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Abstract

A new sorbent system for removing heavy metal ions, such as Zn(II), Cu(II) and Pb(II), from aqueous solutions has been

investigated. This new sorbent is tree fern, an agriculture product. Variables of the system include solution temperature and sorbent

particle size. The experimental results were fitted to the Langmuir, Freundlich and Redlich�/Peterson isotherms to obtain the

characteristic parameters of each model. Both the Langmuir and Redlich�/Peterson isotherms were found to well represent the

measured sorption data. According to the evaluation using the Langmuir equation, the maximum sorption capacities of metal ions

onto tree fern were 7.58 mg/g for Zn(II), 10.6 mg/g for Cu(II) and 39.8 mg/g for Pb(II). It was noted that an increase in temperature

resulted in a higher metal loading per unit weight of the sorbent. Decreasing the particle sizes of tree fern led in an increase in the

metal uptake per unit weight of the sorbent. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Elements in every group of the periodic table have

been found to be stimulatory to animals. Most metals in

the fourth period are carcinogenic. It can be assumed

that the carcinogenicity is related to the electronic

structure of transition and inner transitional metals [1].

Since copper is an essential metal in a number of

enzymes for all forms of life, problems arise when it is

deficient or in excess. Excess copper accumulates in the

liver and the most toxic form of copper is thought to be

Cu�. Its toxicity is highly pH dependent and it has been

reported to be more toxic to fish at lower pH values [2].

In some respect the intake of essential elements is more

critical than for toxic elements. However, epidemiologi-

cal evidence, such as a high incidence of cancer among

coppersmiths, suggests a primary carcinogenic role for

copper [1]. The cocarcinogenic character of copper is

accepted. A higher incidence of stomach cancer in

humans has been found in regions where the Zn:Cu

ratio in the soil exceeded certain limits [1]. Lead is a

typical toxic heavy metal with cumulative and nonde-

gradative characteristics. Lead is fairly widespread in

our consumer society and probably is the most serious

toxic metal. Evidence of harmful effects in adults is

rarely seen at blood where lead levels are below 80 mg

per 100 ml. Human exposure to lead occurs through air,

water and food. The passage of lead into and between

these media involves many complex environmental

pathways. There is a long history of human exposure

to abnormally elevated levels of lead in food and drink,

due to practices such as cooking in lead-lined or lead-

glazed pots and the supply of water through lead pipes

[3].

The removal of metal ions from effluents is of

importance to many countries of the world both

environmentally and for water re-use. The application

of low-cost sorbents including carbonaceous materials,

agricultural products and waste by-products has been

investigated [4]. In recent years, agricultural by-products

have been widely studied for metal removal from water.

These include peat [5], wood [6], pine bark [7], banana

pith [8], rice bran, soybean and cottonseed hulls [9],

peanut shells [10], hazelnut shell [11], rice husk [12],

sawdust [13], wool [14], orange peel and compost [15]

and leaves [16]. Most of this work has shown that

natural products can be good sorbents for heavy metals.

Indeed, it could be argued that many of these natural
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sorbents remove metals more by ion exchange than by

adsorption. Nevertheless, many previous workers tend

to base their analyses on sorption theories. These

include: the acidic properties of carboxylic and phenolic
functional groups present in humic substances [17] [18].

Some ion exchange reactions, e.g. proton release when

metal cations bind to peat [17].

This work’s goal was to study the possibility of the

utilization of tree fern for the sorption of zinc, copper

and lead ions from aqueous solutions. The system

variables studied include sorbent particle size and

temperature. In each system the isotherm constants for
the Langmuir, Freundlich and Redlich�/Peterson iso-

therms have been determined.

2. Materials and methods

The major interest of this study was to investigate

sorption of heavy metals such as copper, zinc and lead
by using tree fern naturally and commercially available

in Taiwan. This variety of tree fern is generally marketed

for horticultural purposes because of its character of

sorb ability to keep water and manure for plants.

The raw tree fern was dried in an oven at 100 8C for a

period of 24 h, and then ground and screened through a

set of sieves to get different geometrical sizes such 38�/

43, 53�/61, 74�/88 and 104�/124 mm. This produced a
uniform material for the complete set of sorption tests

which was stored in an air-tight plastic container for all

investigations. Analytical grade reagents were used in all

cases. The stock solutions of zinc(II), copper(II) and

lead(II) (2000 mg/dm3) were prepared in distilled water

using zinc sulphate, copper sulphate and lead nitrate,

respectively. All working solutions were prepared by

diluting the stock solution with distilled water.
Batch sorption experiments were performed at a

constant temperature (20 8C) on a rotary shaker at

100 rpm using 125 ml capped conical flasks. In all sets of

experiments, 0.25 g of tree fern (74�/88 mm) was

thoroughly mixed into 50 ml cation solution. After

shaking the flasks for 5 h, the reaction mixtures were

filtered through a 0.45 mm membrane filter to remove

particulates and the filtrate was analyzed with an
inductively coupled plasma atomic emission spectro-

scopy analyser (ICP-AES) for the concentration of

cation.

2.1. Effect of particle size

Batch sorption tests were done at four different tests
at particle sizes ranged 38�/45, 53�/61, 74�/88 and 104�/

124 mm. Each used a range of initial metal ion

concentrations from 30 to 150 mg/dm3.

2.2. Effect of temperature

Batch sorption experiments were carried out at the

desired temperatures (2, 10, 30 and 40 8C) and each
used a range of initial metal ion concentrations from 30

to 150 mg/dm3.

3. Result and discussion

The equilibrium sorption isotherm is fundamentally

important in the design of sorption systems. Equilibrium

studies in sorption give the capacity of the sorbent. It is

described by sorption isotherm characterized by certain

constants whose values express the surface properties

and affinity of the sorbent. Equilibrium relationships

between sorbent and sorbate are described by sorption
isotherms, usually the ratio between the quantity sorbed

and that remaining in the solution at a fixed temperature

at equilibrium. In order to investigate the sorption

isotherm, three equilibrium models were analyzed.

These included the Langmuir, the Freundlich and the

Redlich�/Peterson isotherms.

3.1. Langmuir isotherm

The Langmuir sorption isotherm [19] has been

successfully applied to many pollutants sorption pro-

cesses and has been the most widely used sorption

isotherm for the sorption of a solute from a liquid

solution. A basic assumption of the Langmuir theory is
that sorption takes place at specific homogeneous sites

within the sorbent. It is then assumed that once a metal

ion occupies a site, no further sorption can take place at

that site. The rate of sorption to the surface should be

proportional to a driving force which times an area. The

driving force is the concentration in the solution, and

the area is the amount of bare surface. If the fraction of

covered surface is f , the rate per unit of surface is:

ra�kaC(1�f) (1)

The desorption from the surface is proportional to the

amount of surface covered:

rd�kdf (2)

where ka and kd are rate coefficients, ra is sorption rate,

rd is desorption rate, C is concentration in the solution,
and f is fraction of the surface covered.

At equilibrium, the two rates are equal, and:

f�
kaCe

kd � kaCe

(3)

and

Ka�
ka

kd

(4)

Y.S. Ho et al. / Process Biochemistry 37 (2002) 1421�/14301422



Since qe is proportional to f :

f�
qe

qm

(5)

The saturated monolayer sorption capacity, qm, can

be obtained. When f approaches 1, then qe�/qm.

The saturated monolayer isotherm can be represented

as:

qe�
qmKaCe

1 � KaCe

(6)

The above equation can be rearranged to the follow-

ing linear form:

Ce

qe

�
1

Kaqm

�
1

qm

Ce (7)

where Ce is the equilibrium concentration (mg/dm3); qe

is the amount of metal ion sorbed (mg/g); qm is qe for a

complete monolayer (mg/g); Ka is sorption equilibrium

constant (dm3/mg). A plot of Ce/qe versus Ce should
indicate a straight line of slope 1/qm and an intercept of

1/Kaqm.

3.2. Freundlich isotherm

In 1906, Freundlich studied the sorption of a material

onto animal charcoal [20]. He found that if the

concentration of solute in the solution at equilibrium,

Ce, was raised to the power 1/n , the amount of solute

sorbed being qe, then Ce
1/n /qe was a constant at a given

temperature.

This fairly satisfactory empirical isotherm can be used

for nonideal sorption and is expressed by the following

equation:

qe�K FC1=n
e (8)

The equation is conveniently used in the linear form by
taking the logarithm of both sides as:

log qe� log KF �
1

n
log Ce (9)

3.3. Redlich�/Peterson isotherm

The Redlich�/Peterson isotherm [21] contains three
parameters and incorporates the features of the Lang-

muir and the Freundlich isotherms. The Redlich�/

Peterson isotherm has a linear dependence on concen-

tration in the numerator and an exponential function in

the denominator. It can be described as follows:

qe�
AC e

1 � BC
g
e

(10)

It has three isotherm constants, namely, A , B and g

Fig. 1. Langmuir isotherms of metal ions sorbed on tree fern.
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(0B/g B/1), which characterize the isotherm. Its limiting

behavior is summarized: where g�/1

qe�
ACe

1 � BCe

(11)

i.e. the Langmuir form results. Where g�/0

qe�
ACe

1 � B
(12)

i.e. the Henry’s Law form results.

Eq. (10) can be converted to a linear form by taking

logarithms:

ln

�
A

Ce

qe

�1

�
�g ln(Ce)� ln(B) (13)

Three isotherm constants, A , B and g can be

evaluated from the linear plot represented by Eq. (13)

using a trial and error optimization method.

A general trial and error procedure which is applic-

able to computer operation was developed to determine
the correlation coefficient, r2, for a series of values of A

for the linear regression of ln(Ce) on ln(A (Ce/qe)�/1) and

to obtained the best value of A which yields a maximum

‘optimized’ value of r2.

The structure of tree fern is cellulose based, and the

surface of cellulose in contact with water is negatively

charged. Metal compounds used in this study will

dissolve to give the cationic metal and this will undergo
attraction on approaching the anionic tree fern struc-

ture. On this basis, it is expected that a metal cation will

have a strong sorption affinity for tree fern.

3.4. Effect of metal ion

Fig. 1 shows the linear plot of Ce/qe versus Ce gives a

straight line of slope 1/qm and intercept 1/Kaqm. The

values of the Langmuir constants qm and Ka are

presented in Table 1 for the three metal/tree fern

sorption systems. These values of the correlation

Table 1

Isotherm constants for metal ions sorption onto tree fern

Zn Cu Pb

Langmuir

qm, (mg/g) 7.58 10.6 39.8

Ka, (dm3/mg) 0.0926 0.134 0.156

r 2 0.998 0.998 0.999

Freundlich

KF, (mg/g)(dm3/mg)1/n 2.49 3.24 15.5

1/n 0.222 0.261 0.222

r2 0.940 0.818 0.953

Redlich�/Peterson

g , (dm3/mg)1/n 0.932 0.929 0.907

A , (dm3/g) 0.995 1.53 15.6

B 0.185 0.190 0.636

r 2 0.999 0.980 1.000

Fig. 2. Isotherms of lead ions sorbed on tree fern.

Y.S. Ho et al. / Process Biochemistry 37 (2002) 1421�/14301424



coefficients indicate that there is a strong positive

relationship for the data and that the metal/tree fern

sorption data follows the Langmuir sorption isotherm.

The monolayer saturation capacities, qm, for the three
metal ions are 7.58, 10.6 and 39.8 mg/g tree fern for zinc,

copper and lead, respectively.

The applicability of the Freundlich sorption isotherm

is also analyzed by plotting log(qe) versus log(Ce), but

data are not found in good agreement as that case of the

Langmuir. Table 1 shows the Freundlich sorption

isotherm constants and the correlation coefficients.

The sorption behaviour of the zinc, copper and lead
on tree fern can be described by the Redlich�/Peterson

sorption isotherm. Examination of the data shows that

the Redlich�/Peterson isotherm is an appropriate de-

scription of the data for metal ion sorption over the

concentration ranges studied. Table 1 shows the Red-

lich�/Peterson isotherm constants A , B and g as well as

the correlation coefficients for the metal sorption

systems using tree fern. In all cases the Redlich�/

Peterson isotherm exhibits a high correlation coefficient

as the case of the Langmuir, which is a considerably

better fit compared with the Freundlich isotherm. In

addition, it can be seen that in most cases the values of g

tend to unity (�/0.907), that is the isotherms are

approaching the Langmuir form. Fig. 2 shows plots

comparing the theoretical Langmuir isotherm, the

empirical Freundlich isotherm and the Redlich�/Peter-
son isotherm with experimental data. The equation

shows an excellent fit with the experimental data for

the Redlich�/Peterson and the Langmuir isotherms.

The solubility of a metal is an essential property to

enable the metal to penetrate into the porous structure

of tree fern. The concentrations of metal species (i.e.

MOH�, M(OH)2, M(OH)3
�, and M(OH)4

2�) are too

small to affect the concentrations of M2� in this study.
Although many metal species can be viewed as potential

sorbates in the uptake of M2� from solution, the data

presented in this study suggest that, under experimental

conditions (pHB/6), the species responsible for the

sorptive removal of M2� is the predominant one in

the species distribution, namely the M2�. Thus, sorp-

tion can be explained by elucidating the mechanism

whereby the M2� molecules are accommodated by tree
fern surface.

The plateau on each isotherm corresponds to mono-

layer coverage of the surface by the metal ions and this

value is the ultimate sorptive capacity at high concen-

trations can be used to estimate the specific surface area,

S , of tree fern using the following equation and the

results are shown in Table 2.

S�
qmNA

M
(14)

where S is the specific surface area, m2/g tree fern; qm is

monolayer sorption capacity, gram metal per gram tree

fern; N is Avogadro number, 6.02�/1023; A is the cross

sectional area of metal ion, m2; M is molecular weight of

metal. For Zn2�, Cu2� and Pb2� ions, the molecular

weights are 65.4, 63.5 and 207 and the cross sectional
areas of Zn2�, Cu2� and Pb2� have been determined to

be 1.72 Å2, 1.58 Å2 and 5.56 Å2 (Zn2�, Cu2� and Pb2�

radius is 0.74 Å, 0.71 Å, and 1.33 Å, Cotton and

Wilkinson, 1988) in a close packed monolayer. There-

fore, the specific surface areas can be calculated for

Zn2�, Cu2� and Pb2� (Table 2). The maximum specific

surface area of tree fern towards Zn2� binding is 1.20

m2/g; Cu2� binding is 1.59 m2/g; Pb2� binding is 6.43
m2/g.

The effect of isotherm shape can be used to predict

whether a sorption system is ‘favourable’ or ‘unfavor-

able’ both in fixed-bed systems [22] as well as in batch

processes [6]. According to Hall et al. [23], the essential

features of the Langmuir isotherm can be expressed in

terms of a dimensionless constant separation factor or

equilibrium parameter KR, which is defined by the
following relationship:

KR�
1

1 � KaC0

(15)

where KR is a dimensionless separation factor, C0 is

initial concentration (mg/dm3) and Ka is Langmuir

constant (dm3/mg). The parameter KR indicates the

shape of the isotherm accordingly:

Values of KR Type of isotherm

KR�/1 Unfavorable

KR�/1 Linear
0B/KRB/1 Favourable

KR�/0 Irreversible

The values of KR for zinc, copper and lead are given

in Fig. 3. The KR values indicate that sorption is more

favourable for the higher initial metal ion concentra-

tions than for the lower ones. The sorption is very

favourable for lead and favourable for copper and zinc.

Referring to Fig. 3, it is obvious that tree fern is a good
sorbent for zinc, copper and lead. According to this

classification, system favor ability tends to be in the

order of Pb�/Cu�/Zn.

Table 2

Specific surface areas for Zn2�, Cu2� and Pb2�

Metal qm (mg metal/g tree fern) S (m2/g tree fern)

Zn2� 7.58 1.20

Cu2� 10.6 1.59

Pb2� 39.8 6.43

Y.S. Ho et al. / Process Biochemistry 37 (2002) 1421�/1430 1425



Fig. 3. Plot of KR against initial metal concentration of Zn(II), Cu(II) and Pb(II).

Fig. 4. Langmuir isotherms for the sorption of copper ions using tree fern at various particle sizes.

