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ABSTRACT

In this study, the potential use of Palm Tree Leaf (PTL) particles for the removal of copper ions from aqueous
solution was investigated. The effects of shaking time, Cu®* concentration and equilibrium pH on the
biosorption of copper ions from aqueous solution were studied. Batch biosorption experiments proved the
technical feasibility of using PTL particles to remove copper ions from agueous solutions, where Cu®" uptake
of 17.6 mg/g was observed. The biosorption of copper on PTL particles was pH dependent and maximum
copper sorption was found to occur at an equilibrium pH of 5.5. The equilibrium sorption data of copper on
PTL particles was described by 2 two-parameter isotherm models: the Freundlich and the Langmuir models,
as well as by the three-parameter Redlich-Peterson model. While all three models proved a good fit for the
equilibrium sorption data, CFEF non-linear regression analysis indicated that the Redlich-Peterson model
resulted in the best fit. Dynamic studies revealed that the initial uptake of copper on PTL particles was rapid,
where equilibrium was established within 15 minutes and that the data followed the pseudo second-order
reaction.
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INTRODUCTION

Human industrial activity has intensified
environmental pollution through the introduction of
synthetic compounds and substantially increasing the
concentration of major metal ions in aquatic streams and
aquifers to toxic levels. Manufacturers of batteries,
fertilizers, tanneries and mining industries and the
excessive use of pesticides have all contributed to the
increase of heavy metal ion concentration at a rate that
far exceeds the ability of nature to remove and
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neutralize them. This, in turn, damages both human
health and the environment as toxic metal ions such as
copper, chromium, iron, nickel, cadmium, mercury and
lead can bioaccumulate, thus amplifying their toxic
effects over time (Davies, 1983; Galaris and Evangelou,
2002; Stohs and Bagchi, 1995).

As public awareness to the hazards posed by heavy
metals in the environment has increased, so has the need
and search for cost effective means for the removal of
these elements. The removal of metal ions from aqueous
solutions may be accomplished through applying a
variety of techniques (Gonzalez-Munoz et al., 2006;
Panayotova et al., 2007). Conventionally, these have
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included physical entrapment-based techniques, such as
filtration, membrane technologies and reverse 0smosis
or chemical extraction based techniques, such as
chemical precipitation, ion exchange mechanisms and
electrochemical applications (Wang and Chen, 2009;
Zhang et al., 1998). Most conventional methods of
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heavy metal sequestration from aqueous solutions have
exhibited low efficiency, operational sensitivity and
consequently high cost, thus necessitating the need for
alternative low-cost sorbents for heavy metal uptake
(Ahlualia and Goyal, 2005b; Babel and Kurniawan,
2003).
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Figure 1: Carboxyl (a), Lactam (b), Lactol (¢) and Phenol (d) Functional Groups
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Figure 2: Effect of pH on Copper Removal (Mass of Palm Tree Leaves = 0.10 g)

Biosorption, which is a biological-based extraction
technique, has proven to be a highly cost-effective and

simple method for the removal of heavy metals from
aqueous solutions (Gadd, 1993). The choice of

- 223 -



Decontamination of...

Naser Hamdi, Fahmi A. Abu Al-Rub, Munther Kandah, Hussein Allaboun and Julie Hamdi

biosorbent to be used mainly depends on the type of
metal to be recovered as well as the chemical
composition and properties of the solution. While the
utilization of molds, yeast and microbial biomass has
been explored (Sudha and Abraham, 2003), attention
has most recently focused on the use of agricultural
waste as biosorbent materials for heavy metals, due to
their low cost, high efficiency and potential for metal
recovery. Examples of such materials include oat
biomass, saw dust, rice husk, wheat bran, coconut shell,

