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bstract

Fuller’s earth (FE) has been used as an adsorbent in this work to remove mercury from aqueous solutions. For the purpose of comparison,
imultaneous experiments using activated carbon (AC) have also been done. The aim of the work is to test how best FE can be used as an adsorbent
or mercury. Equilibrium isotherms, such as Freundlich, Langmuir, Dubinin–Redushkevich, Temkin, Harkins–Jura, Halsey and Henderson have
een tested. Kinetic studies based on Lagergren first-order, pseudo-second-order rate expressions and intra-particle diffusion studies have been
one. The batch experiments were conducted at room temperature (30 ◦C) and at the normal pH (6.7 ± 0.2) of the solution. It has been observed
hat Hg(II) removal rate is better for FE than AC, due to large dosage requirement, whereas the adsorption capacity of AC is found to be much

etter than FE. Hence, although FE can be used as an adsorbent, a high dosage is required, when compared to AC. Hybrid fractional error function
nalysis shows that the best-fit for the adsorption equilibrium data is represented by Freundlich isotherm. Kinetic and film diffusion studies show
hat the adsorption of mercury on FE and AC is both intra-particle diffusion and film diffusion controlled.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Fuller’s earth is a type of sedimentary clay having high
agnesium oxide content, used in bleaching and clarifying

etroleum and in refining edible oils. As a naturally occurring
dsorbent material, it can be tested to remove heavy metals from
astewaters, which if released untreated can pose a number
f health problems to the human kind. Mercury has been cho-
en in this work for experimentation. Among several methods
or the removal of heavy metals from solutions (precipitation,
vaporation, electroplating, ion exchange and membrane sepa-
ation), adsorption proves to be an efficient and cost effective
ethod [1–15]. In the present study, adsorption of mercury on

E and AC has been studied at the normal pH (6.7 ± 0.2) of the
olution and at room temperature (30 ◦C). Number of works
n the removal of mercury using activated carbon had been
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eported [105–119], whereas work on heavy metals removal
y adsorption using Fuller’s earth is feeble. This investiga-
ion was aimed, in addition to find the adsorption capability
f FE for mercury, to test the validity of batch experimental
ata to various two-parameter adsorption isotherm models such
s Freundlich [16], Langmuir [17–19], Dubinin–Redushkevich
20,21], Temkin [22], Harkins–Jura [23,24], Halsey [25] and
enderson [26].

. Experimental

.1. Materials and methods

The chemicals used were mercury (II) chloride (Merck),
otassium iodide (BDH), potassium hydrogen phthalate (BDH),
odium thiosulphate (SD Fine), gelatin (SD Fine), Fuller’s earth

Loba Chemie, India) and activated carbon (Merck). Specifica-
ions of Fuller’s earth [120] and activated carbon are given in
ables 1 and 2, respectively. The surface area of AC and FE
sed are 1250 m2/g and 120–140 m2/g, respectively. A double

mailto:zvpm2000@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2006.08.001
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Nomenclature

AC activated carbon
B constant in D–R adsorption model (mol2/J2)
B1 constant in Temkin adsorption isotherm (=RT/b)

(mg/g)
C0 initial concentration of adsorbate in solution

(mg/L)
Ce equilibrium concentration of adsorbate in solution

(mg/L)
Ct adsorbate concentration in solution at time t
e Polanyi potential (J/mol)
E mean free energy (J/mol)
F fractional attainment of equilibrium
FE Fuller’s earth
k1 Lagergren’s first-order adsorption rate constant

(min−1)
k2 second-order adsorption rate constant (g/mg min)
kfd film diffusion rate constant (min−1)
KF Freundlich constant (L/g)
kip intraparticle diffusion constant (mg/g min0.5)
KL Langmuir constant (L/mg)
KT Temkin constant (L/mg)
n exponent in Freundlich isotherm
N number of experimental data points
p number of parameters in the adsorption isotherm
qe amount of adsorbate adsorbed at equilibrium

(mg/g)
qm monolayer adsorption capacity (mg/g), mol/g in

D–R adsorption model
qt amount of adsorbate adsorbed at time t (mg/g)
R universal gas constant (8.314 J/mol K)
RL Langmuir separation factor
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Table 1
Specifications of Fuller’s earth