Y.S. Ho et al. / Process Biochemistry 37 (2002) 1421�/14301426



3.5. Effect of particle size

Sorption isotherms of copper ions at various particle

sizes of tree fern are shown in Fig. 4. A Type I sorption

curve, as defined by the classification [24], is evident at

all particle sizes, indicating a strong uptake of copper(II)

from aqueous solution. The amount of copper ion

sorbed increased under the condition that the particle

size of the sorbent decreased. Langmuir parameters qm

and Ka for each of the four isotherms have been

calculated and are listed in Table 3. It is clear that qm,

the monolayer coverage for each particle size, increased

from 9.66 to 13.7 mg/g with decreasing particle size from

104�/124 to 38�/43 mm. This may be attributed to the

larger external surface available with smaller particles at

a constant total mass of tree fern in the system. The

value of monolayer sorption capacity, qm, can be used to

estimate the specific surface area, S , of tree fern using

Eq. (14) and the results are shown in Table 3. The mean

diameter of the tree fern, dp, the Langmuir sorption

constant, Ka, and the monolayer coverage, qm, from

Table 3 can be used to derive a mathematical relation-

ship. The relationship has a correlation coefficient as

high as 0.999 are:

qm�
dp

0:121dp � 2:06
(16)

Ka�exp(1:02�10�2dp�2:81) (17)

The values of KR for copper at different particle sizes

are given in Fig. 5. Again, the KR values indicate that

sorption is more favourable for the higher initial copper

concentrations than for the lower ones. However, the

sorption process becomes more favourable with increas-

ing particle size of tree fern.

3.6. Effect of temperature

Sorption isotherms of copper ions at various tem-

peratures of solution are shown in Fig. 6. The sorption

process conforms the Langmuir sorption isotherm to

high correlation coefficient (�/0.997). Values of Lang-

muir parameters, qm and Ka for different temperatures

have been calculated from Eq. (7) and the results are
given in Table 4. It is clear that monolayer coverage for

each temperature increased with increasing temperature.

Increasing the temperature may produce a selling effect

within the internal structure of tree fern enabling metal

ions to penetrate further [25]. The value of qm obtained

Table 3

Langmuir sorption isotherm constants at different particle sizes

dp (mm) R 2 qm (mg/g) Ka (dm3/mg) S (m2/g tree fern)

40.5 0.999 13.7 0.0912 2.05

57 0.999 12.0 0.107 1.81

81 0.998 10.6 0.134 1.59

114 0.998 9.66 0.193 1.45

Fig. 5. Plot of KR against initial copper ion concentration of various particle sizes.

Y.S. Ho et al. / Process Biochemistry 37 (2002) 1421�/1430 1427



at 40 8C appears to be higher in comparison with the

uptakes obtained at the other temperatures.

The values of KR for copper at different temperatures

are shown in Fig. 7. All calculated KR values indicate

that sorption of copper(II) on tree fern is favourable at

all concentrations and temperatures studied. The KR

values indicate that sorption is more favourable for the

higher initial copper ion concentrations and tempera-

tures than for the lower ones. Referring to Fig. 7, it is

obvious that tree fern is a good sorbent for removing

copper from solution.

4. Conclusion

Tree fern is able to sorb zinc, copper and lead ions

from aqueous solutions. It was noted that an increase in

the temperature resulted in a higher metal loading per

unit weight of the sorbent. Decrease in the particle size

of tree fern resulted in an increase in the metals uptake

per unit weight of the sorbent. Metal/tree fern isotherms

have been developed and analyzed according to three

isotherm equations. The experimental results were

analyzed by using the Langmuir, Freundlich and Red-

lich�/Peterson equations and the correlation coefficients

for fitting the Langmuir and Redlich�/Peterson equa-

tions were significantly better than the coefficients for

the Freundlich equation. The results from this study are

extremely well described by the theoretical Langmuir

isotherm and the three-parameter Redlich�/Peterson

isotherm. The metal ion binding capacity of biosorbent

was a function of particle size, temperature and type of

metal ion. Sorption capacity increases with increasing

temperature, but decreases with increasing tree fern

particle size. The results showed that tree fern can be

used for the sorption of the Zn2�, Cu2� and Pb2�.

Fig. 6. Langmuir isotherms for the sorption of copper ions using tree fern at various temperatures.

Table 4

Langmuir sorption isotherm constants at different temperatures

T (K) r 2 qm (mg/g) Ka (dm3/mg)

275 0.999 8.98 0.197

283 0.997 9.80 0.141

293 1.000 10.3 0.170

313 0.998 11.7 0.100

Y.S. Ho et al. / Process Biochemistry 37 (2002) 1421�/14301428
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Abstract

Tree fern, an agricultural by-product, was used for the sorptive removal of copper ions from aqueous solution. The

experimental data was analysed by Langmuir, Freundlich and Redlich-Peterson isotherms. The equilibrium sorption

capacity of copper ions was determined from the Langmuir equation and found to be 11.7mg/g. A batch sorption

model, based on the assumption of the pseudo-second-order mechanism, was developed to predict the rate constant of

sorption, the equilibrium sorption capacity and the initial sorption rate with the effect of initial copper ion

concentration and the tree fern dose. Various thermodynamic parameters, such as DG0, DH0 and DS0, have been

calculated. The thermodynamics of copper ion/tree fern system indicates spontaneous and endothermic nature of the

process.

r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Sorption has been an effective separation process for a

wide variety of applications. Since activated carbon is

expensive, an alternative inexpensive sorbent able to

drastically reduce the cost of a sorption system has

always been searched. The removal of copper ions from

wastewaters has received considerable attention in

recent years [1]. Extensive investigations have been

carried out to identify suitable and relatively cheap

biosorbents which are capable of removing significant

quantities of copper ions. Table 1 shows a number of

agricultural by-products as biosorbents available for

copper ion sorption.

Tree fern is naturally and commercially available in

Taiwan. This variety of tree fern is generally marketed

for horticultural purposes because of its character of

sorbability to keep water and manure for plants. Tree

fern is a complex material containing lignin and cellulose

as major constituents [2]. Chemical sorption can occur

by the polar functional groups of lignin, which include

alcohols, aldehydes, ketones, acids phenolic hydroxides

and ethers as chemical bonding agents [3]. It is,

therefore, concluded that tree fern can be a suitable

sorbate for sorption of metal cation because of its polar

and acid characters.

In this study, the sorption capacity of tree fern for

copper ions has been investigated by determining the

equilibrium isotherm. In addition, kinetic studies have

been carried out using an agitation batch sorber to study

the effects of initial copper ion concentration and the

tree fern dose. Kinetic analysis was performed to

correlate the experimental data, based on the pseudo-

second-order equation.

2. Materials and methods

2.1. Materials

Tree fern has been used commercially and could be

easily obtained in Taiwan. The raw tree fern was dried in

an oven at 100�C for a period of 24 h, and then

grounded and screened through a set of sieves to get
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geometrical size 74–88mm. This process was done to
produce a uniform material for the complete set of

sorption tests which was stored in an air-tight plastic

container for all investigations. The stock solutions of

copper(II) (2000mg/dm3) were prepared in distilled

water using copper sulphate. All working solutions were

prepared by diluting the stock solution with distilled

water.

2.2. Methods

2.2.1. Equilibrium studies

A volume of 50ml of copper(II) solution with a

concentration in the range 30–150mg/dm3 was placed in

a 125ml conical flask. An accurately weighed tree fern

sample 0.25 g with particle size 74–88 mm was then added
to the solution. A series of such conical flasks was then

shaken at a constant speed of 100 rpm in a shaking water

bath with temperatures 2�C, 10�C, 20�C, 30�C and

40�C, respectively. After shaking the flasks for 5 h, the

tree fern was separated by filtration through a mem-

brane filter (0.45 mm). The filtrate was analysed for the
remaining copper ion concentration by atomic absorp-

tion spectrophotometry (AAS).

2.2.2. Effect of tree fern dose

A range of copper(II) concentrations from 52.5 to

328mg/dm3 was used and agitation was carried out for

2 h. All contact investigations were executed to use a

baffled, agitated 2 dm3 sorber vessel. Samples (3ml) were

withdrawn at suitable time intervals, filtered through a

0.45mm membrane filter and then analysed. A 6.8 g

sample of tree fern (74–88mm) was added to each
1.7 dm3 volume of copper ion solution and an agitation

speed of 300 rpm was used for all experiments. The

temperature was controlled with a water bath at the

temperature of 20�C for all studies.

2.2.3. Effect of initial concentration

A range of tree fern (74–88 mm) from 1 to 4 g/dm3 was
added to each 1.7 dm3 volume of copper ion solution

with an initial concentration 150mg/dm3 and an

agitation speed of 300 rpm was employed. The tempera-

ture was controlled with a water bath at the temperature

of 20�C for all studies.

3. Results and discussion

3.1. Equilibrium studies

The analysis of the isotherm data is important to

develop an equation which accurately represents the

results and could be used for design purposes. In order

to investigate the sorption isotherm, three equilibrium

models were analysed: the Langmuir, the Freundlich

and the Redlich-Peterson isotherm equations. The

Langmuir sorption isotherm [4] is perhaps the best

known of all isotherms describing sorption. The

theoretical Langmuir isotherm is often used to describe

sorption of a solute from a liquid solution as

qe ¼
qmKaCe

1þ KaCe
: ð1Þ

The constants qm and Ka are the characteristics of the

Langmuir equation and can be determined from a

linearised form of Eq. (1), represented by

Ce

qe
¼

1

qmKa
þ

Ce

qm
: ð2Þ

A plot of Ce=qe versus Ce should indicate a straight

line of slope 1=Ka qm and an intercept of 1=qm:
The Freundlich isotherm [5] is the earliest known

relationship describing the sorption equation. This fairly

satisfactory empirical isotherm can be used for nonideal

sorption that involves heterogeneous sorption and is

expressed by the following equation:

qe ¼ KFC1=n
e ð3Þ

and the equation may be linearised by taking logarithms

logðqeÞ ¼ 1=nlogðCeÞ þ logðKFÞ; ð4Þ

where KF and 1/n are empirical constants dependent on

several environmental factors.

The Redlich-Peterson isotherm [6] contains three

parameters and incorporates the features of the Lang-

muir and the Freundlich isotherms. It can be described

as follows:

qe ¼
ACe

1þ BC
g
e
: ð5Þ

It has three isotherm constants, namely, A; B and g

(0ogo1). These can be evaluated from the linear plot
represented by Eq. (6) using a trial and error optimisa-

tion method:

ln A
Ce

qe
� 1

� �
¼ g lnðCeÞ þ lnðBÞ: ð6Þ

Table 1

A number of agricultural by-products available for sorption of

copper ions

qm (mg/g) Material Reference

38.7 Soybean hulls [13]

19.1 Cottonseed hulls [13]

16.4 Sphagnum moss peat [14]

13.5 Banana pith [15]

10.8 Apple wastes [16]

1.98 Oil-palm fibre [17]

1.74 Sawdust [18]

11.7 Tree fern This study
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In order to assess different isotherms and their ability

to correlate with experimental results, the theoretical

plots from each isotherm have been shown with the

experimental data for sorption of copper ions on

tree fern at the temperature of 30�C in Fig. 1. The

graph is plotted in the form of copper(II) sorbed per unit

mass of tree fern, qe, against the concentration of

copper(II) remaining in solution, Ce: A comparison of
coefficient of determination for three isotherms has been

made and listed in Table 2. The coefficient of

determination, r2; are greater than 0.997 and 0.980 for
the Langmuir and the Redlich-Peterson isotherms,

respectively. It is clear that the Langmuir and the

Redlich-Peterson isotherms have best fitted for the

sorption of copper on tree fern at various temperatures.

The effect of temperature on the sorption isotherms is

shown in Fig. 2. Results indicate that the capacity of tree

fern for sorption of copper(II) increases with tempera-

ture which is typical for the biosorption of most metal

ions from their solution [1,7]. When the system is in a

state of equilibrium, the distribution of copper(II)

between the tree fern and the copper(II) solution is of

fundamental importance in determining the maximum

sorption capacity of tree fern for the copper ion from the

isotherm.

The Langmuir isotherm is applicable to homogeneous

sorption where each copper ion/tree fern sorption

process has equal sorption activation energy. The

Langmuir constants Ka and qm have been determined

with Eq. (2) and are shown in Table 3. The equilibrium

sorption capacity, qm; was found to increase from
8.98 to 11.7mg/g for an increase in the solution

temperatures from 2�C to 40�C. It is clear that the

sorption of copper on tree fern is an endothermic

process. However, the sorption constant, Ka; decreases
from 0.197 to 0.100 dm3/mg, as temperatures vary

from 2�C to 40�C. The Redlich-Peterson isotherm

constants are also shown in Table 3. Both constants A

and B were found to decrease for an increase in the

solution temperature. In addition, it can be seen

that in most cases the values of g tend to unity

(>0.993), this means the isotherms are approaching

the Langmuir form. An examination of Table 1 shows

that the value for the maximum sorption capacity,

qm; is comparable with values reported previously. This
table also shows the sorption capacities reported in

earlier studies where qm has not been derived specifi-

cally.

The effect of isotherm shape can be used to predict

whether a sorption system is ‘favourable’ or ‘unfavour-

able’. According to Hall et al. [8], the essential features

of the Langmuir isotherm can be expressed in terms of a

dimensionless constant separation factor or equilibrium

parameter KR which is defined by the following

relationship:

KR ¼
1

1þ KaC0
: ð7Þ
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Fig. 1. Isotherms for the sorption of copper(II) using tree fern.
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This parameter indicates the shape of the isotherm

accordingly

Values of KR Type of isotherm

KR > 1 Unfavourable

KR ¼ 1 Linear

0oKRo1 Favourable

KR ¼ 0 Irreversible

The values of KR at 2
�C, 10�C, 20�C, 30�C and 40�C

are given in Table 4. The KR values indicate that

sorption is more favourable for the higher initial copper

concentrations than for the lower ones. It is apparent

that the sorption of copper on tree fern is favourable

with the conditions used in this study.

3.1.1. Thermodynamic parameters

The original concepts of thermodynamics assumed

that in an isolated system, where energy cannot be

gained or lost, the entropy change is the driving force. In

environmental engineering practice, both energy and

entropy factors must be considered in order to determine

what processes will occur spontaneously. The Gibbs free

energy change, DG0, is the fundamental criterion of

spontaneity. Reactions occur spontaneously at a given

temperature if DG0 is a negative quantity. The free

energy of the sorption reaction, considering the sorption

equilibrium constant, Ka; is given by the following
equation:

DG0 ¼ �RT lnKa; ð8Þ

where DG0 is standard free energy change, J; R is

universal gas constant, 8.314 J/molK and T is absolute

temperature, K:
Considering the relationship between free energy and

the equilibrium constant, change in equilibrium constant

with temperature can be obtained in the differential

form as follows:

dlnKa

dT
¼

DH0

RT2
: ð9Þ

After integration, the integrated form of Eq. (9)

becomes:

lnKa ¼ �
DH0

RT
þ Y ; ð10Þ

where Y is a constant. Eq. (10) can be rearranged to

obtain

�RT lnKa ¼ DH0 � TRY : ð11Þ

Table 2

A comparison of coefficient of determination for three

isotherms

T (�C) Langmuir Freundlich Redlich-Peterson

2 0.999 0.782 0.992

10 0.997 0.881 0.994

20 1.000 0.885 0.999

30 0.999 0.814 0.985

40 0.998 0.866 0.980
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Fig. 2. Langmuir isotherms for the sorption of copper ions on tree fern.
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Let

DS0 ¼ RY : ð12Þ

Substituting Eqs. (8) and (12) into Eq. (11), the Gibbs

free energy change, DG0, can be represented as follows:

DG0 ¼ DH0 � TDS0 ð13Þ

A plot of Gibbs free energy change, DG0, versus

temperature, T ; was found to be linear, Fig. 3. The
values of DH0 and DS0 were determined from the slope

and intercept of the plots. The thermodynamic para-

meters Gibbs free energy change, DG0, are shown in

Table 3. The enthalpy change, DH0, and the entropy

change, DS0, for the sorption processes are calculated to

be 4.24 and 0.0156 J/molK, respectively. The negative

values of DG0 Confirm the feasibility of the process and

the spontaneous nature of sorption with a high

preference of copper(II) on tree fern. The value of

DH0 is positive, indicating that the sorption reaction is

endothermic. The positive value of DS0 reflects the

affinity of the tree fern for copper ions and suggests

some structural changes in copper and tree fern [9]. In

addition, positive value of DS0 shows the increasing

randomness at the solid/liquid interface during the

sorption of copper ions on tree fern.

3.2. Kinetic studies

The rate at which sorption takes place is of most

importance when designing batch sorption systems.

Consequently, it is important to establish the time

dependence of such systems under various process

conditions. The sorption of copper ions on tree fern

may involve a chemical sorption which can control the

reaction rate. Tree fern is a complex material containing

mainly organic residues such as lignin and cellulose

made of several polar functional groups [2]. These

groups can be involved in chemical bonding and

are responsible for the cation exchange capacity of the

tree fern. Exchange sorption between the tree fern and

copper reaction may be represented in two ways as

shown in the following equations [10]:

2ðTFÞ�þCu2þ"CuðTFÞ2 ð14Þ

and

2HðTFÞ þ Cu2þ"CuðTFÞ2þ2H
þ ð15Þ

where (TF)� and (TF) are polar sites on the tree fern

surface.