eucalyptus bark, sugarcane bagasse and maize corn cob,
among numerous others (Sud et al., 2008). Agricultural
waste is generally rich in cellulose, pectin, lignins,
proteins, starches and other hydrocarbons which avail a
wide variety of functional groups for metal
complexation and subsequent sequestration (Hashem et
al., 2005b). The mechanisms involved in the removal of
heavy metals by agricultural waste are thought to
include chelation, chemisorption, complexation, as well
as physical entrapment (Qaiser et al., 2007).
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Figure 3: Experimental Isotherms of Copper Ions Biosorbed on Palm Tree Leaf Particles (pH = 5.5,
Mass of Palm Tree Leaves = 0.10 g)
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Figure 4: Effect of Shaking Time on Copper Removal (¢). Kinetics of Biosorption of Copper on Palm Tree Leaf
Particles (A). Initial Copper Ion Concentration = 100 ppm, pH = 5.5, Mass of Palm Tree Leaves =0.10 g
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Copper, in small amounts, plays a vital role as a
cofactor in a variety of essential enzymes required for
homeostasis, growth and development in humans (Uauy
et al., 1998). The natural concentration of Cu is about
50 ppm in soil, 4-10 pg/L in water (usually bound to
organic materials) and 18-45 pg/g in the human liver
(dry weight) (Barceloux, 1999), but excessively high
doses of Cu, introduced by the ingestion of food or
water with excessive Cu content, may result in a variety
of symptoms and illnesses. While these primarily affect
the liver, in the form of cirrhosis, they may also result in
general weakness, lethargy and anorexia (Winge and
Mehra, 1990). Copper enters the environment primarily
through chemical-related industries such as metal
plating and cleaning.

Various conventional as well as biosorption-based
techniques have been investigated for the removal of Cu
from wastewater, such as the use of polymer-assisted
ultrafiltration (Molinari et al., 2004), biosorption on
valonia tannin resin (Sengil and Ozacar, 2009) and
calcium alginate beads from brown algae (Papageorgiou
et al., 2008). Alternatively, turning excess waste
biomass into a biosorbent for heavy metals, such as
biosorption of Cu?* onto chestnut shells, helps to both
control excess biomass, while simultaneously removing
the toxic metals from the environment. Recently,
Pehlivan et al. (2009) investigated the use of barley
straw as a biosorbent for copper and lead ions (Yao et
al., 2006). The biosorbative capacity of the barley straw
was pH dependent, showing a maximum equilibrium
sorption capacity of 4.46 mg/g after two hours at pH 6.0
(Pehlivan et al., 2009). Hawari and Mulligan (2006)
employed calcium-treated anaerobic sludge from
wastewater processing as an ion exchange biosorbent
for an array of heavy metals. The biomass achieved a
Omax for copper ions of 55 mg/g (0.87mmol/g) within 30
minutes at a pH of 4.0-5.5 (Hawari and Mulligan,
2006). The biosorption of copper ions onto blackgram
bran waste biomass was investigated by Nadeem et al.
(2009). A maximum copper uptake capacity of 107.65
mg/L (0.25 g/L biosorbent dose) was reported at pH 5.0
after 480 minutes of equilibrium time (Nadeem et al.,

2009). Seaweeds, exhibiting high metal ion uptake
capacity, have also been extensively used for metal
biosorption. Dried marine green macroalga showed a
biosoption gmax Of 1.46 mmol/g (20 g/L biosorbent
dosage) within 120 minutes at an optimum pH of 5.0
(Ajjabi and Chouba, 2009).

This study investigates the use of PTL particles as a
biosorbent for Cu®** ions. The effects of different
operating conditions such as equilibrium pH, shaking
time and equilibrium copper ion concentration were
investigated. The adsorption equilibrium was analyzed
using different isotherm models. Pseudo second-order
kinetics were used to analyze the kinetics of biosorption
of copper ions on PTL particles.

MATERIALS AND METHODS

Biosorbant Preparation

PTL particles were prepared as follows: palm tree
leaves were collected, washed, rinsed with distilled
water and oven dried for 24 hours at 60 °C. The leaves
were then ground and sieved to obtain the required
particles of average size (1.2-1.4 mm). Boehm’s
titration method (Abu Al-Rub, 2006) was used to
identify the major functional groups on the biosorbent
material. These were found to be carboxyl, lactam/lactol
and phenol (Figure 1) at 0.85, 2.8 and 0.65 MH'/g
biosorbent, respectively.

Chemicals

Adsorption isotherm experiments were conducted
using Cu?* solutions of varied concentration, prepared
by diluting 1000 ppm copper sulfate (CuSQO45H,0)
stock solution. Subsequently, HCI and NaOH solutions
were used to adjust the solution pH to the required level.

