (2003) have found that�H ,

�S and �G for adsorption of Cu(II) on Turkish kaoli-

nite are 39.5 kJ mol−1, 11.7 J K−1 mol−1 and −4.6

kJ mol−1respectively. Echeverria et al. (2003) have

found that �H , �S and �G for adsorption of Ni(II)

on illite have values of +16.8 kJ mol−1, 58 J mol−1

K−1 and −1.04 kJ mol−1 respectively. �H , �S and

�G for Cu(II) adsorption on surfactant-modified mont-

morillonite were reported as 7.05 kJ mol−1, 9.09 J K−1

mol−1 and −9.66 kJ mol−1 respectively (Lin and Juang,

2002).

Conclusion

Clay minerals (kaolinite, montmorillonite and their

acid-activated forms) are capable of removing Fe(III)

from an aqueous solution. Montmorillonite (2:1 clay)

has high surface charges resulting from the spread of

isomorphous substitution in tetrahedral and octahedral

sheets, whereas 1:1 layered kaolinite has little isomor-

phous substitution. This accounts for its low cation

adsorbing capacity. Acid activation enhances the ad-

sorption capacity compared to the untreated clay min-

erals due to the increased surface area and pore volume.

The uptake of Fe(III) on clay adsorbents is affected

by pH of the adsorbing medium. Adsorption of Fe(III)

on the clay minerals increased continuously with pH till

Fe(III) became insoluble at pH above 4.0. The amount

of clays as well as initial concentration of Fe(III) solu-

tions are two important factors that have influence on

the adsorption process.

The initial rate of adsorption of Fe(III) on clays was

very high followed by a slower rate indicating entry of

the metal ions into the interior of the adsorbent parti-

cles. The kinetics of clay- Fe(III) interactions is very

complex and from application of different models, it

is seen that interactions are much close to the second

order rate kinetics.

Linearity of the Langmuir isotherm plots indi-

cates the chemical nature of the interactions while

the linear Freundlich isotherms point to the clay sur-

face being non-specific and energetically non-uniform.

Thermodynamically, the interactions are exothermic

accompanied by a decrease in entropy and Gibbs

energy.
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Nomenclature

Symbol Definition unit
Co initial concentration of the Fe(III) mg L−1

Ce equilibrium concentration of Fe(III) in liquid phase mg L−1

qe equilibrium concentration of Fe(III) in solid phase (i.e. amount of Fe(III)

adsorbed per unit mass at equilibrium) mg g −1

qt amount of Fe(III) adsorbed per unit mass at any time, t mg g −1

K f Freundlich coefficients for adsorption capacity mg1−1/nL1/n g−1

n Freundlich coefficient for adsorption intensity

b Langmuir coefficient for adsorbate-adsorbent equilibrium L g−1

qm Langmuir monolayer adsorption capacity mg g−1

RL dimensionless separation factor

k1 pseudo first order adsorption rate constant min−1

k2 second order rate constant g mg−1min−1

α Elovich coefficients for initial adsorption rate mg g −1 min −1

β Elovich coefficients for desorption coefficient g mg –1

ki intraparticle diffusion rate constant mg g−1min−0.5

F fractional attainment of equilibrium (= qt/qe)

kfd film diffusion rate constant min−1

�H enthalpy of adsorption kJ mol−1

�S entropy of adsorption J K−1 mol−1

�G Gibbs free energy kJ mol−1

K d distribution coefficient of the adsorbate L g−1

T temperature K

R Gas constant kJ K−1mol−1

r Regression coefficient

CEC Cation exchange capacity meq (100 g)−1

K1 Kaolinite

K2 Acid-activated kaolinite

M1 Montmorillonite

M2 Acid-activated montmorillonite

Acknowledgment One of the authors (SSG) is grateful to the

University Grants Commission, New Delhi for providing assis-

tance under the FIP scheme for this work.

References

Abou-Mesalam, M.M., “Sorption Kinetics of Copper, Zinc, Cad-

mium and Nickel Ions on Synthesized Silico-antimonate Ion

Exchanger,” Colloids and Surfaces A: Physicochem. Eng.
Aspects., 225, 85–94 (2003).

Alvarez-Ayuso, E. and A. Garcia-Sanchez, “Removal of

Heavy Metals from Wastewaters by Natural and Na-

Exchanged Bentonites,” Clays Clay Miner., 51, 475–480

(2003).