Chemical composition
SiO2 71.27%
Al2O3 12.56%
Fe2O3 5.40%
MgO 2.13%
TiO2 1.94%
K2O 1.22%
CaO 0.69%
MnO 0.06%
P2O5 0.03%
Ba 0.04%
Cr 0.019%
LOI 18.58%
Impurities Rutile, quartz, feldspar

Physical property
Surface area 120–140 m2/g
Porosity 60–70%
Cation exchange capacity 50–200 meq/100 g
Mean equivalent pore diameter 190–200 Å
Point of zero charge of edge face 7.0

(ii) 100 mL solutions of 50 mg/L Hg(II) concentration each
were treated with 30, 60, 90, 120, 150, 180, 210, 250, and
300 mg of AC, respectively, and equilibrated for a period

Table 2
Specifications/properties of activated carbon

Value

Specification
Substances soluble in nitric acid ≤1%
Water-soluble matter ≤0.5%
Substances soluble in ethanol ≤0.2%
Sulphate (SO4) ≤100 ppm
Iron (Fe) ≤300 ppm
Lead (Pb) ≤10 ppm
Zinc (Zn) ≤10 ppm
Residue on ignition (600 ◦C) ≤1%
Porosity 70–80%
Combustible 96.5%

Property
pHzpc 5.7
Cation exchange capacity 0.75 meq/g
Surface area 1250 m2/g
Average particle size 104 �m
Particle density 0.777 g/cm3

Surface acid groups (meq/g)
(I) Carboxyl 1.2
(II) Lactonic 1.8
(III) Phenolic 0.9
(IV) Carbonyl 1.6
t time (min)
T absolute temperature (K)

eam UV–vis spectrophotometer (HITACHI U2000 Model) was
sed to determine the residual Hg(II) concentration in solutions
27].

.2. Spectrophotometric determination of Hg(II)

The formation of a pink colored product when rhodamine
G is treated with tetraiodomercurate(II) is used to determine
ercury (10–50 �g) in a final volume of 50 mL. It is reported

27] that the reaction occurs immediately over the pH range 1–7
nd when the system is stabilized with gelatin, the absorbance
emains unchanged at 575 nm for atleast 24 h.

.3. Adsorption experiments
.3.1. Equilibrium studies

(i) 100 mL solutions of 50 mg/L Hg(II) concentration each
were treated with 2.5, 5.0, 7.5, 10.0, 12.5, and 15.0 g of

T
D
P

Particle size 10 �m
Particle density 0.8 g/cm3

FE, respectively, and equilibrated for a period of 24 h at
room temperature (30 ◦C) and at a pH of 6.7 ± 0.2 of the
solution in an orbital flask shaker.
otal basic groups 1.1 meq/g
ecolorizing power 55.5 mg/g
article size range −65 + Pan (Tyler STD)
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Table 3
Batch experimental data for the adsorption of Hg(II) on FE and AC, at normal pH and at room temperature (30 ◦C)

Equilibrium studies Optimum dosage Effect of contact time

Activated carbon Fuller’s earth Activated carbon Fuller’s earth Activated carbon Fuller’s earth

qe (mg/g) Ce (mg/L) qe (mg/g) Ce (mg/L) Dosage
(g)

%Hg(II)
removed

Dosage
(g)

%Hg(II)
removed

Time
(min)

qt (mg/g) Time
(min)

qt (mg/g)

57.33 32.8 1.044 23.9 0.050 39.8 2.0 41.8 5 10.939 5 0.4602
46.10 22.4 0.820 9.0 0.100 54.8 5.0 66.8 10 10.987 10 0.4634
39.78 14.2 0.607 4.5 0.150 68.8 9.0 88.2 20 11.104 20 0.4680
33.17 10.2 0.480 2.0 0.200 77.6 14.0 97.4 30 11.198 30 0.4703
28.33 7.5 0.390 1.2 0.300 85.8 20.0 99.8 40 11.284 45 0.4721
24.50 5.9 0.329 0.7 0.400 91.1 – – 50 11.362 60 0.4730
21.67 4.5 – – 0.500 94.1 – – 90 11.626 90 0.4748
1
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8.60 3.5 – – 0.600 96.1
5.87 2.4 – – – –
2.20 1.3 – – – –

of 24 h at room temperature and at a pH of 6.7 ± 0.2 of the
solution in an orbital flask shaker.

