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bstract

The sorption behavior of mercury at different temperatures onto ground-up tree fern was investigated. The experimental results were fitted to
wo two-parameter isotherms, the Freundlich and Langmuir isotherms, as well as to two three-parameter isotherms, the Redlich–Peterson and Sips
sotherms to obtain the characteristic parameters of each model. A comparison of best-fitting was performed using the coefficient of determination
nd Chi-square test. Both the Langmuir and Redlich–Peterson isotherms were found to well represent the measured sorption data. According to

he evaluation using the Langmuir equation, the saturated monolayer sorption capacity of mercury ions onto ground-up tree fern was 26.5 mg/g at
98 K. It was noted that an increase in temperature resulted in a higher mercury ion loading per unit weight of the tree fern. In addition, various
hermodynamic parameters, such as �G◦, �H◦, and �S◦, were calculated and compared with the sorption of mercury by other sorbents.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Understanding the sorption of metal ions from aqueous solu-
ions is important in water pollution control. The application of
ow-cost sorbents including carbonaceous materials, agricultural
roducts, and waste by-products has been investigated. In recent
ears, agricultural waste materials and by-products of cellulosic
rigin have been widely studied in the literature for their capac-
ty to remove mercury from aqueous solutions. These include
eat [1], bark [2], cellulose [3], lignite [4], coconut husks [5],
ice husks [6], Sugi wood [7], flax shive [8], bagasse pith [9],
oss [10], vegetables [11], carbonised coirpith [12], rice-husk

sh [13], tea leaves, and coffee beans [14]. Several extensive
tudies have also been performed using activated carbon pre-
ared from agricultural wastes for the removal of mercury from
queous solutions such as peanut hull carbon [15], olive stones
16], and Sugi wood [17]. In addition, chemically treated sor-
ents including coconut husks [18], bagasse pith [19], bark [20],

nd polyacrylamide-grafted banana stalks [21], have been used
n attempts to enhance the mercury sorption performance. Most
f this work has shown that agricultural products and waste by-
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roducts can be good sorbents for heavy metals. Many of these
atural sorbents remove metals more by ion exchange than by
dsorption.

The structure of tree fern is cellulose based [22], and the sur-
ace of the cellulose in contact with water is negatively charged
23]. All chemical sorbents have polar functional groups (alco-
ols, aldehydes, ketones, acids, phenolic hydroxides, and ethers)
or chemical binding [24]. The tree fern is highly polar and has
een used as a specific sorbent to remove metals such as lead
25], copper [26], cadmium [27,28], and zinc [29], as well as dye
30]. In addition, the sorption of sodium ions by tree fern showed
lower sorption capacity [23]. However, arsenical anions can-
ot be removed from solution because of the negative charge of
he surface of tree fern material.

Several sorption isotherms have recently been stud-
ed for metal removal such as Langmuir [31], Fre-
ndlich [32], Dubinin–Radushkevich [5], Frumkin [33], van
emmelen–Freundlich [34], Sips [35], Ideal Adsorption Solu-

ion Theory [36], BET [37], Redlich–Peterson [29], Henry [38],
nd Tóth [39]. The goal of the present work was to study the
ossibility of utilizing ground-up tree fern for the sorption of

ercury ions from aqueous solutions and the effect of temper-

ture on its sorption of mercury. In this study, Chi-square test
as used, and the isotherm parameters were determined using

he method of least squares. Two two-parameter isotherms, the

mailto:ysho@isu.edu.tw
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reundlich and Langmuir isotherms, as well as two three-
arameter isotherms, the Redlich–Peterson and Sips isotherms,
ere examined for their ability to model the equilibrium sorption
ata. A comparison of linear and non-linear correlation analy-
es of these four isotherms was applied by using the sorption of
ercury by ground-up tree fern.

. Materials and methods

.1. Materials

Raw tree fern material was dried in an oven at 100 ◦C for a
eriod of 24 h, and then ground-up and screened through a set
f sieves to obtain a geometrical size of 61–74 �m. This pro-
uced uniform material for the complete set of sorption tests;
his material was stored in an air-tight plastic container for use
n all investigations. Analytical grade reagents were used in
ll cases. Stock solutions of mercury(II) (1000 mg/dm3) were
repared in distilled water using mercury HgCl2. All work-
ng solutions were prepared by diluting the stock solution with
istilled water.