Biosorption Studies

In order to investigate the biosorbtive capacity of
PTL particles towards copper ions, a batch equilibrium
method was employed. To obtain equilibrium isotherms,
approximately an amount of 50 mL of Cu?* solution was
mixed with 0.10 g of PTL particles and agitated for a

- 225 -



Decontamination of...

Naser Hamdi, Fahmi A. Abu Al-Rub, Munther Kandah, Hussein Allaboun and Julie Hamdi

specific period of time at 25°C; for adsorption isotherm
studies, copper ion concentrations ranging from 10-400
ppm were utilized, while an initial concentration of 100
ppm Cu®* with 0.10 g of PTL particles was used for
kinetics studies.

For analysis, samples of the copper solution were
taken at specific time intervals. After separation of the
copper solution from the sorbent by filtration, a Verian
atomic absorption spectrophotometer was used to
determine the residual Cu? concentration in each
sample. The amount of copper adsorbed by the PTL
particles was calculated using the following equation:
q= (CO Ce )V (1)

w

where g is the amount of copper ions sorbed by the
PTL particles (mg/g), C, is the initial Cu** concentration
(mg/L), C. is the equilibrium Cu* concentration
(mg/L), V is the initial volume of copper solution (L)
and w is the dry mass of the PTL particles (g).

RESULTS AND DISCUSSION

Effect of pH

Research has shown that pH is one of the most
important factors affecting the biosorption of heavy
metals (Abu Al-Rub, 2006; Allaboun and Abu Al-Rub,
2008; Abu Al-Rub et al., 2006; Congeevaram et al.,
2007); pH is known to affect solubility and biosorption
capacity of heavy metals. In Figure 2, the effect of pH
on the biosorption of Cu** onto PTL particles from
aqueous solutions is illustrated. As shown in the Figure,
significant copper ion biosorption occurred in the pH
range from 3.5 to 6.0. Above pH 6.0, no further increase
in adsorption was noticed. Below pH 3.0, little Cu®*
uptake occurred, which can be attributed to the fact that
at low pH the binding sites on the PTL particles are
protonated (Figure 1), thus reducing the negative charge
intensity necessary to attract the copper cations.
Additionally, hydrogen ions will compete with the
copper ions on the sorption sites resulting in a further
reduction of Cu?* sorption from the solution.
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Furthermore, it is known that at low pH some functional
groups, such as the carboxyl groups found in PTL
particles, have very low affinity for metal ions (Pusino
et al., 1993). At an increased pH (between 3.5 and 6.0),
the competition for the adsorbent active sites is
decreased due to a lesser availability of the hydronium
ion, resulting in a lower coulomic repulsion of the
sorbing metal ions and an increased capacity for metal
sorption. At higher pH, the lactam and lactol
functionalities, in addition to the carboxyl groups, are
deprotonated on the PTL particles. The resultant
negative charge on the biomass surface serves to attract
the metal ions and promote the metal-ligand chelation
necessary for adsorption.

Adsorption Isotherms

Adsorption is generally described by isotherms,
which represent the relationship between the adsorbate
and solid adsorbent at equilibrium, as seen in Figure 3
for the biosorption of Cu?* on PTL particles at pH 5.5.
The Figure demonstrates the efficient removal of copper
ions from solution by PTL particles. In order to
establish the mechanism of adsorption, the experimental
data was compared to three different models
(Freundlich, Langmuir and Redlich-Peterson) for
analysis and determination of the best fit.

Many different models are used to describe the
sorption of a solute onto a solid sorbent. The first
mathematical model was suggested by Freundlich and
Kuster in 1906 (Freundlich, 1906). This commonly used
model is described by the equation seen below and is
based on the assumption that sorbent surfaces are
heterogensous; i.e. that not all of the binding sites are
equivalent. In its simplest form, the model is expressed
as seen in Equation 2:

ge = KgCY'" @)

where K is the Freundlich constant and represents
the adsorption capacity of the sorbent, or the amount of
metal adsorbed on the sorbent (mg/g), C. is the
concentration of the solution (mg/L) and 1/n is the
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surface heterogeneity factor and describes the
adsorption intensity.