Rate expression for the sorption described by

Eqs. (14) and (15) is

dðTFÞt
dt

¼ k2½ðTFÞ0 � ðTFÞt�
2; ð16Þ

or

d½HðTFÞ�t
dt

¼ k2½ðHðTFÞÞ0 � ðHðTFÞÞt�
2; ð17Þ

where ðTFÞt and ½HðTFÞ�t are the number of active sites
occupied on the tree fern at time t; and ðTFÞ0 and
½HðTFÞ�0 are the number of equilibrium sites available
on the tree fern.

Table 3

Isotherm constants for copper ions sorbed on tree fern

T (�C) DG0 kJ/mol Langmuir Redlich-Peterson

qm; mg/g Ka; dm
3/mg A; dm3/mg B; (dm3/mg) g

2 �0.0674 8.98 0.197 1.41 0.149 1.000

10 �0.193 9.80 0.141 1.32 0.133 1.000

20 �0.349 10.3 0.170 1.60 0.153 1.000

30 �0.506 10.5 0.137 1.25 0.112 1.000

40 �0.662 11.7 0.100 1.16 0.100 0.993

Table 4

KR values based on the langmuir isotherm

C0; (mg/dm
3) 2�C 10�C 20�C 30�C 40�C

29.7 0.146 0.193 0.166 0.197 0.251

40.6 0.111 0.149 0.127 0.152 0.197

51.0 0.0904 0.122 0.103 0.125 0.163

60.9 0.0768 0.104 0.0881 0.107 0.140

103 0.0468 0.064 0.0540 0.0659 0.0880

150 0.0327 0.0452 0.0378 0.0463 0.0622
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The kinetic rate equations can be rewritten as follows:

dqt

dt
¼ kðqe � qtÞ

2; ð18Þ

where k is the pseudo-second-order rate constant of

sorption, (g/mgmin), qe is the amount of copper ion

sorbed at equilibrium, (mg/g), qt is amount of copper

ion on the surface of the sorbent at any time, t; (mg/g).
Separating the variables in Eq. (18) gives

dqt

ðqe � qtÞ
2
¼ k dt ð19Þ
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Fig. 3. Plot of Gibbs free energy change, DG�, versus temperature, T :
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integrating this for the boundary conditions t ¼ 0 to t ¼
t and qt ¼ 0 to qt ¼ qt; gives

1

ðqe � qtÞ
¼
1

qe
þ kt ð20Þ

which is the integrated rate law for a pseudo-second-

order reaction. Eq. (20) can be rearranged to obtain a

linear form

t

qt

¼
1

kq2e
þ
1

qe
t: ð21Þ

This form of normalised plot has been first used by

Ho [11] for the sorption of divalent metal ions onto peat.

Sorption rate can be obtained from Eq. (21):

qt

t
¼

1

1=kq2e
� �

þ 1=qe
� �

t
: ð22Þ

The initial sorption rate, h; as t-0 can be defined as

h ¼ kq2e : ð23Þ

The initial sorption rate, h; the equilibrium sorption
capacity, qe; and the pseudo-second-order rate constant,

k; can be determined experimentally from slop and

intercept of plotting of t=qt against t:

3.2.1. Effect of initial concentration

Sorption of copper ion from solution has been studied

by using a baffled, agitated 2 dm3 sorber vessel. The rate

of copper ion sorption on tree fern was determined as a

function of the initial metal concentrations 52.5, 79.5,

183 and 328mg/dm3. Fig. 4 illustrates a plot of the

experimental data points for the sorption of copper ions

on tree fern as a function of time. The sorption rate was

rapid at the beginning of the reaction. Fig. 4 also shows

excellent fits between the predicted curves and the

experimental data points. It presents a good linearisa-

tion of the experimental data, thereby supporting the

proposal that chemisorption is the rate-limiting step and

that the mechanism follows a pseudo-second-order

reaction model [12]. Table 5 presents the rate constant,

k; the equilibrium sorption capacity, qe; and the initial
sorption rate, h; of sorption at various initial concentra-
tions. They were calculated from the intercept and slope

of the straight line plots of t=qt versus t according to

Eq. (15). Table 5 also shows a good compliance with the

pseudo-second-order equation and the regression coeffi-

cients for the linear plots were higher than 0.995 for all

the systems. The equilibrium sorption capacity, the

initial sorption rate and the rate constants increased

with an increase in initial copper ion concentration,

respectively. The corresponding linear plot of the values

of qe against initial copper ion concentration C0; was

Table 5

Parameters for the effect of initial copper(II) concentration

C0; mg/dm
3 qe; mg/g k; g/mgmin h; mg/gmin r2

52.5 6.60 0.0180 0.787 0.995

79.5 8.92 0.0238 1.90 1.000

183 11.1 0.0253 3.12 0.999

328 12.7 0.0178 2.89 0.998
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Fig. 5. Pseudo-second-order sorption kinetics of copper(II) on tree fern at various doses.
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regressed to obtain expressions for the value in terms of

the initial copper concentration with high coefficient of

determination (r2 ¼ 0:998). Therefore, it is further
considered that qe can be expressed as a function of

C0 as follows:

qe ¼
C0

4:16þ 6:60	 10�2C0
: ð24Þ

3.2.2. Effect of tree fern dose

The effect of tree fern dose, Ms, was studied. The

results are shown in Fig. 5 as a series of plot of t=qt

against time for sorption of copper(II) with tree fern

dose varying from 1 to 4 g/dm3 for the pseudo-second-

order model. The coefficient of determination, r2; the
rate constant, k; the equilibrium sorption capacity, qe;
and the initial sorption rate, h; of sorption at various
initial concentrations are shown in Table 6. The rate of

the copper(II) sorption process appears to be controlled

by the chemical process in this case in accordance with

the pseudo-second-order reaction mechanism. Since the

lignin component of the tree fern contains acid exchange

groups due to fulvic and humic acids, it seems that

these could exchange with the copper ions and thus lead

to the chemical sorption mechanism predominating for

the sorption system.

4. Conclusion

The sorption of copper ions on tree fern is of its

spontaneous and endothermic natures. The copper ions

binding capacity of biosorbent was shown as a function

of initial metal ion concentration, temperature and tree

fern dose. The equilibrium data was fitted very well to

both the Redlich-Peterson and Langmuir sorption

isotherms. The equilibrium sorption of copper ions

was determined from the Langmuir equation and found

to be 11.7mg/g. The kinetics of copper ion sorption on

tree fern was based on the assumption of the pseudo-

second-order mechanism with the chemisorption being

important.
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Abstract

The batch kinetic sorption of copper ions and dyes onto two low-cost biosorbents, peat and pith, has been studied. A model,

based on the assumption of a pseudo-second-order mechanism, has been developed to predict the rate constant of sorption, the

equilibrium capacity and initial sorption rate with the effect of initial concentration, particle size, temperature and sorbent

concentration dose. An activation energy of sorption has also been evaluated as 7.13 kJ/mol for the sorption of BB69 onto pith.
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1. Introduction

Increasing limits imposed by Environmental Legisla-

tion on the concentrations of pollutants in aqueous

effluents make treatment imperative. Adsorption is an

attractive method for the removal of solutes from

effluents since if the adsorption system is designed

correctly it will produce a high-quality treated effluent

[1,2]. The sorption process, in comparison with the other

listed processes for the treatment of polluted aqueous

effluents, allows flexibility in design and operation, and

produces aesthetically superior effluent suitable for re-

use, free of pollutant. In addition, because adsorption is

sometimes reversible, the regeneration of the sorbent

with resultant economy of operation may be possible.

Adsorption is a physiochemical wastewater treatment

process, which has gained prominence as a means of

producing quality treated effluents from effluents, which

contained low concentrations of dissolved organic

compounds and metal ions. Dissolved molecules are

attracted to the surface of the adsorbent and this

interaction may be expressed both in terms of adsorptive

characteristics and physical properties. The most widely

used adsorbent is activated carbon but it is expensive

and if lower cost adsorbents could be found it would

reduce adsorption process costs. Several of the alter-

natives which have been investigated are activated silica,

activated alumina, peat, wood, lignite, bagasse pith,

waste red mud and fly ash. Consequently in the present

paper, two low-cost adsorbents, namely peat and pith

have been used to treat two common effluents*/a

copper ion containing effluent and two dye containing

effluents.

Peanut hull has been used to sorb copper ions [3] and

agricultural waste has been used for the same purpose

[4]. Over 100 sorption systems for copper uptake onto

plants, fungi, algae and several other sorbents have been

reported [5�/7]. Activated silica has been shown to be

useful in treating textile mill effluent [8] and to remove

basic dyes using a fluidised bed system [9] and its

economic viability is enhanced by the possibility of its

regeneration and re-use. Activated alumina has also

been investigated for removing phosphates from waste-

waters [10]. Peat has been used to sorb heavy metal ions

[11,12]. A considerable amount of research work has

been done recently on the adsorption of dyes on both

peat and wood [13�/19]. In search for cheaper adsor-

bents, it was decided to undertake a study to assess the

potential of bagasse pith as an adsorbent for dyestuffs

and sphagnum moss peat for metal ion removal.

Bagasse pith is a waste product from the sugarcane

industry. Waste banana pith [20] has been used for

colour removal from wastewaters, and waste red mud

[21] has been used to adsorb Congo Red dye.
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In order to design sorption treatment systems, a
knowledge of kinetic/diffusion processes is essential.

The simpler the model, the easier and more economic

becomes the design procedure but accuracy should not

be sacrificed. This paper uses two models*/one reaction

kinetic-based and another intraparticle diffusion-based

models to analyse sorption data for three systems. The

three systems studied are copper onto peat, Acid Blue 25

(AB25) dye and Basic Blue 69 (BB69) dye onto pith.

2. Materials and methods

2.1. Materials

The sphagnum moss peat used in this study, which

was from northern Ireland, was obtained from a local

Garden Centre. It was dried at 105 8C for 24 h and then

screened though a 14-mesh sieve (B.S. 410/43) before

being used. The Egyptian bagasse pith was provided by
Abou-Korkas sugar mill (El-Minia, Egypt). The pith

particles were sieved in the laboratory into various

particle size ranges.

The bagasse pith had the compositions based on a

chemical analysis, as shown in Table 1.

2.1.1. Sorbates

The sorbates used in the experiments and their

structures are listed below. The dyestuffs were used as

the commercial salts.
Acid Blue 25 (Telon Blue ANL) CI 62055 was

supplied by Bayer:

Basic Blue 69 (Astrazone Blue FRR) was supplied by
Bayer. No structure is available for this dye. It belongs

to the methine class, of which the chromophore is a

conjugate chain of carbon atoms terminated by an

equivalent unsaturated group. A general structure for

the methine class is:

2.2. Methods

The sorption of copper ions onto peat and BB69 and

AB25 dyes onto pith were carried out by batch sorption

and the variables studied were initial sorbate concentra-

tion, particle size and temperature. Samples were with-

drawn at suitable time intervals and were filtered and

their concentrations determined by spectrophotometry

for the dyes and an atomic absorption spectrophot-

ometer for copper. The effect of concentration of dye

solution on the sorption was studied by contacting a

fixed mass of pith (1.7 g for BB69 and 3.4 g for AB25) at

a fixed particle size (500�/710 mm) with 1.7 dm3 of

solution in a range of concentration (200�/300 mg/dm3

for BB69 and 100�/166 mg/dm3 for AB25) using a fixed

impeller speed (400 rpm) at a fixed temperature (20 8C).

The effect of concentration of copper solution on the

sorption was studied in capped conical flasks (500 ml),

by suspending the peat in the copper ion solution,

adjusting the pH to a value of 5 with either sulphuric

acid or sodium hydroxide solution and mixing on a

shaker with a constant speed of 100 rpm.

The effect of particle size on sorption was studied by

contacting a fixed mass of pith (1.7 g for BB69 and 3.4 g

for AB25) at a range of particle sizes (500�/710, 355�/

500, 500�/710 and 710�/1000 mm) with 1.7 dm3 of a dye

solution of a fixed initial concentration (200 mg/dm3 for

BB69 and 100 mg/dm3 for AB25) using a fixed impeller

speed (400 rpm) at a fixed temperature (20 8C).

The effect of temperature on dye sorption was studied

by contacting a fixed mass of pith (1.7 g for BB69 and

3.4 g for AB25) at a fixed particle size (500�/710 mm)

with 1.71 dm3 of a dye solution of a fixed concentration

(200 mg/dm3 for BB69 and 170 mg/dm3 for AB25) using

a fixed impeller speed (400 rpm) at a range of

temperatures (20, 40, 60 and 80 8C).
The effect of pith dose on sorption was studied by

contacting a fixed particle size (500�/700 mm) at a range

of pith dosages (0.25�/0.75 g/dm3 for BB69 and 0.5�/1 g/

dm3 for AB25) with 1.7 dm3 of a dye solution of a fixed

initial concentration (200 mg/dm3 for BB69 and 100 mg/

dm3 for AB25) using a fixed impeller speed (400 rpm) at

a fixed temperature (20 8C).

Table 1

Chemical analysis of the bagasse pith

Determination %

a-Cellulose 53.7

Pentosan 27.9

Lignin 20.2

Alcohol/benzene solubility 7.5

Ash 6.6
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Fig. 2. Effect of initial concentration on the sorption of BB69 onto pith.

Fig. 1. Effect of initial concentration on the sorption of copper onto peat.
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3. Results and discussion

The sorption of pollutants from aqueous solutions

plays a significant role in water pollution control. It is

therefore important to be able to predict the rate at

which contamination is removed from aqueous solu-

tions in order to design an appropriate adsorption

treatment plant.

Pith is the name commonly given to parenchyma cells

which have the character of fibres and peat contains

polar functional groups such as aldehydes, ketones,

acids, and phenolics. These characters of biomaterials
can be involved in chemical bonding and are responsible

for the cation exchange capacity. Thus, the reaction may

be expressed by the following two relationships:

2P��A2�UAP2;

and

2HP�A2�UAP2�2H�;

where P� and HP are polar sites on the biosorbent

surface and A2� is soluted sorbates.

Table 2

Effect of initial concentration of copper, AB25 and BB69

C0 (mg/dm3) r2 qe (mg/g) k (g/(mg min)) h (mg/(g min)) Re (%) /r2
i/ ki (mg/(g min0.5))

Cu 25 1.00 5.75 9.64�/10�2 3.19 92.0 0.630 0.147

50 0.999 8.87 1.68�/10�2 1.32 70.9 0.865 0.429

100 0.998 12.4 1.13�/10�2 1.73 49.5 0.818 0.634

200 0.996 14.3 8.91�/10�3 1.81 28.5 0.874 0.720

BB69 200 0.974 1.44�/102 1.59�/10�4 3.29 71.8 0.995 8.86

250 0.972 1.57�/102 1.66�/10�4 4.07 62.7 0.986 9.55

300 0.978 1.68�/102 1.65�/10�4 4.67 56.0 0.976 10.3

AB25 100 0.979 11.2 1.83�/10�3 0.232 22.5 0.986 0.700

129 0.963 12.1 1.86�/10�3 0.270 18.7 0.978 0.744

166 0.954 14.4 1.19�/10�3 0.246 17.3 0.983 0.881

Fig. 3. Plot of amount of sorption versus time for copper sorption onto peat at various initial concentrations.
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Fig. 4. Plot of sorption capacity versus square root of time for copper sorption onto peat.

Fig. 5. Plot of amount of sorption versus time for BB69 sorption onto pith at various initial concentrations.
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The rate of pseudo-second-order reaction may be

dependent on the amount of solute sorbed on the

surface of biosorbent and the amount sorbed at

equilibrium. The sorption equilibrium, qe, is a function

of, e.g., the temperature, the initial metal ion concentra-

tion, the biosorbent dose, particle size and the nature of

solute�/sorbent interaction.

The rate expression for the sorption described is

d(P)t

dt
�k[(P)0�(P)t]

2;

or

d(HP)t

dt
�k[(HP)0�(HP)t]

2;

where (P)t and (HP)t are the number of active sites
occupied on the biosorbent at time t and (P)0 and (HP)0

are the number of equilibrium sites available on the

biosorbent.

The kinetic rate equations can be rewritten as follows:

dqt

dt
�k(qe�qt)

2;

where k is the rate constant of sorption (g/(mg min)), qe

the amount of soluted sorbate at equilibrium (mg/g) and

qt the amount of soluted sorbate on the surface of the

biosorbent at any time t (mg/g).