.2. Methods

Batch sorption experiments were performed at the desired
emperatures (10, 15, 20, and 25 ◦C) on a rotary shaker at
00 rpm using 125-ml capped conical flasks. In each set of exper-
ments, a range of initial metal ion concentrations was used of
rom 55 to 145 mg/dm3, and 0.25 g of ground-up tree fern was
horoughly mixed into 50 ml of the mercury solution. After shak-
ng the flasks for 12 h, the tree fern material was separated by
entrifugation, and the remaining mercury concentration of the
olution was analyzed using inductively coupled plasma atomic
mission spectroscopy (ICP-AES).

. Equilibrium isotherms

Sorption equilibria provide fundamental physicochemical
ata for evaluating the applicability of sorption processes as a
nit operation. The sorption equilibrium is usually described
y an isotherm whose parameters express the surface prop-
rties and affinity of the sorbent at a fixed temperature. In
rder to investigate the sorption isotherms, four equilibrium
odels frequently applied to the sorption of metals from aque-

us solution were fitted to the experimental results. These
ncluded two two-parameter isotherms, the Langmuir and the
reundlich isotherms, as well as two three-parameter isotherms,

he Redlich–Peterson and the Sips isotherms.
The equilibrium sorption capacity is obtained by using a mass

alance equation:
e = (C0 − Ce)V

ms
; (1)

here C0 and Ce are the initial and equilibrium concentration,
espectively (mg/dm3), V is the volume of solution used (dm3),
nd ms is the sorbent mass (g).

b
u
e
d
a
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.1. Langmuir isotherm

The saturated monolayer Langmuir isotherm [40] can be rep-
esented as:

e = qmKaCe

1 + KaCe
. (2)

The constants qm and Ka are the characteristic of the Lang-
uir equation and can be determined from a linearised form of
q. (2), represented by

Ce

qe
= 1

qmKa
+ Ce

qm
. (3)

A plot of Ce/qe versus Ce should indicate a straight line of
lope 1/qm and an intercept of 1/(Ka qm), or alternatively

1

qe
=

(
1

Kaqm

)
× 1

Ce
+ 1

qm
(4)

hich is a straight line with a slope of 1/(Ka qm) and an intercept
f 1/qm when plotting 1/qe versus 1/Ce; where Ce is the equi-
ibrium concentration (mg/dm3), qe is the amount of mercury
orbed (mg/g), qm is qe for a complete monolayer (mg/g), and
a is the sorption equilibrium constant (dm3/mg) [29].

.2. Freundlich isotherm

The Freundlich isotherm [41] is expressed by the following
quation:

e = KFC1/n
e . (5)

The equation may be linearised by taking the logarithm of
oth sides

og(qe) = 1

n
log(Ce) + log(KF) (6)

hich produces a straight line with a slope of 1/n and an intercept
f log (KF) when plotting log (qe) versus log (Ce).

.3. Redlich–Peterson isotherm

The Redlich–Peterson isotherm [42] contains three param-
ters and involves features of both the Langmuir and the
reundlich isotherms. It can be described as follows:

e = ACe

1 + BC
g
e
. (7)

Taking the natural logarithm of both sides results in

n

(
A

Ce

qe
− 1

)
= g ln(Ce) + ln(B). (8)

Although, a linear analysis is not possible for a three-
arameter isotherm, three isotherm constants, A, B, and g, can
e evaluated from the pseudo-linear plot represented by Eq. (8)

sing a trial and error optimization method. A general trial and
rror procedure which is applicable to computer operations was
eveloped to determine the coefficient of determination, r2, for
series of values of A for the linear regression of ln (Ce) on
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shows the different isotherms for sorption of mercury onto
ground-up tree fern. Comparison of the linear regression coef-
ficient of determination, r2, and the non-linear Chi-square
analysis, �2 which were calculated by Eq. (12), are shown in
00 Y.-S. Ho, C.-C. Wang / Journal of H

n [A(Ce/qe) − 1] and to obtain the best value of A which yields
maximum ‘optimized’ value of r2.

.4. Sips isotherm

The Sips [43] or Langmuir–Freundlich isotherm also contains
hree parameters. The isotherm can be represented as

e = ASCCS
e

1 + ASCCS
e

; (9)

r, in the Langmuir–Freundlich form:

e = qmKaC
KLF
e

1 + KaCKLF
e

. (10)

The equation may be linearised by taking the natural loga-
ithm of both sides:

n

(
qe

qm − qe

)
= KLF ln(Ce) + ln(Ka). (11)

Three isotherm constants, qm, KLF, and Ka, can be evalu-
ted from the pseudo-linear plot represented by Eq. (11) using
trial and error optimization method. A general trial and error
rocedure which is applicable to computer operations was devel-
ped to determine the coefficient of determination, r2, for a
eries of values of qm for the linear regression of ln (Ce) on
n [qe/(qm − qe)] and to obtain the best value of qm which yields
maximum ‘optimized’ value of r2.