Bergaya, F. and M. Vayer, “CEC of Clays: Measurement by Ad-

sorption of a Copper Ethylendiamine Complex,”. Appl. Clay
Sci., 12, 275–280 (1997).

BDWG, “Iron in drinking water,” Bureau of Drinking Water and

Groundwater, Wisconsin Department of Natural Resources,

PUB-DG-035 (2001).

Boonamnuayvitaya, V., C. Chaiya, W. Tanthapanichakoon, and

S. Jarudilokkul, “Removal of Heavy Metals by Adsorbents

Prepared from Pyrolyzed Coffee Residues and Clay,” Sep.
Purif. Technol., 35, 11–22 (2004).

Boyd, G.E., A.W. Adamson, and L.S. Myers, Jr., “The Exchange

Adsorption of Ions from Aqueous Solutions on Organic

Zeolites. Kinetics II,” J. Am. Chem. Soc., 69, 2836–2842

(1947).

Chakrabarti, B.K., H.N. Ghosh, and S.N. Sahana, Human Physi-
ology, The New Book Stall, Calcutta, India (1984), pp 547–

548.

Chang, T.W., M.K. Wang, and C. Lin, “Adsorption of Copper in

the Different Sorbent/Water Ratios of Soil System,” Water
Air Soil Pollut., 138, 199–209 (2002).

Springer



Adsorption (2006) 12:185–204 203

Chiron, N., R. Guilet, and E. Deydier, “Adsorption of Cu(II)

and Pb(II) Onto a Grafted Silica: Isotherms and Kinetic

Models,” Water Res., 37, 3079–3086 (2003).

De Leon, A.T., D.G. Nunes, and J. Rubio, “Adsorption of Cu Ions

onto a 1:10 Phenanthroline–Grafted Brazilian Bentonite,”

Clays Clay Miner., 51, 58–64 (2003).

Diaz, F.R.V. and P.D.S. Santos, “Studies on the Acid Activation

of Brazilian Smectitic Clays,” Quim. Nova, 24, 345–353

(2001).

Eberl, D.D., B. Velde, and T. McCormick, “Synthesis of Illite-

Smectite from Smectite at Earth Surface Temperatures and

High pH, ” Clay Minerals, 28, 49–60 (1993).

Echeverria, J., J. Indurain, E. Churio, and J. Garrido, “Simulta-

neous Effect of pH, Temperature, Ionic Strength, and Initial

Concentration on the Retention of Ni on Illite,” Colloids
and Surfaces A: Physicochem. Eng. Aspects., 218, 175–187

(2003).

Espantaleon, A.G., J.A. Nieto, M. Fernandez, and A. Marsal,

“Use of Activated Clays in the Removal of Dyes and Sur-

factants from Tannery Waste Waters,” Appl. Clay Sci., 24,

105–110 (2003).

Fanning, D.S., V.Z. Keramidas, and M.A. El-Desosky, Minerals
in soil environments, Dixon, J.B. and S.B. Weed (Ed), Soil

Science Society of America, SSSA Book series, Medison,

Wisconsin, (1989) pp. 527-634.

Freundlich, H.M.F., “Over the Adsorption in Solution,” J. Phys.
Chem. 57, 385–470 (1906).

Grim, R.E., Clay Mineralogy, McGraw Hill, New York (1968)

pp 188–190.

Gupta, V.K., M. Gupta, and S. Sharma, “Process Development for

the Removal of Lead and Chromium from Aqueous Solu-

tions Using Red Mud-an Aluminium Industry Waste,” Water
Res., 35, 1125–1134 (2001).

Ho, Y.S., “Citation Review of Lagergren Kinetic Rate Equa-

tion on Adsorption Reactions,” Scientometrics, 59, 171–177

(2004).

Ho, Y.S. and G. McKay, “Kinetic Models for the Sorption of Dye

from Aqueous Solution by Wood,” Trans I Chem. E., 76B,

183–191 (1998).

Ho, Y.S. and G. McKay, “Competitive Sorption of Copper and

Nickel Ions from Aqueous Solution Using Peat,” Adsorp-
tion, 5, 409–417 (1999a).

Ho, Y.S. and G. McKay, “Batch Lead(II) Removal from Aqueous

Solution by Peat: Equilibrium and Kinetics,” Trans I Chem.
E., 77B, 165–173 (1999b).

Ho, Y.S. and G. McKay, “Application of kinetic models to the

sorption of copper(II) on to Peat,” Adsorption Sci. Technol.,
20, 797–815 (2002).