Separating the variables in the equation above gives

dqt

(qe � qt)
2
�k dt;

integrating this for the boundary conditions t�/0 to t

and qt �/0 to qt , gives

1

qe � qt

�
1

qe

�kt; (1)

which is the integrated rate law for a pseudo-second-

order reaction.

The kinetics of sorption of copper, BB69 and AB25

on biosorbents (peat and pith) were studied on the basis

of the pseudo-second-order rate equation (1) and

h�kq2
e ; (2)

where h is the initial sorption rate (mg/(g min)).

Eq. (1) can be rearranged to Eq. (3) which provides a

linearised form for plotting as qt /t versus time t :

Fig. 6. Plot of amount of sorption versus time for AB25 sorption onto pith at various initial concentrations.
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t

qt

�
1

kq2
e

�
1

qe

t: (3)

3.1. Effect of contact time and initial concentration

Figs. 1 and 2 show the effect of agitation time on the

removal of copper ions by peat and BB69 by pith. The
results show that an increase in the initial copper and

dye concentrations produces a reduction in the percen-

tage removal of copper ions and dyestuff from the

water. The removal of copper decreases from 92.0 to

28.5% with the increase of initial copper ion concentra-

tion from 25 to 200 mg/dm3 at pH 5, showing the

process to be highly dependent on the initial concentra-

tion. The percentage removal of BB69 and AB25 also

decreases with an increase in the initial dye concentra-

tions. The removal of BB69 decreases from 71.8 to

56.0% with the increase of initial concentration from 200

to 300 mg/dm3 and for AB25 from 22.5 to 17.3% with

the increase of initial dye concentration from 100 to 166

mg/dm3. However, it may be shown that the adsorption

capacity varies from 5.75 to 14.3 mg/g, as C0 varies from

Fig. 7. Effect of pith particle size on the sorption of BB69 onto pith.

Table 3

Effect of particle size of BB69 and AB25

dp (mm) r2 qe (mg/g) k (g/(mg min)) h (mg/(g min)) Re (%) /r2
i/ ki (mg/(g min0.5))

BB69 250�/355 0.997 1.50�/102 2.86�/10�4 6.43 74.9 0.956 8.91

355�/500 0.993 1.47�/102 2.17�/10�4 4.70 73.6 0.980 9.12

500�/710 0.991 1.39�/102 1.87�/10�4 3.61 69.6 0.985 8.77

710�/1000 0.984 1.29�/102 1.65�/10�4 2.73 64.3 0.995 8.07

AB25 250�/355 0.999 14.3 3.78�/10�3 0.769 28.0 0.926 0.820

355�/500 0.997 12.8 3.64�/10�3 0.599 25.2 0.926 0.745

500�/710 0.998 11.6 3.13�/10�3 0.419 22.7 0.934 0.722

710�/1000 0.995 10.0 2.57�/10�3 0.259 19.7 0.968 0.636
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25 to 200 mg/dm3 for copper; from 144 to 168 mg/g, as

C0 varies from 200 to 300 mg/dm3 for BB69 and from

11.2 to 14.4 mg/g, as C0 varies from 100 to 166 mg/dm3

for AB25. It is clear that the sorption capacity of basic

dye is always much higher than acid dye in the pith

sorption system. The rate constants, k , obtained from

the plots of Eq. (3), are shown in Table 2. Fig. 3 shows a

plot of the linearised form of the model in Eq. (3) for the

sorption of copper ions onto peat at different initial

copper ion concentrations. Table 2 also indicates that

the regression coefficients for the linear plots from the

pseudo-second-order equation are better than 0.954 for

all systems. The correlation coefficient of the two dye/

pith sorption systems are lower than the copper/peat

system as shown from data in Table 2.

The nature of the rate-limiting step in a batch system

can be assessed from the properties of the solute and

sorbent. Weber and Morris [22] stated that if intrapar-

ticle diffusion is the rate-controlling factor, uptake of

the sorbate varies with the square root of time. Thus,

rates of sorption are usually measured by determining

the change in concentrations of sorbate with the sorbent

as a function of the square root of time. Fig. 4 shows the

amount of sorption against square root of time and the

straight lines do not pass through the origin; therefore,

intraparticle diffusion also may not be the sole rate-

limiting factor [14]. Poots et al. [13] proposed that

during the early stages of sorption, some boundary layer

resistance was involved. However, for the sorption of

copper ions onto peat, the linearised plots of Eq. (3)

have a good correlation of the data as shown in Fig. 3.

The correlation coefficients, r2, for the pseudo-second-

order kinetic model are much greater than the intra-

particle diffusion coefficients for the sorption/reaction

of copper ions onto peat, strongly suggesting a chemical

reaction mechanism. In the case of the sorption of the

two dyes on pith, the reaction correlation coefficients

and the intraparticle diffusion coefficients are all high

(�/0.95) with most of the r2
i /-values being slightly higher.

This suggests that for dye sorption onto pith, the

mechanism is predominantly intraparticle diffusion but

the distinction is not completely clear. The overall rate

of the sorption process appears to be controlled by the

chemical process in the case of copper in accordance

with the pseudo-second-order reaction mechanism. For

the two dyes, there could be a combination of mechan-

isms. Eq. (3) has been plotted to show the effect of initial

dye concentration for the sorption of BB69 and AB25 in

Figs. 5 and 6 respectively.

Fig. 8. Plot of sorption capacity versus square root of time for BB69 sorption onto pith.
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3.2. Effect of contact time and particle size of BB69 and

AB25

Fig. 7 shows a series of contact time curves with

sorbent size ranging from 250�/355 to 710�/1000 mm of

BB69. The removal of BB69 increases from 64.3 to

74.9% and for AB25 the increase in sorption capacity is

from 19.7 to 28.0% with the decrease of the pith particle

size ranging from 250�/355 to 710�/1000 mm. This

indicates that the smaller the sorbent particle size, then

for a given mass pith, more surface area is made

available and therefore the number of sites increases.

The results are shown in Table 3 for BB69 and AB25.

The correlation coefficients, r2, and the pseudo-second-

order rate parameters, k , are shown and compared with

r2
i and ki-values for the intraparticle diffusion-based

model. The data show a good compliance with the

pseudo-second-order equation and the regression coeffi-

cients for the linear plots were higher than 0.984 for all

the systems in these studies. The correlation coefficients

of the intraparticle diffusion model are given in Table 3

for the effect of contact time and particle size of BB69

and AB25 also and although they are all greater than

0.926, they are significantly lower than the coefficients

obtained for the second-order kinetic model.

Fig. 8 shows that plotting the amount sorbed per unit

weight of sorbent against square root of time generates

best-fit straight lines that do not pass through the origin

again indicating that there is an initial boundary layer

resistance which decreases as the available external

surface area also decreases. Fig. 9 shows a plot of t /qt

against time, t , for the sorption of BB69 onto pith based

on the assumption of a pseudo-second-order mechan-

ism. In Table 3, all correlation coefficients are extremely

high. The second-order r2 are decreasing with increasing

particle size and the intraparticle correlation coefficients

r2
i are increasing with increasing particle size. This

suggests that if the sorption is a combination of reaction

and diffusion-controlled processes, there is a trend

towards diffusion control with increasing dp. This would

be expected since the amount of external surface area

available for rapid reaction decreases with increasing
particle size for constant sorbent mass. Therefore, the

reaction has to wait longer for diffusion into the less

accessible pores within the particle bonding as the pith

particle size increases. A similar, although less pro-

nounced trend can be observed for the effect of

increasing particle size on r2 and r2
i for the sorption of

AB25 onto pith. The intraparticle diffusion is more

likely to be affected by larger dye ions than copper ions,

which in size are smaller and more mobile than dye ions.

Fig. 9. Plot of amount of sorption versus time for BB69 sorption onto pith at various particle sizes.
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The correlation coefficients of the relation between time/
amount sorption and time as defined by Eq. (3) is high

for the effect of particle size for the sorption of the two

dyes on pith. The sorption process may involve a

chemical reaction process and demonstrates that the

pseudo-second-order rate constant, k , is a function of

surface area of the sorbent.

3.3. Effect of temperature of BB69 and AB25

A series of contact time experiments has been carried

out with a constant initial dye concentration of 200 mg/

dm3, pith dose 1 g/dm3 with various temperatures of

reaction sorption. The increase in the equilibrium
sorption of dye with temperature indicates that a high

temperature favours dye removal by adsorption on pith.

This effect is shown in Figs. 10 and 11. Obviously, the

exothermic nature of the reaction in the present process

can be explained by this behaviour of the system [23,24].

The sorption of dye by pith may involve not only

physical but also chemical adsorption. This effect may

be due to the fact that at higher temperatures, an
increase in free volume occurs due to increased move-

ment of the solute [25]. This may be due to a relative

increase in the tendency of dye molecules to escape from

the solid phase to the bulk phase with increasing

temperature of the solution [26]. It may also be due to

the dissolution of the sorbing species, changes in the size

of the pores, and enhanced rate of intraparticle diffusion

of adsorbent [27]. This effect could be explained by

assuming that at higher values of temperature, the total

energy of the sorbate molecules is increased and conse-

quently their escaping tendency is also increased; there-

fore, the sorption of lead species is lowered [28]. Thus,

on increasing the temperature of the reaction from 20 to

80 8C, the removal of the dye increased from 64.0 to

82.2% for BB69 and 19.7 to 28.7% for AB25. Conse-

quently, it is clear that adsorption equilibrium is

temperature-dependent.

Figs. 10 and 11 show a good compliance with the

pseudo-second-order equation. The experimental points

are shown together with the theoretically generated

curves. The agreement between the sets of data reflects

the extremely high correlation coefficients obtained and

are shown in Table 4.

The results in Table 4 also show the sorption rate

constant, k , initial sorption rate, h , and equilibrium

sorption capacity, qe, as a function of solution tempera-

ture. Thus, on increasing the temperature from 20 to

80 8C, the specific sorption at equilibrium, qe, increased

Fig. 10. Effect of temperature on the sorption of BB69 onto pith.
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from 128 to 164 mg/g for BB69 and 9.84 to 14.4 mg/g for

AB25. The initial sorption rate increases with an

increase in the temperature. Table 4 shows that h varies

from 2.84 to 7.96 mg/(g min) for BB69 and h varies from

0.339 to 0.682 mg/(g min) for AB25, respectively, for a

temperature variation from 20 to 80 8C. Both dye/pith

systems show extremely high reaction correlation coeffi-

cients, r2, which are all greater than 0.995. The

Fig. 11. Effect of temperature on the sorption of AB25 onto pith.

Table 4

Effect of temperature of BB69 and AB25

T (8C) r2 qe (mg/g) k (g/(mg min)) h (mg/(g min)) Re (%) /r2
i/ ki (mg/(g min0.5))

BB69 20 0.984 1.28�/102 1.74�/10�4 2.84 64.0 0.992 8.05

40 0.995 1.41�/102 1.97�/10�4 3.93 70.7 0.984 8.90

60 0.998 1.57�/102 2.17�/10�4 5.37 78.6 0.946 9.81

80 0.999 1.64�/102 2.94�/10�4 7.96 82.2 0.900 9.76

AB25 20 0.999 9.84 3.50�/10�3 0.339 19.7 0.966 0.671

40 0.995 11.4 3.27�/10�3 0.427 22.9 0.976 0.765

60 0.999 12.3 3.65�/10�3 0.554 24.6 0.952 0.811

80 0.999 14.4 3.31�/10�3 0.682 28.7 0.943 0.940

Table 5

Empirical parameters for predicted qe and h from T

Aq Bq (mg/(g K(Aq ))) r2 Ah Bh (mg/(g min K(Ah ))) r2

BB69 1.39 4.89�/10�2 0.981 5.47 9.07�/10�14 0.994

AB25 1.94 1.61�/10�4 0.983 3.80 1.46�/10�10 0.999
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intraparticle coefficients, r2
i ; are also high, being greater

than 0.900 in all cases, but they are all consistently

decreasing with increasing temperature. This trend

would tend to indicate that a chemisorption reaction

or an activated process was becoming more predomi-

nant in the rate-controlling step. The pseudo-second-

order rate constants for the BB69 on pith system show a
steady increase with temperature whereas the k -values

for AB25 on pith are constant and equal to 3.459/0.20 g/

(mg min). Despite the high r2-values, this suggests that

the AB25/pith system may not be an activated or

chemisorption process.

An examination of the effect of temperature on both

the equilibrium capacity, qe, and initial sorption rate, h ,

produces best-fit correlation of the types shown by Eqs.
(4) and (5) with high correlation coefficients shown in

Table 5.

qe�BqTAq ; (4)

and

h�BhTAh : (5)

Substituting the values of qe and h from Table 5 into

Eqs. (4) and (5) and then into Eq. (1), the rate law for a

pseudo-second-order and the relationship of qt , T and t

can be represented as follows:

for BB69:

qt�
t

9:07 � 1014T�5:47 � (4:89 � 102T�1:39)t
;

(6)

for AB25:

qt�
t

1:46 � 1010T�3:80 � (1:61 � 104T�1:94)t
:

(7)

These equations can then be used to derive the amount

of dye sorbed at any given temperature and the reaction

time.

The values of rate constant, k , were found to increase

from 1.74�/10�4 to 2.94�/10�4 g/(mg min), for an
increase in the solution temperature from 293 to 353 K

for the sorption of BB69. There is a linear relationship

between the pseudo-rate constant and temperature with

correlation coefficient of 0.903. The sorption rate

constant is usually expressed as a function solution of

temperature by the following relationship:

k�k0 exp

�
�E

RT

�
; (8)

Fig. 12. Effect of pith dose on the sorption of BB69 onto pith.
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where k is the rate constant of sorption (g/(mg min)), k0

the temperature-independent factor (g/(mg min)), E the

activation energy of sorption (kJ/mol), R the gas

constant (8.314 J/(mol K)) and T the solution tempera-

ture (K).

Therefore, the relationship between k and T can be

represented in an Arrhenius form as

k�3:12�10�3 exp

�
�7:13 � 103

8:314T

�
:

From this equation, the rate constant of sorption, k0, is

3.12�/10�3 g/(mg min) and activation energy of sorp-

tion, E , is 7.13 kJ/mol for the sorption system of BB69/

pith. Since sorption is an exothermic process, it would

be expected that an increased solution temperature

would result in decreased sorption capacity. However,

Weber [29] has stated that, since diffusion is an

endothermic process, the rate of sorption will increase

with increased solution temperature when intraparticle

transport (pore diffusion) is the rate-limiting step. The

results of this study on the effect of temperature indicate

Fig. 13. Effect of pith dose on the sorption of AB25 onto pith.

Table 6

Effect of pith dose of BB69 and AB25

ms (g/dm3) r2 qe (mg/g) k (g/(mg min)) h (mg/(g min)) Re (%) /r2
i/ ki (mg/(g min0.5)))

BB69 0.25 0.996 1.54�/102 1.96�/10�4 4.61 19.2 0.903 7.13

0.5 0.993 1.56�/102 1.55�/10�4 3.75 38.9 0.933 7.38

0.75 0.992 1.60�/102 1.25�/10�4 3.19 59.9 0.955 7.65

AB25 0.5 0.962 15.2 7.81�/10�4 0.179 7.58 0.985 0.716

0.75 0.963 14.6 8.33�/10�4 0.178 11.0 0.991 0.690

1.0 0.959 14.3 8.37�/10�4 0.171 14.3 0.987 0.674
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that for the sorption of BB69 dye on pith involves some

chemical sorption. The values of k at different tempera-

tures for the sorption of AB25 onto pith are shown in

Table 5 and for a temperature range of 60 K, the values
may be considered as relatively constant. This suggests a

non-activated sorption process such as physical sorption

for AB25 sorption on pith. It is possible that this

pseudo-second-order model could act as a methodology

for discriminating between sorption mechanisms on this

basis.

3.4. Effect of pith dose of BB69 and AB25

Figs. 12 and 13 show a series of contact time curves

with sorbent dose ranging from 0.25 to 0.75 g/dm3 of

BB69 and 0.5 to 1 g/dm3 of AB25. The removal of BB69

increases from 19.2 to 59.9% and for AB25 the increase

in removal is from 7.58 to 14.3% with the increase of the

pith dose ranging from 0.25 to 0.75 g/dm3 for BB69 and

0.5 to 1 g/dm3 for AB25, respectively. However, the
sorption capacity increases slightly and varies from 154

to 160 mg/g, as ms varies from 0.25 to 0.75 g/dm3 for

BB69 and from 15.2 to 14.3 mg/g, as ms varies from 0.5

to 1 g/dm3 for AB25, respectively. The correlation

coefficients, r2, and the pseudo-second-order rate para-

meters, k , are shown and compared with r2
i /- and ki-

values for the intraparticle diffusion-based model (Table

6). The data show a good compliance with the pseudo-
second-order equation and the regression coefficients

for the linear plots were higher than 0.959 for all the

systems in these studies. However, in the case of AB25,

the effect of contact time and pith dose the ri
2 values are

all greater than 0.985 and are significantly greater than

the coefficients obtained for the second-order kinetic

model.