The Langmuir model, first published in 1916
(Langmuir, 1916), is one of the most common isotherm
models and is also commonly used to describe the
sorption of heavy metals on solid sorbents (Equation 3).
The Langmuir model assumes that sorption occurs in a
single layer, with all sites exhibiting the same affinity
for the sorbing species and that there is a finite number
of binding sites homogeneously distributed over the
sorbent surface. While it is seldom that all of these
criteria are met, the model has proven very useful for
describing the sorption characteristics of many systems,
including copper ions on PTL particles.

— qmonKLCe 3
® 71+ K,C, )

In Equation 3, gmon is @ constant related to the degree
of formation of a complete monolayer on the sorbent
surface (mg/g), K. is the energy of adsorption (L/mg)
and C, is the concentration of the solution (mg/L).

In addition to the two-parameter Freundlich and
Langmuir models, several three-parameter adsorption
equations have been proposed. These equations attempt
to improve the accuracy and fit of equilibrium data with
the ideal case they describe.

The Redlich-Peterson isotherm model (Redlich and
Peterson, 1959) is often used to describe adsorption data
from either heterogeneous or homogeneous systems and
is given by Equation 4

KACe
Qe =—2—*—
1+ KgC§

where C, is the concentration of the solution (mg/L),
Ka and Kg are Redlich-Peterson constants (L/g and L/mg,
respectively), g is a constant from zero to one that
expresses the adsorbtion capacity of the sorbent. At low
C. concentrations, the equation simplifies and approaches
the Langmuir model, while at high concentrations,
solutions resemble the Freundlich model. The ratio of K,

(4)

- 227 -

to Kg (like qmon in the Langmuir Equation, 3) is indicative
of the homogeneity/heterogeneity of the sorbent surface.

The equilibrium data obtained for the adsorption of
Cu? on PTL particles could be fitted to the three
models mentioned above using either linear-equivalent
forms or nonlinear regression techniques. In this study,
the Composite Fractional Error Function (CFEF) (Ho et
al., 2002), defined by Equation 5, was used as a non-
linear error function to determine the parameters of each
model and decide which one most accurately described
the experimental data set.

2
CFEE = min ZP: [(qe,exp—qe,cal ) ] (5)

i=1 qe,exp

Table 1: Adsorption isotherm parameters for the
biosorption of copper ions on palm tree leaves at
T =25 °C, pH =5.50, mass of palm tree leaves =0.10 g

Model Parameter (units) Value
Ke (L/mg)“"(mg/g) 2.89
Freundich n 2.47
CFEF (mg/g) 1.31

Gmon (MQ/g) 17.56

Langmuir K. (L/mg) 0.0548
CFEF (mg/g) 0.32

Ka (mg/g)(L/g) 0.749

Redlich- Kz (L/g)° 0.0169
Peterson g 1.15
CFEF (mg/g) 0.19

Table 1 lists the parameters obtained for each model
along with the values of CFEF. Figure 3 graphically
compares the experimental adsorption data for the
Cu?*/PTL particle system with the representation from
each mathematical model. The low values of CFEF
indicate that, while all three isotherm models represent a
good fit for the biosorption of copper ions on PTL
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particles, both the numerical and graphical analyses
indicate that the three-parameter Redlich-Peterson
equation is the best descriptor of the system.

Kinetics Studies — Effect of Shaking Time on Copper
Biosorption on PTL Particles

The effect of shaking time on copper biosorption on
PTL particles is illustrated in Figure 4. This Figure
shows that the rate of copper biosorption on the biomass
was initially fast, then gradually decreased to the point
where, after 15 minutes, the rate was nearly constant.
This observation is in agreement with results previously
published describing the biosorption of zinc and nickel
on PTL particles (Abu Al-Rub, 2006; Allaboun and Abu
Al-Rub, 2008).

The biosorption of copper ions on PTL particles is
described by the generic Equations 6 and 7:

2PTL + Cu®" === Cu(PTL), (6)

2HPTL + Cu** === Cu(PTL), + 2H" (7

Assuming the sorption capacity of copper ions on
the PTL particles is proportional to the number of active
sites occupied, then the pseudo second-order equation is
represented as shown in Equation 8 (Ho and Mckay,
1999):

d
—L=k(q, - 0y)° (8)

where k (g/mg.min) is the equilibrium rate constant
of pseudo second-order reaction, g, (mg/g) is the amount
of sorbate on adsorbed the sorbent at time t and
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