.5. Error analysis

In the single-component isotherm studies, the optimization
rocedure requires an error function to be defined in order to be
ble to evaluate the fit of the isotherm to the experimental equi-
ibrium data. In this study, linear coefficients of determination
nd non-linear Chi-square test were examined.

The Chi-square test statistic is basically the sum of the
quares of the differences between the experimental data and
ata obtained by calculating using the models, with each squared
ifference divided by the corresponding data obtained by calcu-
ating using the models. The equivalent mathematical statement
s

2 =
∑ (qe − qe,m)2

qe,m
; (12)

here qe,m is the equilibrium capacity obtained by calculating
sing the model (mg/g) and qe is the experimental data of the
quilibrium capacity (mg/g). If data from a model are similar
o the experimental data, �2 will be a small number, and if they
re different, �2 will be a big number. Therefore, it is necessary
o also analyze the data set of the Chi-square test to confirm the
est-fit isotherm for the sorption system.

. Results and discussion
The simplest method to determine isotherm constants for two-
arameter isotherms is to transform the isotherm variables so that
he equation is converted to a linear form and then to apply a

F
u

ig. 1. Redlich–Peterson isotherms for the sorption of mercury ions using
round-up tree fern at various temperatures.

inear regression. Least square is the most common method for
tting a straight line through experimental results. The principle
ehind least squares is to find the line that optimizes the coeffi-
ient of determination, r2, or correlation coefficient, r, between
he experimental points and the straight line.

Sorption isotherms of mercury ions onto ground-up tree
ern at various solution temperatures are shown in Fig. 1. The
angmuir (Ka and qm) and Freundlich (KF and 1/n) constants
ere calculated from the plots of Ce/qe versus Ce and log qe
ersus log Ce, respectively, using a linear least squares fitting
Table 1). For the three-parameter isotherm, Redlich–Peterson
nd Langmuir–Freundlich constants were also obtained by

trial and error method using the plots of ln (Ce) versus
n [A(Ce/qe) − 1] and ln (Ce) versus ln [qe/(qm − qe)], from the
inear isotherm forms of Eqs. (8) and (11), respectively. Fig. 2
ig. 2. Comparison of different isotherms for the sorption of mercury by ground-
p tree fern.
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Table 1
Constants for Langmuir Eq. (3), Langmuir Eq. (4), Freundlich, Redlich–Peterson, and Langmuir–Freundlich isotherms

T (K) Langmuir Eq. (3) Langmuir Eq. (4) Freundlich Redlich–Peterson Langmuir–Freundlich

qm Ka qm Ka �G◦ KF 1/n g A B KLF Ka qm

283 20.2 0.401 19.7 0.502 −10.9 11.2 0.142 0.950 13.6 0.837 0.738 0.601 21.0
288 20.3 0.423 19.6 0.628 −11.6 11.9 0
293 23.5 0.471 22.4 0.687 −12.0 12.6 0
298 26.5 0.454 24.6 0.762 −12.5 13.2 0
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Fig. 3. Comparison of non-linear Chi-square test analysis, �2.

igs. 3 and 4. The results indicate that the three-parameter
edlich–Peterson isotherm exhibits the best-fit with the high-
st value of r2 and lowest value of �2. Both three-parameter
sotherms of Redlich–Peterson and Langmuir–Freundlich have
ower values of �2 than these of the two-parameter isotherms.
ven though the most suitable isotherm for the data set was the

edlich–Peterson isotherm, the difference between the two lin-
ar forms of the Langmuir isotherm significantly affected the
esult. Values of r2 obtained from the linear Langmuir Eq. (3)

Fig. 4. Comparison of linear regression coefficients of determination, r2.

K
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.127 0.973 14.6 0.826 0.371 0.753 25.4

.158 0.943 21.1 1.15 0.573 0.721 25.9

.183 0.916 28.9 1.54 0.462 0.594 32.9

ere consistently higher than these of Langmuir Eq. (4). How-
ver, the value of �2 shows that the Langmuir Eq. (4) produced
better fit than Eq. (3). This denotes that a different axis set-

ing would alter the results of a linear regression and hence
nfluence the determination process. Unlike the linear analy-
is, different forms of the equations would significantly effect
2 and impact the final determination, whereas the non-linear
hi-square analysis is a method which avoids such errors [44].