4. Conclusion

The kinetics of sorption of copper, BB69 and AB25

on biosorbents (peat and pith) were studied on the basis

of the pseudo-second-order rate mechanism. The sorp-

tion of capacity of basic dye (BB69) is much higher than
acid dye (AB25) because of the ionic charges on the dyes

and the character of the biomaterials. The activation

energy of sorption can be evaluated with the pseudo-

second-order rate constants. The sorption of BB69 by

pith is an exothermic, activated process whereas the

sorption of AB25 on pith appears to be a non-activated

process. For both dye/pith systems, intraparticle diffu-

sion and chemical reactions seem significant in the rate-
controlling step but for the sorption of copper ions onto

peat the pseudo-second-order chemical reaction kinetics

provide the best correlation of the data.
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Abstract

This study is on sorption of lead ions on an agricultural by-product, tree fern. Equilibrium isotherms have been

measured and modeled. The equilibrium sorption capacity of lead(II) was determined from the Langmuir isotherm and

found to be 40.0 mg/g. Based on the assumption of the pseudo-second order mechanism, a batch sorption model was

developed to predict the rate constant of sorption, the equilibrium sorption capacity and the initial sorption rate with the

effect of initial lead(II) concentration and temperature. The sorption rate was found to increase with temperature, and an

activation energy of approximately 87 kJ/mol was determined from the pseudo-second order rate constants. The findings

of this investigation suggest that chemical sorption plays a role in controlling the sorption rate.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction suitable agricultural sorbents to remove significant
Understanding the sorption of metal ions from

aqueous solution is important in water pollution con-

trol. In recent years, there has been considerable

interest in the use of agricultural by-products as

sorbents. Table 1 is a list of the agricultural by-

products available for removing lead ion from waste-

waters. Investigations have been carried out to identify
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quantities of lead ions.

The tree fern, which is commercially available

in Taiwan, is used as a sorbent for lead ions. It

sorbs water easily and is marketed for horticultural

uses as soil for plants. Being dark brown in colour,

the tree fern constitutes mainly of lignin and

cellulose (Newman, 1997). All chemical sorbents

have polar functional groups (alcohols, aldehydes,

ketones, acids, phenolic hydroxides and ethers) for

chemical bindings (Adler and Lundquist, 1963).

The tree fern, which is highly polar, is used as a

specific sorbent to remove dissolved solids (transi-

tion metals and polar organic molecules).

This study investigates whether the tree fern can

be used as a sorbent to remove lead ions from



Table 1

A list of agricultural sorption by-products available to remove lead

ions

Capacities,

qm (mg/g)

Materials References

78.7 Tea leaves Tan and Abd. Rahman, 1988

46.6 Sago Quek et al., 1998

39.4 Groundnut husks Okieimen et al., 1991

35.5 Grain Low et al., 2000

30.7 Sphagnum moss peat Ho et al., 1996a

40.0 Tree fern This study
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aqueous solutions and whether the corresponding

equilibrium isotherm can be determined kinetically.
2. Materials and methods

2.1. Materials

The raw tree fern was dried in an oven at 100 jC
for a period of 24 h, and then ground and screened

through a set of sieves to get particles of geometrical

size 53–61 Am. The materials were stored in an air-

tight plastic container before all investigations. The

stock solutions of lead(II) (2000 mg/L) were prepared

in distilled water using lead nitrate. All working

solutions were prepared by diluting the stock solution

with distilled water.

2.2. Equilibrium studies

A lead(II) solution (50 mL) with a concentration

of 74.1–344 mg/L was placed in a 125 mL conical

flask. A tree fern sample 0.25 g was added to the

solution. A series of conical flasks was then agitated

at a constant speed of 100 rpm in a shaking water

bath at 20 jC. After shaking the flasks for 5 h, the

tree fern was separated by filtering the liquid

content through a Nylon membrane filter (0.45

Am). Then the filtrate was analysed for the remain-

ing lead(II) concentration with atomic absorption

spectrophotometry (AAS).

2.3. Effect of initial concentration

A range of lead(II) concentrations (74.1–350 mg/

L) was used and the flasks were agitated for 1 h. All
contact investigations were performed by using a

baffled, agitated 2-L vessel. A 6.8-g sample of tree

fern was added to each 1.7 L volume of lead(II)

solution and agitated at 300 rpm for all experiments.

The temperature was set at 20 jC with a water bath

for all studies. Samples (3 mL) were withdrawn at

suitable time intervals by having them filtered through

a 0.45-Am membrane filter.

2.4. Effect of temperature

Agitation was carried out for 1 h at temperatures

ranging from 278 to 318 K. A 6.8-g sample of tree

fern was added to each 1.7 L volume of lead(II)

solution with an initial concentration 200 mg/L and

agitated at 300 rpm.
3. Theory

3.1. Equilibrium studies

Analysing the results of the isotherm data is

important to develop an equation, which can be used

for design purposes. To investigate the sorption iso-

therm, three equilibrium models, the Langmuir, the

Freundlich and the Redlich-Peterson isotherm equa-

tions, were analysed. The theoretical Langmuir sorp-

tion isotherm (Langmuir, 1916), which is the best

known of all isotherms describing sorption, is often

used to describe sorption of a solute from a liquid

solution as:

qe ¼
qmKaCe

1þ KaCe

ð1Þ

where qe is the equilibrium sorption capacity (mg/g),

Ce the equilibrium liquid phase concentration (mg/L),

qm the qe for a complete monolayer (mg/g) and Ka the

sorption equilibrium constant (L/mg).

The Freundlich isotherm (Freundlich, 1906), which

is the earliest known relationship describing the sorp-

tion isotherm, can be used in sorption from dilute

solutions. Its sorption isotherm is expressed by the

following equation:

qe ¼ KFC
1=n
e ð2Þ
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where Ce and qe have the same meaning as noted

above. KF and 1/n stand for empirical constants. KF is

the sorption value, the amount sorbed at unit concen-

tration at 1 mg/L; it is characteristic for the sorbent

and the specific sorbate.

The Redlich-Peterson isotherm (Redlich and Peter-

son, 1959), which contains three parameters incorpo-

rating the features of the Langmuir and the Freundlich

isotherms, can be described as:

qe ¼
ACe

1þ BC
g
c

ð3Þ

where Ce and qe have the same meaning as in the

previous section on the Langmuir isotherm. It has

three isotherm constants: A, B and g (0 < g < 1). All of

them can be evaluated from the linear plot represented

by Eq. (4) using a trial-and-error optimisation method:

ln A
Ce

qe
� 1

� �
¼ glnðCeÞ þ lnðBÞ ð4Þ

3.2. Kinetic studies

Several models are used to express the mechanism

of solute sorption onto a sorbent. The characteristic

constants of sorption were determined by using a

pseudo-first order equation (Lagergren, 1898), a pseu-

do-second order equation (Ho, 1995) and a chemical

phenomenon model (Boyd et al., 1947).

3.2.1. The pseudo-first order model

The Lagergren (1898) rate equation, which is the

first rate equation developed for sorption in liquid/

solid systems, is based on solid capacity. The Lagerg-

ren rate equation is the most widely used rate equation

for assessing the sorption of a solute from a liquid

solution. The pseudo-first order equation is repre-

sented as:

logðqe � qtÞ ¼ logðqeÞ �
kL

2:303
t ð5Þ

or

logð1� FÞ ¼ � kL

2:303
t ð6Þ
where qe is the amount of lead(II) sorbed at equilib-

rium (mg/g), qt amount of lead(II) sorbed at time t

(mg/g), kL the rate constant of pseudo-first order

sorption (1/min) and F the fractional attainment of

equilibrium ( qt/qe).

3.2.2. The pseudo-second order model

The sorption of lead(II) onto tree fern may involve

a chemical sorption. Ho (1995) developed a pseudo-

second order kinetic expression for the sorption sys-

tem of divalent metal ions using sphagnum moss peat.

This model has since been widely applied also to a

number of metal/sorbent sorption systems (Ho et al.,

1996b; Ho and McKay, 1998). To investigate the

mechanism of sorption, the rate constants for the

sorption of lead(II) were used to determine the equa-

tion of a pseudo-second order mechanism:

t

qt
¼ 1

kq2e
þ 1

qe
t ð7Þ

where qe, qt and t have the same meaning as in the

previous sections on pseudo-first order model. The

symbol k is the rate constant of pseudo-second order

sorption (g/mg min).

The initial sorption rate can be obtained as qt/t

approaches zero:

ho ¼ kq2e ð8Þ

where ho is the initial sorption rate (mg/g min).

3.2.3. The chemical phenomenon model

Boyd et al. (1947) developed a rate equation

incorporating the rates of ion-exchange from aqueous

solutions by organic zeolites. The rates of exchange

sorption are governed either by diffusion through a

thin liquid film, or by the chemical exchange. Based

on diffusion through a boundary liquid film and

sorption kinetics as a chemical phenomenon, the rate

equation is obtained as expressed in Eq. (9):

logð1� FÞ ¼ KD

2:303
t ð9Þ

where F and t have the same meaning as in the

previous sections on pseudo-first order model, and

KD is a constant.
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A rate equation for diffusion through a boundary

liquid film (Eq. (10)) is derived from the pseudo-first

order rate equation of Lagergren:

logð1� FÞ ¼ � KR

2:303
t ð10Þ

where F and t have the same meaning as in the

previous sections on pseudo-first order model, and

KR is a constant. If the sorption is due to ion

exchange, the constant of the equation will depend

only on the concentrations of the ions in solution and

the temperature.
Fig. 2. Effect of time on sorbed lead concentrations for various

initial Pb(II) concentrations.
4. Results and discussion

4.1. Equilibrium studies

The equilibrium distribution of lead between the

sorbent and the solution is important in determining

the maximum sorption capacity of the tree fern for

lead(II). To assess the different isotherms and their

ability to correlate experimental results, the theoretical

plots from each isotherm have been presented with the

experimental data for sorption of lead(II) on tree fern

at 20 jC (Fig. 1). The graph is plotted in the form of

lead(II) sorbed per unit mass of tree fern qe, against

the concentration of lead(II) remaining in solution Ce.

The correlation coefficients are 1.000, 0.999 and
Fig. 1. Isotherms for the sorption of lead using tree fern.
0.964 for the Redlich-Peterson, the Langmuir and

the Freundlich sorption isotherms, respectively. The

monolayer sorption saturation capacity of lead(II) qm,

and sorption constant Ka, were determined from the

slope and intercept of the Langmuir equation, and was

found to be 40.0 mg/g and 0.157 L/mg, respectively.

The Freundlich sorption isotherm constant KF is 15.7

mg0.814 L0.186/g and 1/n 0.186. The Redlich-Peterson

isotherm constant A is 20.0 L/g, B 0.878 L0.892/

mg0.892 and g 0.892.

Many agricultural sorbents have been tested for

their capacity of sorbing lead(II), but their results

vary with various sorbents and sources as shown in

Table 1. An examination of Table 1 shows that the

value for the monolayer sorption saturation capacity

qm, is comparable with values reported in the litera-

ture. This table also shows the sorption capacities

reported in earlier studies where qm had not been

derived specifically.

4.2. Effect of initial lead concentration

Fig. 2 shows that the rate of lead(II) sorption on

tree fern as a function of the initial lead(II) concen-

tration. The initial rapid sorption of lead(II) is due to

ion exchange with surface cations on the tree fern.

The later slow sorption of lead(II) represents a grad-

ual uptake of cation exchange at the inner surface



Table 2

Rate constants for effect of initial Pb(II) concentration

C0 Pseudo-second order Pseudo-first order

(mg/L)
r2 qe (mg/g) k (g/mg min) ho (mg/g min) r2 qe (mg/g) kL (1/min)

74.1 1.000 18.2 5.68� 10� 2 18.8 0.867 6.80 0.140

111 1.000 26.1 2.14� 10� 2 14.5 0.880 10.8 0.0871

196 0.999 36.8 4.87� 10� 3 6.62 0.946 27.8 0.0675

350 0.999 41.5 3.90� 10� 3 6.70 0.980 29.6 0.0538

Fig. 3. Effect of time on sorbed lead concentrations for various

temperatures.
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(Low and Lee, 1990). The results have been analysed

by using the pseudo-second order model. As shown

in Table 2, the correlation coefficients r2, rate constant

k, initial sorption rate ho and equilibrium sorption

capacity qe, are obtained from the slope and intercept

of Eq. (7). The rate constants and the initial sorption

rate decreased with an increase in initial lead(II)

concentration. Nevertheless, the equilibrium sorption

capacity increases from 18.2 to 41.5 mg/g, as initial

lead(II) concentrations vary from 74.1 to 350 mg/L.

The solid line curves in Fig. 2 are the theoretical plots

indicating high values of r2 (>0.999). This finding

suggests that this sorption system is not a pseudo-first

order reaction. The pseudo-second order model can

describe the sorption of lead(II) on tree fern. The

possibility of chemical sorption involving valency

forces through sharing or exchange of electrons

between sorbent and sorbate, correlates the data best

if the rate-limiting step is assumed. The corres-

ponding linear plots of the values of qe, k and ho
against C0 were regressed to obtain expressions for

these values in terms of the initial lead(II) concentra-

tion with high correlation coefficients (>0.984).

Therefore, qe, k and ho can be expressed as a function

of C0 for lead(II) as:

qe ¼ exp 3:98þ 79:4

C0

� �
ð11Þ

k ¼ C0

333C0 � 2:69� 104
ð12Þ

ho ¼
C0

0:181C0 � 9:71
ð13Þ

4.3. Effect of temperature

The rate of uptake of lead(II) by tree fern in these

studies was controlled by a chemical sorption phe-
nomenon. Moreover, a pseudo-second order model is

applied in sorption of lead(II) on tree fern. As shown

in Fig. 3, the variation in temperatures influenced the

time required to reach saturation with excellent agree-

ment between the experimental data and predicted

theoretical curves. The data listed in Table 3 shows

that the initial sorption rate correlates positively with

the temperature. The initial sorption rate varied from

1.24 to 140 mg/g min when the temperatures changed

from 278 to 318 K. The values of the rate constants

were found to increase from 9.18� 10� 4 to 0.103 g/

mg min with an increase in the solution temperatures

from 278 to 318 K. However, the equilibrium sorption

capacity was little effected by increased temperature.

In conventional physisorption systems, increasing

temperature usually increases the rate of approach to

equilibrium, but decreases the equilibrium capacity

(McKay et al., 1997).



Table 3

Pseudo-second order rate constant for effect of temperature

T Pseudo-second order Pseudo-first order

(K)
r2 qe

(mg/g)

k

(g/mg min)

ho
(mg/g min)

r2 qe
(mg/g)

kL
(1/min)

278 0.989 35.5 9.81�10� 4 1.24 0.993 32.0 0.0193

288 0.994 39.9 2.13� 10� 3 3.38 0.988 34.6 0.0438

293 0.998 39.4 2.90� 10� 3 4.50 0.976 33.5 0.0546

298 0.998 38.0 6.60� 10� 3 9.55 0.946 25.1 0.0776

308 1.000 36.4 2.24� 10� 2 29.7 0.838 14.7 0.109

318 1.000 36.8 1.03� 10� 1 140 0.789 5.38 0.158
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The increase in the pseudo-second order rate con-

stants with increasing temperature may be described

by the equation:

k ¼ k0exp
�E

RT

� �
ð14Þ

where k is the rate constant of sorption (g/mg min),

k0 the temperature-independent factor (g/mg min), E

the activation energy of sorption (kJ/mol), R the gas

constant (8.314 J/mol K) and T the solution tem-

perature (K).

There is a linear relationship between the pseudo-

second order rate constant and the reciprocal absolute

temperature with a correlation coefficient of 0.976.

The values of k were plotted as a function of the

reciprocal of the Kelvin temperature and the linear

variation is shown in Fig. 4. Hence, the relationship
Fig. 4. The relationship between T and k.
between k and T can be represented in an Arrhenius

form as:

k ¼ 1:19� 1013exp
�87

8:314T

� �
ð15Þ

From Eq. (15), the rate constant of sorption k0 is

1.19� 1013 g/mg min and the activation energy for

sorption E is 87 kJ/mol, which is out of the range (8–

22 kJ/mol) of diffusion-controlled processes (Glasston

et al., 1941). Ho and McKay (1998) reported that the

activation energy for the sorption of lead(II) on peat is

29.8 kJ/mol. In addition, McKay et al. (1981) reported

that the activation energy for the sorption of Telon

Blue dye on peat is 26.6 kJ/mol. Again, this value of

the activation energy is higher than the normal range

of 8–22 kJ/mol typical of physical adsorption pro-

cess. The results of this study on the effect of

temperature suggest that the sorption rate-controlling

step is likely chemical in nature for the sorption of

lead(II) on tree fern.

