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Abstract

Lagenaria vulgaris (LV) shell was used as a biosorbent for the removal of heavy metal ions, Pb*, Cd*" and Zn?**, from aque-
ous solutions. Experiments were carried out under batch conditions. The effects of contact time, initial pH, temperature
and stirring speed on removal efficiency are presented. Sorption of the investigated metals was fast, reaching equilibrium
after about 5 to 10 min, depending on the metal. Biosorption was highly pH-dependent, and the optimal pH for investigated
metals was in the range of 4.5 to 6.0. The effects of temperature demonstrated that biosorption of the metals is a chemical
process. SEM analysis revealed interesting morphological changes after acid refinement of the raw biosorbent and metal
uptake that is related to the chemical nature of the biosorption process. EDX analysis of Lagenaria vulgaris biosorbent
(LVB) before and after metal sorption revealed that the ion exchange mechanism was the principal sorption process. Fourier
transform infrared spectroscopy (FTIR) analysis has shown that major functional groups (carboxyl and hydroxyl) on the
biosorbent surface took part in the metal ion uptake process as active sites. The results obtained showed that Lagenaria
vulgaris based biosorbent could be used as an effective and low-cost pre-treatment step for removal of toxic metals from

wastewaters.
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Introduction

Toxic heavy metals are released into the biosphere through
industrial activities and spread into the environment. Their
presence in the environment can be detrimental to people,
plants and animals. These inorganic micro-pollutants are non-
biodegradable, highly toxic and have a carcinogenic (Cd) and
suspected carcinogenic (Pb) effect (Cimino et al., 2000). They
can accumulate in water, soil, plants and living tissues, thus
becoming concentrated throughout the food chain.

The efficiency of heavy metal absorption by plants is
affected by numerous factors such as: plant species, natural
habitat of the plants, pH of the soil, organic matter content,
and whether the habitat is naturally rich in toxic metals or is
anthropogenically polluted. A variety of industries are respon-
sible for the release of toxic heavy metals into the environment
through their wastewaters. These include: manufacturing of
paper, pesticides and batteries, iron production, and many
other industries, such as metal finishing, electroplating, printed
circuit and non-ferrous metal works (Friedman and Waiss,
1972; Kjellstrom et al., 1977; Forstner and Wittman, 1981;
Kabata-Pendias and Pendias, 2001; Pastircakova, 2004; Celik
and Demirbas, 2005). Therefore, it is desirable that their levels
be considerably reduced in industrial and municipal effluents to
meet regulatory standards.

Conventional methods have been used to remove metal ions
from water effluents, such as: lime precipitation (Esalah et al.,
2000), or oxidation/reduction process, coagulation and flotation
(Zouboulis et al., 1997) and effective, but expensive, processes
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such as ion exchange, reverse osmosis (Dang et al., 2009),
electrodialysis (Canet et al., 2002), ultra-filtration, electrolytic
removal, etc. (Gardea-Torresdey et al., 1998; Zhang et al., 1998;
Patterson, 1985; Inglezakis et al., 2003). However, these con-
ventional techniques have their own inherent limitations such
as lower efficiency, sensitive operating conditions, and second-
ary sludge production (Ahluwalia and Goyal, 2005). The most
widely used method for removing heavy metals from water is
precipitation as insoluble hydroxide in weak alkaline medium
(Patterson, 1985). However, a major problem with this method
is the disposal of the precipitated hydroxide. Another powerful
technology is the adsorption of heavy metals from domestic
and industrial wastewaters using activated carbon (Horikoshi
etal., 1981; Hosea et al., 1986; Ravindran et al., 1999; Toles
and Volesky, 2000; Marshall, 2002). However, the high cost of
the activated carbon and its loss during regeneration restrict its
application (Dhiraj, 2008).