Ho, Y.S., C.T. Huang, and H.W. Huang, “Equilibrium Sorption

Isotherm for Metal Ions on Tree Fern,” Process Biochem-
istry, 37, 1421–1430 (2002).

Jackson, M.L. and G.D. Sherman, “Chemical Weathering of

Clay Minerals in Soils,” Advances in Agromony, 5, 219–

318 (1952).

Jozefaciuk, G. and G. Bowanko, “Effect of Acid and Alkali Treat-

ments on Surface Areas and Adsorption Energies of Se-

lected Minerals,” Clays Clay Miner., 50, 771–783 (2002).

Kadirvelu, K. and C. Namasivayam, “Activated Carbon from

Coconut Coirpith as Metal Adsorbent: Adsorption of Cd(II)

from Aqueous Solution,” Advances in Environmental Res.,

7, 471– 478 (2003).

Kara, M., H. Yuzer, E. Sabah, and M.S. Celik, “Adsorption of

Cobalt from Aqueous Solutions onto Sepiolite,” Water Res.,

37, 224–232 (2003).

Khan, S.A., R. Rehman, and M.A. Khan, “Sorption of Strontium

on Bentonite,” Waste Management, 15, 641–650 (1995).

Kim, D.S., “Adsorption Characteristics of Fe(III) and Fe(III)–

NTA Complex on Granular Activated Carbon,” J. Hazard.
Mater., 106B, 67–84 (2004).

Ko, D.C.K., C.W. Cheung, K.K.H. Choy, J.F. Porter, and G.

McKay, “Sorption Equilibria of Metal Ions on Bone Char,”

Chemosphere, 54, 273–281 (2004).

Lagergren, S., “About the theory of So Called Adsorption of Sol-

uble Substances,” Kungliga Svenska Vetenskapskademiens.
Handlingar, 24(4), 1–39 (1898).

Landis, W.G. and M.H. Yu, Introduction to Environmental Toxi-
cology, Lewis Publishers, Boca Raton, FL (1995).

Langmuir, I., “The Adsorption of Gases on Plane Surfaces of

Glass, Mica and Platinum,” J. American Chemical Soc., 40,

1361–1403 (1918).

Lin, S-H. and R-S. Juang, “Heavy Metal Removal from Water

by Sorption using Surfactant-Modified Montmorillonite,”

J. Hazard. Mater., B92, 315–326 (2002).

Maity, S., S. Chakravarty, S. Bhattacharjee, and B.C. Roy, “A

Study on Arsenic Adsorption on Polymetallic Sea Nodule

in Aqueous Medium,” Water Res., 39, 2579–2590 (2005).

Mellah. A. and S. Chegrouche, “The Removal of Zinc from Aque-

ous Solutions by Natural Bentonites,” Water Res. 31, 621–

629 (1997).

Naseem, R. and S.S. Tahir, “Removal of Pb(II) from Aque-

ous/Acidic Solutions by using Bentonite as an Adsorbent,”

Water Res., 35, 3982–3989 (2001).

Padmavathy, V., P. Vasudevan, and S.C. Dhingra, “Biosorption

of Nickel(II) Ions on Baker’s Yeast,” Process Biochem., 38,

1389–1395 (2003).

Pan, S.C., C.C. Lin, and D.H. Tseng, “Reusing Sewage Sludge

Ash as Adsorbent for Copper Removal from Wastewa-

ter,” Resources, Conservation and Recycling, 39, 79–90

(2003).

Ramos, R.L., L.A.B. Jacome, J.M. Barron, L.F. Rubio, and

R.M.G. Coronado, “Adsorption of Zinc(II) from an Aque-

ous Solution onto Activated Carbon,” J. Hazard. Mater.,
B90, 27–38 (2002).

Ravichandran, J. and B. Sivasankar, “Properties and Catalytic

Activity of Acid-Modified Montmorilonite and Vermi-

culite,” Clays Clay Miner., 45, 854–858 (1997).

Rengaraj, S., C.K. Joo, Y. Kim, and J. Yi, “Kinetics of Removal of

Chromium from Water and Electronic Process Wastewater

by Ion Exchange Resins: 1200H, 1500H and IRN97H,” J.
Hazard. Mater., B102, 257–275 (2003).

Rodrigues, M.G.F., “Physical and Catalytic Characterization of

Smectites from Boa-Vista, Paraiba, Brazil,” Ceramica, 49,
146–150 (2003).