Fig. 5 shows a plot of the linearized form of the

pseudo-first order model in Eq. (5) for the sorption

of lead(II) onto tree fern at various initial lead(II)

concentrations for the initial 20 min. As indicated in

Fig. 5, the experimental points and theoretical lines

deviate rapidly after this short period. The rate of

sorption was thought to be proportional to the

difference between the sorption capacity qe at equi-
Fig. 5. Pseudo-first order sorption kinetics of lead onto tree fern at

various initial Pb(II) concentrations.
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librium and the capacity at any time t of the sorbed

in a pseudo-first order at the initial reaction stage.

Table 2 indicates that values of pseudo-first order

rate constants ranged from 0.140 to 0.0538 1/min

when the initial lead(II) concentrations were in-

creased from 74.1 to 350 mg/L. As listed in Table

3, the pseudo-first order rate constant kL and the

equilibrium sorption capacity qe at different temper-

atures were calculated from the intercept and slope

of the straight line plots of log( qe� qt) versus t in

accordance with Eq. (5). The values of the rate

constants were found to increase from 0.0193 to

0.158 1/min as the temperature increased from 278

to 318 K.
5. Conclusion

The biosorption of lead ions on tree fern was

investigated. Tree fern is a suitable sorbent for the

removal of lead(II) from aqueous solution. The

lead(II) removal was a function of initial lead ion

concentration and temperature. The Redlich-Peter-

son and the Langmuir isotherms have higher corre-

lation coefficients than those of Freundlich isotherm

for the sorption of lead(II) onto tree fern. The

pseudo-second order kinetic model was successfully

applied to the experimental data, confirming that

biosorption was chemically controlled. In addition,

an activation energy consistent with chemisorption

was determined, based on the pseudo-second order

rate constants.
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Introduction

The equilibrium sorption isotherm is fundamentally
important in the design of sorption systems. Equilib-
rium relationships between sorbent and sorbate are de-
scribed by sorption isotherms, usually the ratio between
the quantity sorbed and the remaining of the solution
at a fixed temperature at equilibrium. In many cases,
the equilibrium sorption capacity is unknown and when
chemisorption tends to become unmeasurably slow, the
amount sorbed is still significantly smaller than the
equilibrium amount (Ungarish and Aharoni, 1981). On
the other hand, equilibrium takes a long time to ob-
tain in some sorption systems. For example, sorption
of naphthalene on solid coal tar particles takes more
than 60 h to reach equilibrium (Bayard et al., 2000). In
1995, Ho developed a pseudo-second order expression
for solid-liquid sorption systems. The pseudo-second
order equation has the following advantages: it does
not have the problem of assigning an effective sorp-
tion capacity; the sorption capacity, rate constant of
pseudo-second order and the initial sorption rate all
can be determined from the equation without knowing
any parameter beforehand. An earlier and yet important

discussion of the use of this model in bi-metal/solutions
has been given by Ho et al. (1996). Several applications
to metal (Manohar et al., 2002; Reddad et al., 2002);
dye (Aksu and Tezer, 2000; Fu and Viraraghavan, 2001)
and organic (Kelleher et al., 2001) sorption systems
have also been reported. More recently, Ho and Chiang
(2001) have published extensively on the use of the
model in mixed sorbents.

Tree fern is a complex material containing lignin
and cellulose as major constituents (Newman, 1997).
Chemical sorption can occur by the polar functional
groups of lignin, which include alcohols, aldehydes,
ketones, acids phenolic hydroxides and ethers as chem-
ical bonding agents (Adler and Lundquist, 1963). It is,
therefore, concluded that tree fern can be a suitable
sorbate for sorption of metal cations because of its po-
lar and acid characters. The removal of divalent metal
ions, such as Zn(II), Cu(II), Pb(II) by using tree fern
was first reported by Ho et al. (2002, 2004) and Cd(II)
(Ho and Wang, 2004).

This paper studies four sorption systems: Cu/tree
fern, Pb/tree fern, Acid Blue 9/activated clay, and Basic
Red 18/activated clay, where a batch sorption pseudo-
isotherm was also developed. Pseudo-isotherms were
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derived from a pseudo-second order kinetic expres-
sion constant and were used to predict the monolayer
sorption capacities and sorption constants. A com-
parison of the reaction order rate parameter is also
discussed.

Materials and Methods

Metal/Tree Fern Sorption Systems

A range of copper(II) concentrations from 52.5 to
328 mg dm−3 and lead(II) concentrations from 74.1
to 350 mg dm−3 were used and agitation was carried
out for 2 h. All contact investigations were executed in
a baffled agitated 2 dm3 sorber vessel. Samples (3 mL)
were withdrawn at suitable time intervals and filtered
through a 0.45 µm membrane filter and then analysed.
A 6.8 g sample of tree fern (74–88 µm) was added to
each 1.7 dm3 of metal ion solution and an agitation
speed of 300 rpm was used for all experiments. The
temperature was controlled with a water bath of 20◦C
for all studies.

Dye/Activated Clay Sorption Systems

In this study, the experimental data of Acid Blue 9
and Basic Red 18 are analyzed through the use of a
pseudo-second order kinetic mechanism had been re-
ported previously in the literature by Ho et al. (2001).

Kinetics Model

Adsorption kinetics deals with the rate at which sorp-
tion occurs, where the rate is defined as the change of
a given quantity over specific period of time. Never-
theless, after a period of time the sorption is reversible
when enough sorbate had been sorbed and desorption
had become more active. At this point, the concen-
tration of the sorbate depends on the rate differences
between the sorption and desorption reactions. If one
neglects the desorption reaction, then the reaction rate
will depend only on the concentrations of the sorbate.

Reaction rate of a chemical reaction is defined as
the change in concentration of a reactant or product
per unit time. The concentrations of the products do
not appear in the rate law because the reaction rate is
being studied under the conditions where the reverse
reactions do not contribute to the overall rate. The re-
action order and rate constant must be determined by

experiments. In 1995, Ho presented a pseudo-second
order rate law expression, which demonstrated how the
rate depended on the sorption equilibrium capacity but
not the concentration of the sorbate.

Tree fern contains polar functional groups such as
aldehydes, ketones, acids, and phenolics. These groups
can be involved in chemical bonding and are respon-
sible for the cation exchange capacity of the tree fern
(Ho, 2003). Thus, the tree fern-copper reaction may be
represented in two ways:

2(TF)− + Cu2+ ↔ Cu(TF)2 (1)

and

2H(TF) + Cu2+ ↔ Cu(TF)2 + 2H+ (2)

where (TF)− and (TF) are polar sites on the tree fern
surface.

Rate expression for the sorption described by
Eqs. (1) and (2) is

d(TF)t

dt
= k2[(TF)0 − (TF)t ]

2 (3)

or

d[H(TF)]t

dt
= k2[(H(TF))0 − (H(TF))t ]

2 (4)

where (TF)t and [H(TF)]t are the number of active
sites occupied on the tree fern at time t, and (TF)0 and
[H(TF)]0 are the number of equilibrium sites available
on the tree fern.

The kinetic rate equations can be rewritten as fol-
lows:

dqt

dt
= k(qe − qt )

2 (5)

An integrated pseudo-second order rate law can be ob-
tained from Eq. (5) for the boundary conditions t = 0
to t = t and qt = 0 to qt = qt , and is given by:

1

(qe − qt )
= 1

qe
+ kt (6)

Equation (6) can be rearranged to obtain a linear form:

t

qt
= 1

kq2
e

+ 1

qe
t (7)

where qe is the amount of sorbate sorbed at equilibrium
(mg g−1); t is the reaction time (min); qt is the amount
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of sorbate sorbed at time t (mg g−1); k is the equilibrium
rate constant of pseudo-second order sorption (g mg−1

min−1).
The pseudo-second order rate law equation shows

how the sorption capacity of sorbate depends on time.
If the equilibrium sorption capacity of sorbate and the
rate constant k are known, then the sorption capacity of
sorbate at any time can be calculated. Using the linear
form equation, Eq. (7), and plotting t/qt versus t, will
give a straight line with slope 1/qe and intercept 1/kq2

e .

Isotherm Models

Langmuir Isotherm

The Langmuir sorption isotherm has been successfully
applied to many pollutant sorption processes and it
is the most commonly used sorption isotherm for the
sorption of a solute from a liquid solution (Langmuir,
1916). The saturated monolayer isotherm can be rep-
resented as:

qe = qm KaCe

1 + KaCe
(8)

The above equation can be rearranged to the follow-
ing linear form:

Ce

qe
= 1

Kaqm
+ 1

qm
Ce (9)

where Ce is the equilibrium concentration (mg dm−3);
qe is the amount of metal ion sorbed (mg g−1); qm is
qe for a complete monolayer (mg g−1); Ka is sorption
equilibrium constant (dm3 mg−1). A plot of Ce/qe ver-
sus Ce should give a straight line with slope of 1/qm

and an intercept of 1/Kaqm .

Redlich-Peterson Isotherm

The Redlich-Peterson isotherm contains three parame-
ters and incorporates the features of the Langmuir and
the Freundlich isotherms (Redlich and Peterson, 1959).
The Redlich-Peterson isotherm has a linear dependence
on concentration in the numerator and an exponen-
tial function in the denominator. It can be described
as follows:

qe = ACe

1 + BCg
e

(10)

It has three isotherm constants, namely, A, B and g (0 <

g < 1), which characterize the isotherm. Equation (10)
can be converted to a linear form by taking natural
logarithms:

ln

(
A

Ce

qe
− 1

)
= g ln (Ce) + ln (B) (11)

Three isotherm constants, A, B and g can be evaluated
from the linear plot represented by Eq. (11) using a
trial and error optimization method. A general trial and
error procedure which is applicable to computer op-
eration was developed to determine the coefficients of
determination, r2, for a series of values of A for the
linear regression of ln(Ce) on ln[A(Ce/qe) − 1] and to
obtain the best value of A which yields a maximum
‘optimized’ value of r2.

Results and Discussions

The experimental data were analysed according to the
pseudo-second order equation. Figure 1 shows linear
variation of t/qt with time, t, for the sorption system of
Pb/tree fern at various initial concentrations. Good lin-
earization of the experimental data was observed from
the graph, thereby implying that a pseudo-second or-
der reaction is involved. Figure 2 shows the sorption of
copper(II) onto tree fern with various initial copper(II)
concentration. The solid curves in the figure were the
theoretical plots of the pseudo-second order equation.
Table 1 listed all four sorption systems included the
pseudo-second order rate constant, k, the equilibrium
sorption capacity, qe, and the coefficient of determina-
tion, r2, at various initial concentration of sorbate, C0.
These data were calculated from the intercept and the
slope of a straight line according to Eq. (7). The data
illustrated good compliance with the pseudo-second
order rate law based on sorption capacity because the
coefficients of determination were higher than 0.995
for all the systems in this study.

Generally true equilibrium conditions are not re-
flected in many sorption systems so the equilibrium
sorption capacity, qe, is unknown (Bayard et al., 2000;
Ungarish and Aharoni, 1981). Equilibrium takes a long
time to obtain in some sorption systems. For instance,
sorption of acid dyes onto activated carbon such as Acid
Red 114, Polar Yellow and Polar Blue RAWL, will take
21 days to achieve equilibrium (Choy et al., 1999). In
the proposed pseudo-second order equation, by fitting
Eq. (7) to the experimental data, qe can be obtained
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Figure 1. Pseudo-second order sorption kinetics of lead onto tree fern at various initial concentrations.

Figure 2. Plot of sorbed amount versus time for copper at various initial concentrations.
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Table 1. Kinetic parameters for four sorption systems.

System C0 (mg dm−3) Ce (mg dm−3) qe (mg g) k (g mg−1min−1) r2

AB9/Activated clay 59.7 0.583 14.8 0.660 1.000

114 1.78 28.0 0.272 1.000

356 22.8 83.3 0.0329 1.000

475 45.7 107 0.0138 1.000

552 86.9 116 0.0110 1.000

BR18/Activated clay 111 1.91 27.2 3.48 1.000

213 2.37 52.7 0.238 1.000

326 13.1 78.3 0.0439 1.000

443 72.5 92.7 0.0300 1.000

520 104 104 0.0338 1.000

Cu/Tree fern 52.5 26.1 6.60 0.0180 0.995

79.5 43.8 8.92 0.0238 1.000

123 78.9 11.0 0.0124 0.999

183 138 11.1 0.0253 0.998

328 278 12.7 0.0178 0.999

Pb/Tree fern 74.1 1.9 18.0 0.0681 1.000

111 7.3 26.0 0.0219 1.000

196 57.6 34.7 0.0070 0.999

350 188.3 40.5 0.0044 1.000

537 351.3 46.3 0.0039 1.000

from the slope of the plot of t/qt against t in a shorter
time than the traditional method. For this reason, it
is reasonable to use pseudo-second order parameters
to obtain the equilibrium sorbate concentration, Ce, to
analyse the pseudo-isotherms.

Four sorption systems, Cu/tree fern, Pb/tree fern,
AB9/activated clay and BR18/activated clay were
tested by applying the pseudo-Langmuir and pseudo-
Redlich-Peterson isotherms using a pseudo-second
order kinetic expression constant. The amount of sor-
bate sorbed at equilibrium can be obtained from the
pseudo-second order equation and the equilibrium liq-
uid phase sorbate concentration can be calculated from
the equation below:

Ce = C0 − qems

V
(12)

where Ce is the equilibrium liquid phase sorbate con-
centration, mg dm−3; C0 is the initial liquid phase sor-
bate concentration, mg dm−3; qe is the equilibrium
sorption capacity, mg g−1; V is solution volume, dm3,
and ms is the mass of mixed sorbent, g.

Figure 3 shows the linear plot of Ce/qe versus Ce.
The result was a straight line with slope of 1/qm and
intercept of 1/Kaqm for dye/activated clay sorption sys-
tems. The values of the pseudo-Langmuir constants
qm and Ka are presented in Table 2 for the four sorp-
tion systems. These values of the coefficients of de-
termination, r2, indicated a strong positive relation-
ship between the data and the linear equation where
the solid-liquid sorption data followed the pseudo-
Langmuir sorption isotherm. Figure 4 shows pseudo-
Langmuir and pseudo-Redlich-Peterson isotherms for

Table 2. Pseudo-Langmuir isotherm constants for four
sorption systems.

qm Ka

System (mg g−1) (dm3 mg−1) r2

AB9/Activated clay 124 0.147 0.995

BR18/Activated clay 105 0.215 0.995

Cu/Tree fern 13.9 0.0378 0.997

Pb/Tree fern 46.6 0.0857 0.994
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Figure 3. Pseudo-Langmuir isotherm for sorption of dyes onto activated clay.

Figure 4. Pseudo-Langmuir and Pseudo-Redlich-Peterson isotherm for sorption of metal ions onto tree fern.
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Table 3. Pseudo-Redlich-Peterson isotherm constants for four
sorption systems.

A B
System (dm3 g−1) (dm3 mg−1)g g r2

AB9/Activated clay 45.6 1.20 0.729 0.999

BR18/Activated clay 1.23 × 109 3.81 × 107 0.739 0.969

Cu/Tree fern 0.510 0.0363 1.000 0.995

Pb/Tree fern 40.2 1.84 0.877 1.000

the metal/tree fern sorption systems. The monolayer
saturation capacities, qm , and sorption constants, Ka ,
were determined from the slope and intercept of
the pseudo-Langmuir equation listed in Table 2. The
monolayer saturation capacities, qm , for the four
sorption systems were determined to be 13.9, 46.6,
124 and 105 mg g−1 for copper/tree fern, lead/tree
fern, AB9/activated clay and BR18/activated clay
respectively.

Experimental results also showed that the pseudo-
Redlich-Peterson isotherm was an appropriate de-
scription of the data for both metal/tree fern and
dye/activated clay sorption over the concentration
ranges studied. Table 3 shows the pseudo-Redlich-
Peterson isotherm constants A, B and g as well
as the coefficients of determination, r2, for four
sorption systems. In all cases, the pseudo-Redlich-
Peterson isotherm exhibited a high coefficient of
determination.