For the past 15 years an alternative method for removal of
toxic metal ions from wastewater has been considered, based
on the sorption capacity of waste materials, both organic
and inorganic (Volesky and Holan, 1995). The materials that
have been investigated as biosorbents include aquatic plants
such as seaweeds (Williams and Edyvean, 1997), sugarcane
bagasse, mould, yeast, and other microbial and agricultural
products such as wool, rice, straw, banana peel, coconut husk,
hazelnut husk, tree bark, peat moss, peanut skins, tea leaves,
etc. (Brauckmann, 1990; Tan et al., 1993; Volesky and Holan,
1995; Williams et al., 1998; Cimino et al., 2000; Johnson et al.,
2002). These biomaterials, which are by-products or wastes
from various industrial activities and agricultural waste materi-
als, have wide application. The major advantages of biosorp-
tion over conventional treatment methods include low cost,
high efficiency, minimisation of chemical or biological sludge
and possibility of biosorbent regeneration (Zhao et al., 1999;
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Cimino et al., 2000). Agricultural waste materials, either in
their natural form or after some physical or chemical modifi-
cation, have all been shown to complex and sequester heavy
metals (Bailey et al., 1999; Hashem et al., 2005; Dhiraj, 2008),
due to their structural composition (they mainly contain cel-
lulose, hemi-cellulose, lignin, proteins, lipids, simple sugars,
hydrocarbons) and numerous functional groups (carboxyl,
carbonyl, hydroxyl, phenyl, ester, acetamido, amido, amino,
sulphydryl). Biosorption takes place in a heterogeneous system,
which involves solid biosorbent and liquid phase (solution)
with dissolved species. The mechanism of biosorption is rather
complex and involves many different processes: chemisorption,
complexation, ion-exchange, chelation, and physical adsorp-
tion, which are dependent on the diffusion process (Sud et al.,
2008.). Depending on the biomass chemical structure and/or
functional groups, some of the above mentioned mechanisms
are favoured. As an example, in the case of ligno-cellulosis
biosorbents, the functional groups of which are mostly pre-
sented by carboxyl, carbonyl and hydroxyl groups, predomi-
nant biosorption mechanisms are ion-exchange, complexation
and chelation (Volesky and Holan, 1995; Dang et al., 2009;
Igbal et al., 2009).

This study deals with the possibility of using Lagenaria
vulgaris biomass as a biosorbent for removal of toxic ions, such
as Pb*", Cd?*" and Zn?* from aqueous solutions. The effects of
contact time, pH, temperature and stirring speed were moni-
tored to optimise the sorption process and to quantify removal
efficacy for the investigated heavy metals. Scanning electron
microscopy (SEM), energy dispersive X-ray analysis (EDX)
and Fourier transform infrared spectroscopy (FTIR) were con-
ducted to investigate the metals’ interaction with the Lagenaria
vulgaris biosorbent.

Experimental
Materials and methods

Lagenaria vulgaris (Cucurbitaceae family) is a creeping, hardy
plant (Decker-Walters et al., 2004). This plant is found growing
mainly on alluvial sandy soil and red loam, on flat areas and
moderate slopes, and in higher-lying areas, and needs light and
warmth (Okoli and Nyanayo, 1998; Horsfall and Spiff, 2005).
The outer shell is hard and ligneous, covering the spongy white
pith characterised by its bitter taste. The experiments in this
study were carried out using the shell of Lagenaria vulgaris
grown in the southern area of Serbia without irrigation and
fertilisation, at an altitude of 700 m.

Biosorbent preparation

Freshly-harvested fruits were manually emptied, crushed into
2 to 3 cm pieces, washed with deionised water to remove dust
and soluble impurities, and dried for 24 h in hot air at 55 + 1°C.
The residual material was then ground in a crusher mill, dried
as in the previous procedure to a constant weight and sieved to
fractionise a size range from 1.00 to 1.25 mm, using successive
sieving through octagon sieves (OCT-DIDGITAL 4527-01).

A general description of this material is given in Table 1. The
raw biomass was then refined, in order to remove all metals
bio-accumulated in the plant during its growth, by soaking in
an excess of 0.3 M HNO, with stirring for 24 h. After the acid
washing, the biosorbent was rinsed with deionised water and
neutralised using 0.1 M NaOH solution. It was then washed
thoroughly to remove all other soluble materials until the pH of
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the washed water became neutral. The biomaterial was centri-
fuged at 3 000 rrmin' and oven-dried at 55+1°C to a constant
weight.