Values of �2 were compared to determine the appropriate
ype of two-parameter isotherm for mercury sorption. �2 values
or the fitting of mercury to the theoretical Langmuir Eq. (4)
sotherm were lower than the values for the empirical Freundlich
sotherm, as shown in Fig. 3. Hence, the Langmuir isotherm
grees well with the experimental data, assuming that all of the
orption sites have equal energy [40].

The effect of the isotherm shape can be used to predict the
avorableness or unfavorableness of a sorption system in batch
rocesses.

The effect of the isotherm shape can be used to predict if
sorption system is ‘favorable’ or ‘unfavorable’ in batch pro-

esses [45]. According to Hall et al. [46], the essential features
f the Langmuir isotherm can be expressed in terms of a dimen-
ionless constant separation factor or equilibrium parameter, KR,
hich is defined by the following relationship:

R = 1

1 + KaC0
; (13)

here KR is a dimensionless separation factor, C0 is the ini-
ial concentration (mg/dm3), and Ka is the Langmuir constant
dm3/mg). The parameter KR indicates the shape of the isotherm
ccording the following table

alues of KR Type of isotherm

R > 1 Unfavorable

R = 1 Linear
< KR < 1 Favorable

R = 0 Irreversible

The relationship between the parameter KR and C0 was
eported as a figure [29]. The values of KR for mercury are
iven in Fig. 5. The KR values indicate that sorption is more
avorable for the higher initial mercury concentrations than for
ower ones. Referring to Fig. 5, it is obvious that ground-up

ree fern is a good sorbent for mercury. The sorption is more
avorable at higher temperatures.

The monolayer coverage, qm, obtained from the Langmuir
sotherm for each temperature increased with increasing temper-
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tree fern. The decrease in the negative value of �G◦ with an
increase in temperature indicates that the sorption process of
mercury ions on ground-up tree fern becomes more favorable
at higher temperatures [51]. In most cases, sorption of mer-
ig. 5. Plot of KR against initial mercury ion concentration at various tempera-
ures.

ture (Table 1). Increasing the temperature is known to increase
he rate at which chemisorption and diffusion processes occur.
ypical chemisorption involving valence forces through the
haring or exchange of electrons between the sorbent and sor-
ate, is an endothermic process, thus chemisorption may play
significant role in the sorption process. In addition, increas-

ng the temperature may produce a swelling effect within the
nternal structure of the tree fern material enabling metal ions to
enetrate further [47] or to the creation of some new active sites
n the sorbent surface [6].

The plateau on each isotherm corresponds to monolayer cov-
rage of the surface by the metal ions, and this value is the
ltimate sorptive capacity at high concentrations which can be
sed to estimate the specific surface area, S, of ground-up tree
ern using the following equation:

= qmNA

M
; (14)

here S is the specific surface area in m2/g tree fern, qm is the
onolayer sorption capacity in g metal/g tree fern, N is Avo-

adros number (6.02 × 1023), A is the cross-sectional area of
etal ion in m2, and M is the molecular weight of the metal. A

omparison of the specific surface area for sorption of divalent
etal ions was made by using the monolayer sorption capacity,
m, which was obtained from previous work [28,29]. Therefore,
he specific surface areas can be calculated by Eq. (14) for Zn2+,
u2+, Pb2+, Cd2+, and Hg2+ (Table 2). The specific surface area
f ground-up tree fern for the metal ions was affected by the

able 2
pecific surface areas and saturated monolayer capacities for metals by ground-
p tree fern

etal Ionic radius (Å) M A (m2) qm (mg/g) S (m2/g)

n2+ 0.88 65.38 2.43 × 10−20 7.58 1.70
u2+ 0.87 63.546 2.38 × 10−20 10.6 2.39
d2+ 1.09 112.41 3.73 × 10−20 16.3 3.26
g2+ 1.16 200.59 4.23 × 10−20 26.5 3.36
b2+ 1.33 207.2 5.56 × 10−20 39.8 6.43
ous Materials 156 (2008) 398–404

ivalent metal characteristics such as ionic radius and molec-
lar weight. In general, the area increased with an increase in
he monolayer sorption capacity and the specific surface areas
xcept for zinc which had a lower monolayer sorption capacity
nd specific surface areas compared copper. The same sorption
apacity order (Cu2+ > Zn2+) occurred in the sorption of metals
y natural zeolite [48], low-rank Turkish coals [49], and native
ugar beet pulp [50]. The specific surface area of ground-up tree
ern was in the order of Zn2+ < Cu2+ < Cd2+ < Hg2+ < Pb2+.