Conclusion

This investigation was based on the assumption of
a pseudo-second order mechanism in relation to
four sorption systems, Cu/tree fern, Pb/tree fern,
AB9/activated clay and BR18/activated clay. The re-
sults from the study showed high coefficients of
determination. Pseudo-Langmuir and pseudo-Redlich-
Peterson isotherm were derived from the pseudo-
second order kinetic expression constant and were used
to describe the liquid-solid sorption systems. The re-
sults also showed an excellent fit with the experimental
data for both pseudo-isotherms. According to the eval-
uation using the pseudo-Langmuir equation, the mono-
layer sorption capacities were obtained to be 13.9 mg
g−1 for Cu/tree fern, 46.6 mg g−1 for Pb/tree fern,
124 mg g−1 for AB9/activated clay and 105 mg g−1

for BR18/activated clay.

Nomenclature

(TF)− and (TF) Polar sites on the tree fern
surface

(TF)0 and [H(TF)]0 The number of equilibrium
sites available on the tree fern

(TF)t and [H(TF)]t The number of active sites
occupied on the tree fern at
time t

A Redlich-Peterson isotherm
constant (dm3 g−1)

B Redlich-Peterson isotherm
constant (dm3 mg−1)g

C0 Initial liquid phase sorbate
concentration (mg dm−3)

Ce Equilibrium concentration
(mg dm−3)

g Redlich-Peterson isotherm
constant (0 < g < 1)

k Pseudo-second order rate
constant (g mg−1min−1)

Ka Sorption equilibrium constant
(dm3 mg−1)

ms Mass of mixed sorbent (g)
qe Amount of sorbate sorbed at

equilibrium (mg g−1)
qm qe for a complete monolayer

(mg g−1)
qt Amount of sorbate sorbed at

time t (mg g−1)
r2 Coefficient of determination
t Reaction time (min)
V Solution volume (dm3)
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Abstract

A batch sorption system using tree fern as biosorbent was investigated to remove Basic Red 13 from aqueous solutions. The system variables
studied include sorbent particle size and temperature and results revealed the potential of tree fern, an agriculture product, as a low-cost sorbent.
The Langmuir isotherm was found to represent the measured sorption data well. The dye sorption capacity of tree fern increased as the sorbent
particle size decreased. Maximum saturated monolayer sorption capacity of tree fern for Basic Red 13 was 408 mg/g. Various thermodynamic
parameters such as�G◦, �H◦ and�S◦ were calculated indicating that this system was a spontaneous and endothermic process.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The removal of dye from textile effluents is one of the
most significant environmental problems. Dyes are used
widely in modern industrial society. Since they have a syn-
thetic origin and complex aromatic molecular structures
which make them inert and difficult to biodegrade when
discharged into waste streams, people always overlook their
undesirable nature. Some are harmful to aquatic life in
rivers where they are discharged. The occupational expo-
sure of workers in the textile industries is linked to a higher
bladder cancer risk[1]. The use of hair colouring products
and breast cancer have also been linked[2]. Consequently,
methods to remove dye species from wastewaters have been
the subject of several research papers.

The most widely used industrial sorbent is activated car-
bon. However, it is an expensive material unless regeneration
becomes relatively easy but is unlikely to be cost-effective.
Various agricultural products and by-products have been in-
vestigated to remove dyes from aqueous solutions. These in-
clude cotton waste, rice husk, bark[3], sugar industry mud

∗ Corresponding author. Tel.:+886-2-2736-1661x6514;
fax: +886-2-2738-4831.

E-mail address: ysho@tmu.edu.tw (Y.-S. Ho).

[4], palm-fruit bunch[5,6], Jack fruit peel[7], wood[8], or-
ange peel[9], sugar cane dust[10], peat[11] and pith[12].
The obvious advantage of this method is the lower costs in-
volved. Hence, there is a need to search for more economical
and effective sorbents.

Tree fern is naturally and commercially available in Tai-
wan. This variety of tree fern is generally marketed for hor-
ticultural purposes because of its character of sorbability to
retain water and manure for plants. Tree fern is generally
dark brown in colour and is a complex material containing
lignin and cellulose as major constituents[13]. Chemical
sorption can occur via the polar functional groups of lignin,
which include alcohols, aldehydes, ketones, acids, phenolic
hydroxides and ethers as chemical bonding[14] and ion ex-
change[15]. Tree fern, an agricultural by-product, has been
currently investigated to remove heavy metals from aqueous
solutions[16,17].

The equilibrium sorption isotherm is fundamentally
important in the design of sorption systems. Equilibrium
studies give the capacity of the sorbent and describe the
sorption isotherm by constants whose values express the
surface properties and affinity of the sorbent. Equilibrium
relationships between sorbent and sorbate are described
by sorption isotherms, usually the ratio between the quan-
tity sorbed and that remaining in the solution at a fixed

0032-9592/$ – see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.procbio.2003.11.035
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temperature at equilibrium. The major interest of this study
was to investigate sorption of basic dye, Basic Red 13,
from aqueous solution using tree fern. The system variables
studied include sorbent particle size and temperature.

2. Materials and methods

This study was focused in investigating sorption of basic
dye using tree fern. The raw tree fern was dried in an oven
at 100◦C for 24 h. The sorbent was screened to obtain four
different ranges of geometrical sizes: 38–45�m, 61–74�m,
74–88�m and 104–124�m. The solutions of dye were pre-
pared in distilled water using C.I. Basic Red 13. All working
solutions were prepared by diluting the stock solution with
distilled water.

The sorbate (C.I. Basic Red 13) used in the experiments
and their structure is listed below. The maximum adsorption
wavelength in the visible light range is 524 nm.

Batch sorption experiments were conducted at a constant
temperature on a rotary shaker at 100 rpm using 250 ml
capped conical flasks. In all sets of experiments, 0.25 g of
tree fern was thoroughly mixed into 250 ml of dye solution
with initial pH value of 5. After shaking the flasks for 24 h,
the tree fern was separated by filtration through a membrane
filter (0.25�m). The filtrate was analysed for the concentra-
tion of dye.

2.1. Temperature effect

Batch sorption experiments were carried out at the desired
temperature (10, 20, 30 and 40◦C) using particle size of
74–88�m and each used a range of initial dye concentrations
from 0.25 to 1.8 mmol/dm3.

2.2. Particle size effect

Batch sorption experiments were performed at a con-
stant temperature (30◦C). Each used four different tests at
particle sizes ranged 38–45�m, 61–74�m, 74–88�m and
104–124�m and a range of initial dye concentrations from
0.25 to 1.8 mmol/dm3.

3. Results and discussion

Basic forms of Langmuir sorption isotherm[18] have
reasonable agreement with a large number of experimental
isotherms including those have different interfaces between
the two phases[3,4,16,17]. Therefore, the Langmuir sorp-
tion isotherm is most widely used for the sorption of a solute

from a liquid solution assuming the sorption takes place at
specific homogeneous sites within the sorbent. Furthermore,
it also assumes that once a dye occupies a site, no further
sorption can take place at that site. The rate of sorption to
the surface should be proportional to a driving force times an
area. The driving force is the concentration of the solution
and the area is the amount of bare surface. If the fraction of
covered surface isφ, the rate per unit of surface is:

ra = kaC(1 − φ) (1)

The desorption from the surface is proportional to the
amount of surface covered:

rd = kdφ (2)

whereka andkd are the rate constants,ra the sorption rate,
rd the desorption rate,C the concentration in the solution
andφ the fraction of the surface covered.

The two rates are equal at equilibrium and we find that:

φ = kaCe

kd + kaCe
(3)

and

Ka = ka

kd
(4)

Sinceqe is proportional toφ:

φ = qe

qm
(5)

The saturated monolayer sorption capacity,qm, can be ob-
tained. Whenφ approaches 1, thenqe = qm.

The saturated monolayer isotherm can be represented as
a linear form:

qe = qmKaCe

1 + KaCe
(6)

The above equation can be rearranged to the following:

Ce

qe
= 1

Kaqm
+ 1

qm
Ce (7)

whereCe is the equilibrium concentration (mmol/dm3), qe
the amount of dye sorbed (mmol/g),qm is qe for a complete
monolayer (mmol/g),Ka the sorption equilibrium constant
(dm3/mmol). A plot of Ce/qe versusCe should indicate a
straight line of slope 1/qm and an intercept of 1/Kaqm.

The structure of tree fern is cellulose-based and the surface
of cellulose in contact with water is negatively charged[16].
Basic Red 13 will ionise to give the coloured cationic dye
base and this will undergo attraction on approaching the
anionic tree fern structure. On this basis, it is expected that
a basic dye will have a strong sorption affinity for tree fern.

3.1. Particle size effect

Isotherm experiments were carried out and the data anal-
ysed using the linear form of the Langmuir equation to deter-
mine the effect of particle sizes on the dye removal capacity
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Fig. 1. Langmuir isotherms for the sorption of Basic Red 13 by using tree fern at various particle sizes.

of the various dye/tree fern systems. Isotherms were deter-
mined for four tree fern particle size ranges from 38–45�m
to 104–124�m with constant contact time of 24 h.Fig. 1
showed these isotherms were found to be linear in the con-
centration range studied and the coefficients of determina-
tion, r2, were fairly high (Table 1). These values ofr2 indi-
cated the dye/tree fern sorption data strongly followed the
Langmuir model of sorption. The isotherm constants,qm
andKa were presented inTable 1. The monolayer saturation
capacities,qm, increased from 0.778 to 1.01 mmol/g as the
tree fern particle sizes decreased ranging from 104–124�m
to 38–45�m. Therefore, with a given mass of tree fern,
smaller particle size would increase surface area availability
hence the number of sites increased. Furthermore, the effect
was probably due to the inability of the large dye molecule
to penetrate all the internal pore structure of the tree fern
particles. Values of the monolayer equilibrium capacity of
other sorbents from the literature are given inTable 2for
comparison. The square of mean diameter of the tree fern,

Table 1
Langmuir isotherm constants for the Basic Red 13 at various tree fern
particle sizes

dp (�m) r2 qm (mmol/g) Ka (dm3/mmol)

38–45 1.000 1.01 256
61–74 1.000 0.894 109
74–88 0.999 0.844 82.8
104–124 0.999 0.778 53.4

d2
p, the Langmuir sorption constant,Ka, and the monolayer

coverage,qm, from Table 1can be used to derive a math-
ematical relationship. The relationship having a coefficient
of determination as high as 0.995 are:

qm = d2
p

1.34d2
p − 818

(8)

Table 2
Comparison of monolayer equilibrium capacity for basic dye with other
agriculture sorbents

qm (mg/g) Sorbents Sorbates Reference

1120 Bark Safranine [3]
915 Bark Methylene Blue [3]
875 Cotton waste Safranine [3]
838 Rice husk Safranine [3]
519 Sugar-industry-mud Basic Red 22 [4]
320 Palm-fruit bunch Basic Yellow [5]
312 Rice husk Methylene Blue [3]
278 Cotton waste Methylene Blue [3]
253 Peat Basic Blue 69 [11]
242 Palm-fruit bunch Basic Red 18 [6]
166 Jack fruit peel Malachite Green [7]
71.9 Wood Basic Blue 69 [8]
22.4 Orange peel Congo Red [9]
14.4 Peat Acid Blue 25 [11]
4.88 Sugar cane dust Malachite Green [10]
4.26 Sugar cane dust Rhodamine B [10]
3.23 Orange peel Rhodamine B [9]
1.33 Orange peel Procion Orange [9]

408 Tree fern Basic Red 13 This study
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Ka = 6.97× 104

(d2
p)0.762

(9)

The effect of isotherm shape can be used to predict whether
a sorption system is ‘favourable’ or ‘unfavourable’ both in
fixed-bed systems[19] as well as in batch processes[20].
According to Hall et al.[21], the essential features of the
Langmuir isotherm can be expressed in terms of a dimen-
sionless constant separation factor or equilibrium parameter
KR which is defined by the following relationship:

KR = 1

1 + KaC0
(10)

whereKR is a dimensionless separation factor,C0 the initial
concentration (mmol/dm3) and Ka the Langmuir constant
(dm3/mmol). The parameterKR indicates the shape of the
isotherm accordingly:

Values ofKR Type of isotherm

KR > 1 Unfavourable
KR = 1 Linear
0 < KR < 1 Favourable
KR = 0 Irreversible

The values ofKR for Basic Red 13 at different particle
sizes are shown inFig. 2. TheKR values indicated that sorp-
tion was more favourable for the higher initial dye concen-
trations than the lower ones. However, the sorption process
became more favourable with decreasing particle size of tree

fern. Nevertheless, referring toFig. 2, it was obvious that
tree fern would be an effective sorbent for removing dye
from solution.

3.2. Temperature effect

The temperature effect on the sorption of Basic Red 13
on tree fern is shown inFig. 3. The results revealed that
the sorption capacity increased from 0.702 to 0.900 mmol/g
with the temperature increasing from 283 to 313 K. Since
the sorption increased when temperature rose, therefore this
system was endothermic. It was a chemisorption mechanism
where an increase in number of molecules acquiring suffi-
cient energy to undergo chemical reaction with lignins and
hemicelluloses in the tree fern. A conventional mechanism,
physisorption systems, where the increase of temperature
usually increases the rate of approach to equilibrium, but de-
creases the equilibrium capacity. In addition, the creation of
some new active sites for additional sorption on the surface
of the sorbent also was endothermic[22].

3.3. Thermodynamic parameters

Based on fundamental thermodynamics concept, it is as-
sumed that in an isolated system, energy cannot be gained or
lost and the entropy change is the only driving force. In envi-
ronmental engineering practice, both energy and entropy fac-
tors must be considered in order to determine which process
will occur spontaneously. The Gibbs free energy change,
�G◦, is the fundamental criterion of spontaneity. Reactions
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Fig. 3. Langmuir isotherms for the sorption of Basic Red 13 by using tree fern at various temperatures.

occur spontaneously at a given temperature if�G◦ is a neg-
ative quantity. The free energy of the sorption reaction, con-
sidering the sorption equilibrium constant,Ka, is given by
the following equation:

�G◦ = −RT ln Ka (11)

where�G◦ is the standard free energy change (J);R the uni-
versal gas constant, 8.314 J/K mol andT the absolute tem-
perature (K).

The Gibbs free energy change,�G◦, can be represented
as follows:

�G◦ = �H◦ − T�S◦ (12)

A plot of �G◦ versusT was linear. Enthalpy change,�H◦,
and entropy change,�S◦, were determined from the slope
and intercept of the plots. The values for the sorption equi-
librium constant,Ka, decreased with increasing temperature.
The thermodynamic parameters Gibbs free energy change,
�G◦, for the sorption processes are shown inTable 3. The

Table 3
Langmuir isotherm constants for the Basic Red 13 at various temperatures

T (K) r2 qm (mmol/g) Ka (dm3/mmol) �G◦ (kJ/mol)

283 0.999 0.702 53.9 −9.38
293 0.999 0.766 51.2 −9.59
303 0.999 0.844 82.8 −11.1
313 1.000 0.900 122 −12.5

negative values of�G◦ confirmed the feasibility of the pro-
cess and the spontaneous nature of sorption with a high
preference of Basic Red 13 dye on tree fern. The value of
�H◦ was positive (21.7 kJ/mol), indicating that the sorp-
tion reaction was endothermic. The positive value of�S◦
(0.109 J/mol K) reflected the affinity of the tree fern for the
dye and suggested some structural changes in dye and tree
fern [23]. In addition, positive value of�S◦ also showed the
increase of randomness at the solid/liquid interface during
the sorption of dye on tree fern.

4. Conclusion

It is evident that tree fern, a commercially available nat-
ural material, is a good sorbent for Basic Red 13 and it can
be suggested for the removal of basic dye from wastewater.
Both the increase of the temperature and decrease of the tree
fern particle size resulted in a higher dye loading per unit
weight of the sorbent. Values of the separation factor,KR,
indicated the dye/tree fern system was a favourable sorp-
tion. The results gained from this study were extremely well
described by the theoretical Langmuir isotherm. The equi-
librium monolayer sorption capacity of tree fern for Basic
Red 13 was 1.01 mmol/g when the temperature was 30◦C
and the tree fern particle size range was 38–45�m. The
thermodynamics of the system pointed out the system was
spontaneous and endothermic.



124 Y.-S. Ho et al. / Process Biochemistry 40 (2005) 119–124

References

[1] Yu MC, Skipper PL, Tannenbaum SR, Chan KK, Ross RK. Ary-
lamine exposures and bladder cancer risk. Mutat Res Fundam Mol
Mech Mutagen 2002;506–507:21–8.

[2] Zheng T, Holford TR, Mayne ST, Owens PH, Boyle P, Zhang
B, et al. Use of hair colouring products and breast cancer risk:
a case-control study in Connecticut. Eur J Cancer 2002;38:1647–
52.

[3] McKay G, Porter JF, Prasad GR. The removal of dye colours from
aqueous solutions by adsorption on low-cost materials. Water Air
Soil Pollut 1999;114:423–38.