Biosorbent was analysed for heavy metals content, in its
raw form and after refinement. Results are presented in Table
2. The concentrations of Pb, Cd, Zn, Cu and Mn were found to
be much higher before refinement. The concentrations of Cr, Ni
and As were below the detection limit in both cases. These data
are in accordance with characteristics of numerous plants from
the genus Lagenaria to accumulate heavy metals from soil dur-
ing growth (Singh et al., 2010).

Reagents

All chemicals were of reagent grade and used without further
refinement. HNO,, NaOH, and Pb, Cd and Zn beads were
purchased from Merck (Germany). H,0, was purchased from
Carlo Erba (Italy). Deionised water was used for all experi-
ments. Standard metal stock solutions were prepared by dis-
solving given amounts of pure metals (Pb, Cd, Zn) in HNO,
(1:3). All standard solutions were stored in a refrigerator at
+4°C. Working standard solutions were prepared just before
use by the appropriate dilution of the stock solutions.

Analysis of biosorbent

The concentrations of Pb*, Cd** and Zn?*' ions in samples of
model solutions and biosorbent were determined using the GBC
Avanta (Australia) flame atomic absorption spectrophotometer
(FAAS) by standard methods (APHA, 1998). Before analysis,
the prepared biomass had been acid digested (HNO, + H,0,) in
the microwave oven (MWD) (ETHOS, Milestone, Italy) (Wu et
al., 1997; Araujo et al., 2002). Structural components had been
determined using standard methods (Horwitz and Latimer,
2006). The pH values of solutions were monitored during treat-
ment by a pH-meter HACH Senlon 3 (HACH, USA).

Batch biosorption experiments

All biosorption experiments were carried out under the batch
conditions. Model solutions of each metal at different concen-
trations were obtained by dilution of the stock solutions. The
initial pH of solutions was adjusted to the defined pH value,

Table 1
Chemical composition of LVB
Parameter Value (%)
Cellulose 54.80 + 0.90
Lignin 40.30+0.50
Ash 0.28 £0.04
Moisture 3.80+0.14
Table 2
Concentrations of toxic metals in LVB
Metal Raw LVB (mg-kg”) £ SD | Refined LVB (mg-kg™') + SD
Pb 0.11 £ 0.01 0.03 +0.006
Cd 0.22+0.04 0.07 £0.01
Zn 11.50 £ 0.8 3.10+0.3
Cu 5.5+1.23 0.76 £0.09
Cr <0.05 £ 0.006 <0.05 = 0.006
Mn 1.10+ 0.2 0.15+0.01
Ni <0.04 + 0.005 <0.04 £ 0.005
As 0.0+£0.0 0.0+£0.0
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pH-metrically with HNO, or NaOH solutions (0.1, 0.01 M),
without buffering. No further adjustment of pH was done dur-
ing the experiments. Experiments were conducted in 400 m(
Erlenmeyer flasks, using 250 m{ of the metal model solution.
Flasks were stirred at 250 rrmin™" at the required temperature.
Temperature was maintained at desired values using a tem-
perature-controlled water bath. The accuracy of the tempera-
ture measurements was + 0.5°C. The solution was stirred for
5 min in order to ensure that it was well mixed, and the
defined dose of Lagenaria vulgaris biosorbent (LVB) was
added. Aliquots of solutions (5.0 m{) were withdrawn at
preset time intervals; the biosolids were removed immediately
by filtration through a 0.45 pm regenerated cellulose mem-
brane filter (Agilent Technologies, Germany) and preserved
with 0.10 m{ of concentrated HNO,. Filtrates were analysed
for residual metal concentrations using FAAS. Kinetic experi-
ments were performed by taking samples at defined intervals
up to 180 min. In order to evaluate the effect of solution pH
on the biosorption process, experiments were carried out

at different initial pH values, from 2.0 to 7.0, with all other
parameters kept constant. Biosorption at pH above 7.0 was
not carried out to avoid any possible interference of metal
precipitation.