The solutions were then filtered and the residual Hg(II) con-
entrations determined spectrophotometrically.

.3.2. Determination of optimum dosage

(i) 100 mL solutions of 50 mg/L Hg(II) concentration each
were treated with 2, 5, 9, 14, and 20 g of FE, respectively
and shaken for a period of 1 h at room temperature (30 ◦C)
and at a pH of 6.7 ± 0.2 of the solution.

ii) 100 mL solutions of 50 mg/L Hg(II) concentration each
were treated with 50, 100, 150, 200, 300, 400, 500, and
600 mg of AC and shaken for period of 1 h at room temper-
ature (30 ◦C) and at a pH of 6.7 ± 0.2 of the solution.
.3.3. Effect of contact time

(i) 100 mL of 50 mg/L Hg(II) concentration solutions were
treated with 10 g (optimum dosage) of FE for 5, 10, 20,
30, 45, 60, and 90 min.

q

w
r

able 4
wo-parameter adsorption isotherm models and parameter values of the isotherms fo
f the solution and at room temperature (30 ◦C)

odel Linearized equation Param

Fuller

reundlich log qe = log KF + 1
n

log Ce KF =
R2 =

angmuir Ce
qe

= 1
qmKL

+ Ce
qm

KL =
R2 = 0

ubinin–Redushkevich
(D–R)

ln qe = ln qm−Be2 B = 2
E = 15

emkin qe = B1 ln KT+B1 ln Ce KT =
R2 = 0

arkins–Jura 1
q2

e
=

[
B
A

]
−

[
1
A

]
log Ce A = 0.

alsey ln qe =
[(

1
n

)
ln k

]
−

(
1
n

)
ln Ce n = −

enderson ln [−ln (1−Ce)] = ln k + n ln qe n = 96
R2 = 0
– – – – – –
– – – – – –
– – – – – –

ii) 100 mL of 50 mg/L Hg(II) concentration solutions were
treated with 400 mg of AC for 5, 10, 20, 30, 40, 50, and
90 min.

. Results and discussion

.1. Equilibrium studies

The experimental data (Table 3) on equilibrium studies for
he adsorption of Hg(II) on FE and AC were tested to fit the var-
ous 2-parameter adsorption isotherm models. Linearized forms
f the various adsorption isotherms, the values of parameters
nvolved and the correlation coefficients are given in Table 4.

.1.1. Freundlich model
This model often gives a better fit particularly for adsorption

rom liquids and can be expressed as:
e = KFC1/n
e (1)

here qe (mg/g) is the amount of adsorbate adsorbed at equilib-
ium and Ce (mg/L) is the equilibrium concentration of adsorbate

r the adsorption of Hg(II) on Fuller’s earth and activated carbon at normal pH

eters values for the adsorption of Hg(II) on

’s earth Activated carbon

0.373; 1
n

= 0.334;
0.996

KF = 10.464; 1
n

= 0.487; R2 = 0.997

0.359; qm = 1.145;
.991; RL = 0.053

KL = 0.104; qm=69.44; R2 = 0.967;
RL = 0.161

× 10−9; qm = 1.84 × 10−5;
811; R2 = 0.9955

B = 4 × 10−9; qm = 1.59 × 10−3;
E = 11180; R2 = 0.9928

5.675; B1 = 0.206;
.981

KT = 1.23; B1 = 13.951; R2 = 0.949

189; B = 1.331 R2 = 0.893 A = 238.1; B = 1.333; R2 = 0.836

2.99; k = 19.05; R2 = 0.995 n = −2.05; k = 8.08 × 10−3; R2 = 0.997
6091; k = 9 × 10−7;
.976

n = 2.04; k = 2907.4; R2 = 0.9975
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Fig. 1. Freundlich plots.