In environmental engineering practice, both energy and
ntropy factors must be considered in order to determine what
rocesses will occur spontaneously. Gibb’s free energy change,
G◦, is the fundamental criterion of spontaneity. Reactions

ccur spontaneously at a given temperature if �G◦ is a nega-
ive value. The thermodynamic parameters of Gibb’s free energy
hange, �G◦, enthalpy change, �H◦, and entropy change, �S◦,
or the sorption processes are calculated using the following
quations:

G◦ = −RT ln Ka (15)

nd

G◦ = ΔH◦ − TΔS◦, (16)

here R is universal gas constant (8.314 J/mol K) and T is the
bsolute temperature in K.

The thermodynamic parameters Gibb’s free energy change,
G◦, are calculated using Ka which is obtained from Langmuir
q. (4) and are shown in Table 1. A plot of Gibb’s free energy
hange, �G◦, versus temperature, T, was found to be linear
Fig. 6). The enthalpy change, �H◦, and the entropy change,
S◦, for the sorption processes were obtained from the inter-

ept and slope of Eq. (16) and found to be 18.8 kJ/mol and
.105 kJ/mol K, respectively. The negative values of �G◦ con-
rm the feasibility of the process and the spontaneous nature of
orption with a high preference of mercury ions by ground-up
Fig. 6. Plot of Gibb’s free energy change, �G◦, versus temperature, T.
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Table 3
A comparison of thermodynamic parameters for the sorption of mercury by
different sorbents

Sorbent �G◦
(kJ/mol)

�H◦
(kJ/mol)

�S◦
(kJ/mol K)

References

Polyurethane (PUR) Negative −30.7 −70.1 [56]
Activated carbon Negative −23.6 −20.5 [55]
Sawdust Negative 20.9 87.4 [54]
Polyacrylamide-grafted

iron(III) oxide
Negative 26.3 100 [53]

Polyacrylamide-grafted
banana stalk

Negative 32.1 169 [21]

2-Mercaptobenzimidazole- Negative 34.8 190 [52]
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[

[

[

[

clay
emineralized lignite coal Negative −2.6 0.024 [4]

ury was found to have negative values of �G◦ (Table 3). The
alue of �H◦ is positive, indicating that the sorption reaction
s endothermic. However, not all the mercury sorption systems
ere endothermic (Table 3). Entropy has been defined as the
egree of chaos of a system. A positive value of �S◦ reflects
ncreasing randomness at the solid/liquid interface during the
orption of mercury ions on the sorbent [6,21,52]. There are
onsistencies in the sorption of mercury by other sorbents, for
xample, rice husks [6], polyacrylamide-grafted iron(III) oxide
53], 2-mercaptobenzimidazole-clay [52], sawdust [54], dem-
neralized lignite coal [4], and polyacrylamide-grafted banana
talks [21]. However, a negative value for �S◦ was also reported
or the sorption of mercury by activated carbon derived from
ertilizer waste [55] and for the sorption of Hg(II)-SCN on
olyurethane foam [56]. In addition, there are two conclusions
or the sorption of mercury presented in the literature. The first
s that a relatively small positive value of �S◦ indicates that
o significant structural change occurs in the sorbent [21,53].
he other is that the positive value of �S◦ reflects the affinity
f the ground-up tree fern for mercury ions and suggests some
tructural changes in both the mercury and sorbent [52].

. Conclusion

Ground-up tree fern is able to sorb mercury ions from aque-
us solutions. The mercury ion binding capacity of ground-up
ree fern was a function of temperature. The sorption capacity
ncreased with increasing temperature. It is not appropriate to
se the coefficient of determination of the linear regression anal-
sis for comparing the best-fit of the Redlich–Peterson, Sips,
reundlich, and both linear Langmuir isotherms. The results
rom this study were extremely well described by the three-
arameter Redlich–Peterson isotherm. The negative values of
G◦ indicate the spontaneous nature of sorption with a high

reference of mercury ions on ground-up tree fern, and that the
orption reaction is endothermic in which there is increasing

andomness at the solid/liquid interface during the sorption of
ercury ions onto ground-up tree fern. The monolayer sorption

apacity and the specific surface areas of tree fern for divalent
etal ions were affected by the metal ionic radius and molecular
eight.
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