[4] Magdy YH, Daifullah AAM. Adsorption of a basic dye from aqueous
solutions onto sugar-industry-mud in two modes of operations. Waste
Manag 1998;18:219–26.

[5] Nassar MM. The kinetics of basic dye removal using palm-fruit
bunch. Adsorpt Sci Technol 1997;15:609–17.

[6] Nassar MM, Hamoda MF, Radwan GH. Adsorption equilibria of
basic dyestuff onto palm-fruit bunch particles. Water Sci Technol
1995;32:27–32.

[7] Inbaraj BS, Sulochana N. Basic dye adsorption on a low cost car-
bonaceous sorbent: kinetic and equilibrium studies. Indian J Chem
Technol 2002;9:201–8.

[8] Ho YS, McKay G. Kinetic models for the sorption of dye from aque-
ous solution by wood. Process Saf Environ Protect 1998;76B:183–
91.

[9] Namasivayam C, Muniasamy N, Gayatri K, Rani M, Ranganathan K.
Removal of dyes from aqueous solutions by cellulosic waste orange
peel. Bioresour Technol 1996;57:37–43.

[10] Khattri SD, Singh MK. Colour removal from dye wastewater using
sugar cane dust as an adsorbent. Adsorpt Sci Technol 1999;17:269–
82.

[11] Ho YS, McKay G. Sorption of dye from aqueous solution by peat.
Chem Eng J 1998;70:115–24.

[12] Ho YS, McKay G. A kinetic study of dye sorption by biosorbent
waste product pith. Resour Conserv Recycl 1999;25:171–93.

[13] Newman RH. Crystalline forms of cellulose in the silver tree fern
Cyathea dealbata. Cellulose 1997;4:269–79.

[14] Adler E, Lundquist K. Spectrochemical estimation of phenyl-
coumaran elements in ligini. Acta Chem Scand 1963;17:13–26.

[15] Ho YS, McKay G. Batch lead(II) removal from aqueous solu-
tion by peat: equilibrium and kinetics. Process Saf Environ Protect
1999;77B3:165–73.

[16] Ho YS, Huang CT, Huang HW. Equilibrium sorption isotherm for
metal ions on tree fern. Process Biochem 2002;37:1421–30.

[17] Ho YS. Removal of copper ions from aqueous solution by tree fern.
Water Res 2003;37:2323–30.

[18] Langmuir I. The constitution and fundamental properties of solids
and liquids. J Am Chem Soc 1916;38:2221–95.

[19] Weber TW, Chakravorti RK. Pore and solid diffusion models for
fixed-bed adsorbers. AIChE J 1974;20:228–38.

[20] Poots VJP, McKay G, Healy JJ. Removal of basic dye from effluent
using wood as an adsorbent. J Water Pollut Control Fed 1978;50:926–
35.

[21] Hall KR, Eagleton LC, Acrivos A, Vermeulen T. Pore-and
solid-diffusion kinetics in fixed-bed adsorption under constant-pattern
conditions. I&EC Fundam 1966;5:212–23.

[22] Mishra SP, Singh VK. Radiotracer technique in adsorption study.
II. adsorption of barium and strontium ions on hydrous ceric oxide.
Appl Radiat Isot 1995;46:75–81.

[23] Gupta VK. Equilibrium uptake, sorption dynamics, process develop-
ment, and column operations for the removal of copper and nickel
from aqueous solution and wastewater using activated slag, a low-cost
adsorbent. Ind Eng Chem Res 1998;37:192–202.



37 
 

Cited by papers as fallows: 
1. El-Khaiary, M.I. (2007), Kinetics and mechanism of adsorption of methylene blue 

from aqueous solution by nitric-acid treated water-hyacinth. Journal of Hazardous 
Materials. In press 

2. Malkoc, E. and Nuhoglu, Y. (2007), Potential of tea factory waste for 
chromium(VI) removal from aqueous solutions: Thermodynamic and kinetic 
studies. Separation and Purification Technology. In press 

3. Senthilkumar, R., Vijayaraghavan, K., Thilakavathi, M., Iyer, P.V.R. and Velan, M. 
(2006), Seaweeds for the remediation of wastewaters contaminated with zinc(II) 
ions. Journal of Hazardous Materials. In press 

4. Kumar, K.V. and Porkodi, K. (2006), Relation between some two- and 
three-parameter isotherm models for the sorption of methylene blue onto lemon 
peel. Journal of Hazardous Materials, 138 (3), 633-635. 

5. Pavan, F.A., Gushikem, Y., Mazzocato, A.C., Dias, S.L.P. and Lima, E.C. (2007), 
Statistical design of experiments as a tool for optimizing the batch conditions to 
methylene blue biosorption on yellow passion fruit and mandarin peels. Dyes and 
Pigments, 72 (2), 256-266. 

6. Özer, A., Akkaya, G. and Turabik, M. (2006), The removal of Acid Red 274 from 
wastewater: Combined biosorption and biocoagulation with Spirogyra rhizopus. 
Dyes and Pigments, 71 (2), 83-89. 

7. Hamdaoui, O. and Chiha, M. (2007), Removal of Methylene blue from aqueous 
solutions by wheat bran. Acta Chimica Slovenica, 54 (2), 407-418. 

8. Ena, A., Carlozzi, P., Pushparaj, B., Paperi, R., Carnevale, S. and Sacchi, A. (2007), 
Ability of the aquatic fern Azolla to remove chemical oxygen demand and 
polyphenols from olive mill wastewater. Grasas y Aceites, 58 (1), 34-39. 

9. Iscen, C.F., Kiran, I. and Ilhan, S. (2007), Biosorption of Reactive Black 5 dye by 
Penicillium restrictum: The kinetic study. Journal of Hazardous Materials, 143 
(1-2), 335-340. 

10. Hameed, B.H., Ahmad, A.L. and Latiff, K.N.A. (2007), Adsorption of basic dye 
(methylene blue) onto activated carbon prepared from rattan sawdust. Dyes and 
Pigments, 75 (1), 143-149. 

11. Malkoc, E. and Nuhoglu, Y. (2007), Potential of tea factory waste for 
chromium(VI) removal from aqueous solutions: Thermodynamic and kinetic 
studies. Separation and Purification Technology, 54 (3), 291-298. 

12. Tunali, S., Ozcan, A., Kaynak, Z., Ozcan, A.S. and Akar, T. (2007), Utilization of 
the Phaseolus vulgaris L. waste biomass for decolorization of the textile dye Acid 
Red 57: determination of equilibrium, kinetic and thermodynamic parameters. 
Journal of Environmental Science and Health Part A-Toxic/Hazardous Substances 
& Environmental Engineering, 42 (5), 591-600. 

13. Senthilkumar, R., Vijayaraghavan, K., Thilakavathi, M., Iyer, P.V.R. and Velan, M. 
(2007), Application of seaweeds for the removal of lead from aqueous solution. 
Biochemical Engineering Journal, 33 (3), 211-216. 

14. Harouna-Oumarou, H.A., Fauduet, H., Porte, C. and Ho, Y.S. (2007), Comparison 
of kinetic models for the aqueous solid-liquid extraction of Tilia sapwood in a 
continuous stirred tank reactor. Chemical Engineering Communications, 194 (4), 
537-552. 

15. Vijayaraghavan, K. and Yun, Y.S. (2007), Utilization of fermentation waste 
(Corynebacterium glutamicum) for biosorption of Reactive Black 5 from aqueous 
solution. Journal of Hazardous Materials, 141 (1), 45-52. 



38 
 

16. Lorenc-Grabowska, E. and Gryglewicz, G. (2007), Adsorption characteristics of 
Congo Red on coal-based mesoporous activated carbon. Dyes and Pigments, 74 (1), 
34-40. 

17. Ofomaja, A.E. and Ho, Y.S. (2007), Equilibrium sorption of anionic dye from 
aqueous solution by palm kernel fibre as sorbent. Dyes and Pigments, 74 (1), 
60-66. 

18. Ofomaja, A.E. (2007), Kinetics and mechanism of methylene blue sorption onto 
palm kernel fibre. Process Biochemistry, 42 (1), 16-24. 

19. Başıbüyük, M., Savci, S., Keskinkan, O. and Cakmak, M.E. (2007), Investigation 
of a basic dye adsorption characteristics of a non-living submerged aquatic plant 
(Myriophyllum spicatum). Asian Journal of Chemistry, 19 (3), 1693-1702. 

20. Keskinkan, O. (2006), Isotherm models for predicting the dye adsorption potential 
of coon tail (Ceratophyllum demersum) and water milfoil (Myriophyllum spicatum). 
Adsorption Science & Technology, 24 (4), 321-336. 

21. Aloulou, F., Boufi, S. and Labidi, J. (2006), Modified cellulose fibres for 
adsorption of organic compound in aqueous solution. Separation and Purification 
Technology, 52 (2), 332-342. 

22. Hamdaoui, O. (2006), Dynamic sorption of methylene blue by cedar sawdust and 
crushed brick in fixed bed columns. Journal of Hazardous Materials, 138 (2), 
293-303. 

23. Kumar, K.V. and Porkodi, K. (2006), Relation between some two- and 
three-parameter isotherm models for the sorption of methylene blue onto lemon 
peel. Journal of Hazardous Materials, 138 (3), 633-635. 

24. Doğan, M., Alkan, M., Demirbaş, Ö., Özdemir, Y. and Özmetin, C. (2006), 
Adsorption kinetics of maxilon blue GRL onto sepiolite from aqueous solutions. 
Chemical Engineering Journal, 124 (1-3), 89-101. 

25. Inbaraj, B.S., Chien, J.T., Ho, G.H., Yang, J. and Chen, B.H. (2006), Equilibrium 
and kinetic studies on sorption of basic dyes by a natural biopolymer 
poly(gamma-glutamic acid). Biochemical Engineering Journal, 31 (3), 204-215. 

26. Padmesh, T.V.N., Vijayaraghavan, K., Sekaran, G. and Velan, M. (2006), 
Application of Azolla rongpong on biosorption of Acid Red 88, Acid Green 3, 
Acid Orange 7 and Acid Blue 15 from synthetic solutions. Chemical Engineering 
Journal, 121 (1), 55-63. 

27. Karadag, D., Koc, Y., Turan, M. and Armagan, B. (2006), Removal of ammonium 
ion from aqueous solution using natural Turkish clinoptilolite. Journal of 
Hazardous Materials, 136 (3), 604-609. 

28. Ho, Y.S. (2006), Review of second-order models for adsorption systems. Journal 
of Hazardous Materials, 136 (3), 681-689. 

29. Senthilkumar, R., Vijayaraghavan, K., Thilakavathi, M., Iyer, P.V.R. and Velan, M. 
(2006), Seaweeds for the remediation of wastewaters contaminated with zinc(II) 
ions. Journal of Hazardous Materials, 136 (3), 791-799. 

30. Senthilkumaar, S., Kalaamani, P. and Subburaam, C.V. (2006), Liquid phase 
adsorption of Crystal violet onto activated carbons derived from male flowers of 
coconut tree. Journal of Hazardous Materials, 136 (3), 800-808. 

31. Kusuktham, B. (2006), Preparation of interpenetrating polymer network gel beads 
for dye absorption. Journal of Applied Polymer Science, 102 (2), 1585-1591. 

32. Özer, A., Akkaya, G. and Turabik, M. (2006), Biosorption of Acid Blue 290 (AB 
290) and Acid Blue 324 (AB 324) dyes on Spirogyra rhizopus. Journal of 
Hazardous Materials, 135 (1-3), 355-364. 

33. Mohanty, K., Naidu, J.T., Meikap, B.C. and Biswas, M.N. (2006), Removal of 



39 
 

crystal violet from wastewater by activated carbons prepared from rice husk. 
Industrial & Engineering Chemistry Research, 45 (14), 5165-5171. 

34. Inbaraj, B.S., Sridharan, R., Nandhakumar, V. and Sulochana, N. (2006), Sorption 
of mercury(II) by an adsorbent derived from fruit shell of Terminalia catappa. 
Journal of the Indian Chemical Society, 83 (5), 446-452. 

35. Crini, G. (2006), Non-conventional low-cost adsorbents for dye removal: A review. 
Bioresource Technology, 97 (9), 1061-1085. 

36. Boufi, S. and Belgacem, M.N. (2006), Modified cellulose fibres for adsorption of 
dissolved organic solutes. Cellulose, 13 (1), 81-94. 

37. Kumar, K.V. and Sivanesan, S. (2006), Isotherm parameters for basic dyes onto 
activated carbon: Comparison of linear and non-linear method. Journal of 
Hazardous Materials, 129 (1-3), 147-150. 

38. Klimiuk, E., Gusiatin, Z. and Kabardo, K. (2006), The effectiveness of surfactants 
adsorption onto chitin and dye-modified chitin. Polish Journal of Environmental 
Studies, 15 (1), 95-104. 

39. Inbaraj, B.S. and Sulochana, N. (2005), Use of jackfruit peel carbon (JPC) for 
adsorption of rhodamine-B, a basic dye from aqueous solution. Indian Journal of 
Chemical Technology, 13 (1), 17-23. 

40. Ho, Y.S. (2006), Second-order kinetic model for the sorption of cadmium onto tree 
fern: A comparison of linear and non-linear methods. Water Research, 40 (1), 
119-125. 

41. Kahraman, S. and Yalcin, P. (2005), Removal of dyes from aqueous solution using 
various agricultural wastes as biosorbent. Fresenius Environmental Bulletin, 14 
(12B), 1196-1201. 

42. Akkaya, G. and Özer, A. (2005), Biosorption of Acid Red 274 (AR 274) on 
Dicranella varia: Determination of equilibrium and kinetic model parameters. 
Process Biochemistry, 40 (11), 3559-3568. 

43. Özer, A., Akkaya, G. and Turabik, M. (2005), The biosorption of Acid Red 337 
and Acid Blue 324 on Enteromorpha prolifera: The application of nonlinear 
regression analysis to dye biosorption. Chemical Engineering Journal, 112 (1-3): 
181-190. 

44. Ho, Y.S., Chiu, W.T. and Wang, C.C. (2005), Regression analysis for the sorption 
isotherms of basic dyes on sugarcane dust. Bioresource Technology, 96 (11), 
1285-1291. 

45. Özer, A., Akkaya, G. and Turabik, M. (2006), The removal of Acid Red 274 from 
wastewater: Combined biosorption and biocoagulation with Spirogyra rhizopus. 
Dyes and Pigments, 71 (2), 83-89. 

46. Özcan, A.S., Erdem, B. and Özcan, A. (2004), Adsorption of Acid Blue 193 from 
aqueous solutions onto Na–bentonite and DTMA–bentonite. Journal of Colloid 
and Interface Science, 280 (1), 44-54. 

 


	Pro Bio37, 1421.pdf
	Equilibrium sorption isotherm for metal ions on tree fern
	Introduction
	Materials and methods
	Effect of particle size
	Effect of temperature

	Result and discussion
	Langmuir isotherm
	Freundlich isotherm
	Redlich-Peterson isotherm
	Effect of metal ion
	Effect of particle size
	Effect of temperature

	Conclusion
	References


	Wat Res37, 2323.pdf
	Removal of copper ions from aqueous solution by tree fern
	Introduction
	Materials and methods
	Materials
	Methods
	Equilibrium studies
	Effect of tree fern dose
	Effect of initial concentration


	Results and discussion
	Equilibrium studies
	Thermodynamic parameters

	Kinetic studies
	Effect of initial concentration
	Effect of tree fern dose


	Conclusion
	References


	Pro Bio38, 1047.pdf
	Sorption of dyes and copper ions onto biosorbents
	Introduction
	Materials and methods
	Materials
	Sorbates

	Methods

	Results and discussion
	Effect of contact time and initial concentration
	Effect of contact time and particle size of BB69 and AB25
	Effect of temperature of BB69 and AB25
	Effect of pith dose of BB69 and AB25

	Conclusion
	References


	Hydrometallurgy73, 55.pdf
	Sorption of lead ions from aqueous solution using tree fern as a sorbent
	Introduction
	Materials and methods
	Materials
	Equilibrium studies
	Effect of initial concentration
	Effect of temperature

	Theory
	Equilibrium studies
	Kinetic studies
	The pseudo-first order model
	The pseudo-second order model
	The chemical phenomenon model


	Results and discussion
	Equilibrium studies
	Effect of initial lead concentration
	Effect of temperature

	Conclusion
	References


	Pro Bio40, 119.pdf
	Removal of basic dye from aqueous solution using tree fern as a biosorbent
	Introduction
	Materials and methods
	Temperature effect
	Particle size effect

	Results and discussion
	Particle size effect
	Temperature effect
	Thermodynamic parameters

	Conclusion
	References