n solution. Many researchers have used this model to interpret
heir sorption data for various systems [28–61]. In this model,
he mechanism and the rate of adsorption are functions of the
onstants 1/n and KF (L/g). The plots for the adsorption of Hg(II)
n FE and AC are shown in Fig. 1. The plots give good fit (cor-
elation coefficient, R2 = 0.996 for FE and 0.997 for AC). For
good adsorbent, 0.2 < 1/n < 0.8. A smaller value of 1/n indi-

ates better adsorption and formation of relatively strong bond
etween the adsorbate and adsorbent. From the 1/n values (see
able 4), it is observed that FE adsorbs Hg(II) stronger than AC.

.1.2. Langmuir model
The Langmuir adsorption isotherm is given by the following

quation:

e = qmKLCe

1 + KLCe
(2)

host of research workers have applied this model to inter-
ret their sorption data [28–83]. In the present work, we find
hat the plots shown in Fig. 2 for both FE and AC give a fairly
ood fit (R2 = 0.991 for FE and 0.967 for AC) for the present
xperimental data. In the model, qm (mg/g) is the amount of
dsorption corresponding to complete monolayer coverage, i.e.,
he maximum adsorption capacity and KL (L/mg) is the Lang-

uir constant. From the values of qm (see Table 4), it is observed
hat the maximum adsorption capacity of AC is much better (≈60

imes) than that of FE. This is due to the low specific surface area
f FE. Hence, a high dosage of FE is required. However, adsorp-
ion capacity of the adsorbents may be improved by thermal
ctivation before usage. For Langmuir type adsorption process,

Fig. 2. Langmuir plots.
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Fig. 3. Favorable isotherms.

o determine if the adsorption is favorable or not, a dimensionless
eparation factor is defined as:

L = 1

1 + KLC0
(3)

f RL > 1, the isotherm is unfavorable, RL = 1, the isotherm is
inear, 0 < RL < 1, the isotherm is favorable, RL = 0, the isotherm
s irreversible.

The RL values for both FE and AC fall between 0 and 1 (see
able 4), indicating that the isotherms are favorable. Fig. 3 shows
plot of residual equilibrium concentration Ce (mg/L) against

dsorbate loading qe (mg/g). The curves are convex upward and
o they are favorable because a relatively high adsorbate loading
ay be obtained at low concentration in the solution.

.1.3. Dubinin–Redushkevich (D–R) model
This adsorption isotherm is given as:

e = qm exp (−Be2) (4)

here qm (mol/g) is the theoretical monolayer saturation capac-
ty of the adsorbent and e (known as Polanyi potential) is given
s:

= RT ln

(
1 + 1

Ce

)
(5)

he constant B (mol2/J2) given by the following equation [84],
he mean free energy E (J/mol) of adsorption per molecule of
dsorbate, when it is transferred to the surface of the solid from
nfinity in the solution, is

= 1√
2B

(6)

he linear form of D–R equation is:

n qe = ln qm − Be2 (7)

plot of ln qe versus e2 should yield a straight line. This plot for
he present experimental data is shown in Fig. 4. The fits are good

n the present study (R2 = 0.9955 for FE and 0.9928 for AC). The
alues of the parameter E (see Table 4) for FE are found to be
ore than that for AC. Also, the theoretical monolayer saturation

apacity for AC is much better (≈85 times) than FE. Hence, a
igh dosage of FE is required.
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Fig. 4. Dubinin–Redushkevich plots.

.1.4. Temkin model
The Temkin adsorption isotherm is expressed as:

e = RT

b
ln (KTCe) (8)

he linearized form of the above equation is:

e = B1 ln KT + B1 ln Ce (9)

here B1 = RT/b; R is the universal gas constant (8.314 J/mol K)
nd T is the absolute temperature (K).

Temkin isotherm takes into account the adsorbing
pecies–adsorbent interactions. A plot of qe versus ln Ce yields
straight line (Fig. 5) from which the isotherm constants B1

nd KT (L/mg) can be determined. KT is the equilibrium bind-
ng constant corresponding to the maximum binding energy and
onstant B1 is related to the heat of adsorption. From the values
f KT (see Table 4) it may be observed that the binding energy
s better for FE than AC as evinced by the Freundlich model,
hereas the heat of adsorption is more for AC than FE.