Sears, G., “Determination of Specific Surface Area of Colloidal

Silica by Titration with Sodium Hydroxide,” Anal. Chem.,

28, 1981–1983 (1956).

Shaw, D.J., Introduction to Colloid and Surface Chemistry, But-

terworths, Boston, MA (1980).

Springer



204 Adsorption (2006) 12:185–204

Shukla, A., Y-H. Zhang, P. Dubey, J.L. Margrave, and S.S.

Shukla, “The Role of Sawdust in the Removal of Unwanted

Materials from Water,” J. Hazard. Mater., 35, 137–152

(2002).

Singh, D.B., D.C. Rupainwar, G. Prasad, and K.C. Jayaprakas,

“Studies on the Cd(II) Removal from Water by Adsorption,”

J. Hazard. Mater., 60, 29–40 (1998).

Suraj, G., C.S.P. Iyer, and M. Lalithambika, “Adsorption of Cad-

mium and Copper by Modified Kaolinite,” Appl. Clay Sci.,
13, 293 –306 (1998).

Tanabe, K., “Solid Acid and Base Catalysis,” Cataly-
sis Science and Technology, J.R. Anderson and M.

Boudart (Eds.), Springer Verlag, New York (1981), pp.

231.

Tarley, C.R.T. and M.A.Z. Arruda, “Biosorption of Heavy Metals

using Rice Milling by-products. Characterisation and Ap-

plication for Removal of Metals from Aqueous Effluents,”

Chemosphere, 54, 987–995 (2004).

Theocharis, C.R., K.J. Jacob, and A.C. Gray, “Enhancement of

Lewis Acidity in Layer Aluminosilicates,” J. Chem. Soc.,
Faraday Trans., 84, 1509–1516 (1988).

Thomas, W.J. and B. Crittenden, Adsorption Technology and
Design, Butterworth–Heinemann, Oxford (1998) pp. 38–

50.

Ucun, H., Y.K. Bayhan, Y. Kaya, A. Cakici, and O.F. Algur,

“Biosorption of Lead (II) from Aqueous Solution by Cone

Biomass of Pinus Sylvestris,” Desalination, 154, 233–238

(2003).

USEPA, 2000 Drinking Water Standards and Health Advi-

sories, United States Environmental Protection Agency,

(http://www.epa.gov/OST), EPA 822-B-00-001, Office of

Water, Washington, D.C.

Volzone, C., J.G. Thompson, A. Melnitchenko, J. Ortiga, and

S.R. Palethorpe, “Selective Gas Adsorption by Amorphous

Clay-Mineral Derivatives,” Clays Clay Miner., 5, 647–657

(1999).

Weber, W.J. and J.C. Morris, “Kinetics of Adsorption of Carbon

from Solutions,” J. Sanit. Engg. Div. Am. Soc. Civ. Engg.,

89, 31–63 (1963).

Wingenfelder, U., B. Nowack, G. Furrer, and R. Schulin, “Ad-

sorption of Pb and Cd by Amine-Modified Zeolite,” Water
Res., 39, 3287–3297 (2005).

Yadava, K.P., B.S. Tyagi, and V.N. Singh, “Effect of Temperature

on the Removal of Lead (II) by Adsorption on China Clay

and Wallastonite,” J. Chem. Tech. Biotechnol., 51, 47–60

(1991).

Yahiaoui, A., M. Belbachir, and A. Hachemaoui, “An Acid

Exchanged Montmorillonite Clay-Catalyzed Synthesis of

Polyepichlorhydrin,” International J. Molecular Sci., 4,

548–561 (2003).

Yavuz, O., Y. Altunkaynak, and F. Guzel, “Removal of Copper,

Cobalt and Manganese from Aqueous Solution by Kaolin-

ite,” Water Res., 37, 948–952 (2003).

Yu, B., Y. Zhang, A. Shukla, S.S. Shukla, and K.L. Dorris, “The

Removal of Heavy Metal from Aqueous Solutions by Saw-

dust Adsorption—Removal of Copper,” J. Hazard. Mater.,
B80, 33–42 (2000).

Yu, L.J., S.S. Shukla, K.L. Dorris, A. Shukla, and J.L. Mar-

grave, “Adsorption of Chromium from Aqueous Solutions

by Maple Sawdust,” J. Hazard. Mater., B100, 53–63 (2003).

Springer