.1.5. Harkins–Jura model
The plots for the experimental data, using this model, are

hown in Fig. 6. This model accounts for multilayer adsorption
nd also for the existence of heterogeneous pore distribution in

he adsorbent. A low value of R2 for both FE (0.893) and AC
0.836) indicates that the adsorption process follow fairly this
odel.

Fig. 5. Temkin plots.

m
i

H

Fig. 7. Halsey plots.

.1.6. Halsey and Henderson model
These models explain multilayer adsorption [85]. The exper-

mental data shown through Figs. 7 and 8 gives good correlation
oefficients for these models, confirming multilayer adsorption
f Hg(II) on FE and AC.

.1.7. Best-fit isotherm model
All the isotherms studied in this work are in their linearized

orm. Due to the inherent bias resulting from linearization, to find
ut the best-fit isotherm model to the experimental equilibrium
ata, the hybrid fractional error function [121] of non-linear
egression is employed, as it compensates for low concentrations
y balancing absolute deviation against fractional error and is
ore reliable than other error functions [122]. The hybrid error
s given as:

YBRID = 100

N − p

∑ [
qe,exp − qe,calc

qe,exp

]
i

(10)

Fig. 8. Henderson plots.
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Fig. 9. Percentage Hg(II) removal with increase in FE dosage.

here N is the number of data points and p is the number of
arameters in the isotherm model. The hybrid error is lowest
or Freundlich model for adsorption on both AC (0.013) and
E (0.134) and hence the best-fit is the Freundlich adsorption

sotherm.

.2. Optimum dosage

Figs. 9 and 10 show the plots of percentage of Hg(II) removed
ersus adsorbent dosage. Approximately above 10 g of FE and
ear 0.4 g of AC dosage, the percentage of Hg(II) removed
lmost stabilizes. Hence, the optimum dosage is taken as 10 g
or FE and 0.4 g for AC.

.3. Effect of contact time

The rate at which the metal ion is removed from solution
y the adsorbent is a significant factor for the utilization of the
rocess in the treatment of effluents. The data on the effect of
ontact time is interpreted under (i) rate constant study and (ii)
ntra-particle diffusion study.

.3.1. Rate constant study
The rate constant for surface adsorption of the Hg(II) ion on

E and AC is studied under the light of the pseudo-first-order rate
xpression of Lagergren model [86,87] and the pseudo-second-

rder kinetic rate expression of Ho and McKay [88–98].

The integrated form of the Lagergren equation is given by

og [qe − qt] = log qe − k1

2.303
t (11)

Fig. 10. Percentage Hg(II) removal with increase in AC dosage.

o
s
i

Fig. 11. Pseudo first-order kinetic plots.

plot of Eq. (11) is shown in Fig. 11 for FE and AC. The
xperimental data gives good fit for both FE (R2 = 0.922) and
C (R2 = 0.999) indicating that the Lagergren model is appli-
able, although better for AC. The values of the first-order rate
onstants (k1 = 0.015 min−1 for FE and 0.0094 min−1 for AC)
ndicate that adsorption is faster in FE than AC.

The pseudo second-order kinetic rate expression in the inte-
rated form is:

t

qt

= 1

k2q2
e

+ t

qe
(12)

he plot for the above equation is shown in Fig. 12. The data
ives perfect fit for this model for both FE (R2 = 0.999) and
C (R2 = 1). The values of the second-order rate constant found

rom the slopes of the plots for FE (k2 = 7.23 g/mg min) and AC
k2 = 0.094 g/mg min) indicate that Hg(II) removal rate is faster
y FE than AC.

.3.2. Intra-particle diffusion study
Besides adsorption at the outer surface of the adsorbent,

here is also a possibility of intra-particle diffusion of the metal
on from the bulk of the outer surface into the pores of the
dsorbent material. This possibility is studied by plotting qt

ersus t0.5 [99–104]. The plot shown in Fig. 13 presents multi-
inearity for FE, indicating that a few steps are taking place.
he first linear portion is attributed to the diffusion of adsor-
r the boundary layer (film) diffusion of solute molecules. The
econd portion describes the gradual adsorption stage, where
ntra-particle diffusion is rate limiting. The third portion is

Fig. 12. Pseudo-second-order kinetic plots.
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Fig. 13. Intraparticle diffusion plot-1.

ttributed to the final equilibrium stage for which the intra-
article diffusion starts to slow down due to the extremely low
dsorbate concentration left in the solution. The value of the
ntra-particle diffusion rate constant found from the slope, kip,
s 9 × 10−4 mg/g min0.5.

The plot for AC although is not multi-linear, it is linear
R2 = 0.992), indicating the existence of intra-particle diffusion.
or adsorption on AC, kip = 0.096 mg/g min0.5.

Further confirmation to the occurrence of intra-particle dif-
usion is obtained from a plot of log (qt) versus log (t) (see
ig. 14). The plots give a linear fit (R2 = 0.991 for FE and
2 = 0.906 for AC) indicating intra-particle diffusion is taking
lace. The values of the slope calculated from the plots are
.0111 for FE and 0.0198 for AC. These values are widely
ivergent from the value of 0.5, which corresponds to the intra-
article diffusion being rate determining [104]. The divergence
n value from 0.5 indicates that besides intra-particle diffusion,
here may be other processes controlling the rate, all operating
imultaneously.

.4. Mass-transfer studies

The experimental conditions for the batch kinetic tests are:

olume of Hg(II) solution – 100 mL of 50 mg/L concentra-
ion; temperature – 303 K; pH of the solution – 6.7 ± 0.2;
pm of the rotary shaker – 180; adsorbent dosage – 0.4 g AC,
0 g FE.

Fig. 14. Intraparticle diffusion plot-2.
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Fig. 15. Liquid film diffusion plot.

.4.1. Film diffusion
When the transport of the solute molecules from the liquid

hase to the solid phase boundary plays a most significant role in
dsorption, the liquid film diffusion model [123] can be applied:

n (1 − F ) = −kfdt (13)

here F is the fractional attainment of equilibrium (F = qt/qe),
nd kfd is the film diffusion rate constant. A linear plot of
ln (1−F) versus t with zero intercept would suggest that the

inetics of the adsorption process is primarily controlled by dif-
usion through the liquid film surrounding the solid adsorbents.
his plot is shown in Fig. 15 for AC and FE. The straight lines are
ot passing through the origin, and hence the adsorption process
s not primarily film diffusion controlled for both AC and FE.
he film diffusion rate constants kfd, calculated from the slopes
re 0.0096 min−1 and 0.0151 min−1 for adsorption AC and FE,
espectively.

. Conclusions

The present study shows that Fuller’s earth, like activated
arbon, follows the adsorption isotherm models tested; viz. Fre-
ndlich, Langmuir, Dubinin–Redushkevich, Halsey and Hen-
erson; except Temkin and Harkins–Jura. However, the best-fit
sotherm is the Freundlich isotherm, as determined by hybrid
ractional error analysis. Application of Halsey and Henderson
odels, indicate that the adsorbents are heteroporous in nature,
hich is a good characteristic of an absorbent. Fuller’s earth is
etter than activated carbon from the point of strong-bond forma-
ion between the adsorbent and adsorbate. However, monolayer
dsorbate coverage capacity of Fuller’s earth is lesser than acti-
ated carbon, indicating that a high dosage of Fuller’s earth is
equired, as evinced by the experimental data. As the adsorp-
ion capacity is an important factor, AC in this respect proves to
e better than FE for the capture of mercury ions. Kinetic data
or both Fuller’s earth and activated carbon fits well in pseudo-
econd-order kinetics, confirming the chemisorption of mercury

ons, which can also be evinced by energy of adsorption values,
etermined by D–R isotherm model. The adsorption process on
oth Fuller’s earth and activated carbon is particle-diffusion-
ontrolled to some extent, although they were used in powder
orm, with existence of external mass transfer at the initial stages.
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