Scanning electron microscopy with combined energy
dispersive x-ray analysis

The surface morphology and elemental composition of the
biomass samples, before and after heavy metal loading, were
investigated using a scanning electron microscope (SEM)
JEOL JSM-6460LV with combined energy dispersive x-ray
(EDX) analyser at a voltage of 25 keV. Biomass samples were
firstly attached to 10 mm alumina-based mounts using double-
sided tape, sputter-coated with gold using a 30 mA current

for 180 s, at working distance 50 mm (BAL-TEC-SCDO005,
Balzers, Germany), under vacuum in an argon atmosphere,

in order to achieve their surface conductivity. An accelerat-
ing voltage of 25 kV for primary electrons as well as working
distance of 10 mm proved to be satisfactory. Spot sizes varied
from 25 to 40 nm depending on the applied magnification.
Speed 3, offered by software as ‘fine’ scan, was chosen because
of the occasional problems with Speed 4, known as ‘super
fine’ scan rate, manifested as ‘floating’ of images at higher
magnifications. The EDX technique was used to determine the
elemental composition of the biomass surface before and after
metal uptake.

FTIR characterisation

The infrared spectra of the biomass samples before and

after metal uptake were recorded, using a BOMEM MB-100
(Hartmann & Braun, Canada) Fourier transform infrared
spectrometer operating in the range 4 000-400 cm™. FTIR
characterisation was performed in order to identify chemical
functional groups present on the LVB that might be involved in
the metal uptake procedure. The obtained FTIR spectra were
analysed using Win Bomem Easy software.

Data presentation and analysis

In all experiments, solution samples were taken in tripli-
cate for the measurement of the metal ion concentrations.
Average values + SD (error bars) are presented in all graphs
and tables.
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The standard deviation from the means was calculated
using the following equation:

n .—%)2
sp = [FElt M

where:
n = the number of experimental data points
x, = the value of the individual data point
x = the average of the data points

Kinetics of process was expressed using pseudo-first-order rate
model:

d
= ki@ —a) b))

This gives, by integrating and rearranging the resultant linear
equation:

In(qe — q¢) = —k;t +Inq, 3

where:
k = biosorption rate constant (min')
q, 9, = amounts of metal ions adsorbed on the LVB at a
giQen time 1 and at equilibrium (mg-g™)

V(cg—cy) V(co—ce)
Qr = ——", (e = — @

mp mp

where:
V = volume of solution (0)
m, = dry weight of biosorbent (g)
¢, ¢, and ¢_= the initial concentration and residual concen-
trations of metal ions at the sampling time and at equilib-
rium (mg-¢")

The removal efficiency (RE) of metal ions by biosorbent was
calculated using the equation:

Co — C¢

RE = x 100 ©)

Co
Statistical analysis, calculation of the data and linear least
square fitting was carried out using OriginPro 8.0 (OriginLab
Corporation, USA) software.

Results and discussion

The effects of different experimental parameters on Pb**, Cd*
and Zn*" ion biosorption using Lagenaria vulgaris biosorbent
is described in detail below. Results of the investigated metal
ions’ adsorption at 25 £ 0.5°C, with an initial metal concen-
tration of 50.0 mg-¢~', LVB at 4.0 g-¢"' and initial pH 5.0, are
shown in Fig. 1. Removal efficiency occurred in the following
order: Pb*" > Cd?*" > Zn*".

Effect of contact time

To determine the dependence of metal sorption on time, 1.0 g
of LVB was exposed to a 250 m{ single metal model solution of
lead, cadmium or zinc ions with initial concentration 50.0 g-¢!,
at 25 + 0.5°C and pH 5.0, in the batch process. The residual
metal concentration in aqueous solution was determined after

a contact time 0of 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 15, 20, 40, 60, 90,
120 and 180 min (Fig. 2) (Ajmal et al., 2001; Horsfall and Spiff,
2005). Metal uptake, as a function of contact time, was noticed
to occur in 2 phases. The first phase was extremely rapid in
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Figure 1
Removal efficiency of Pb?*, Cd?*" and Zn?* jons by LVB, after
180 min. Initial concentration of metals: 50 mg-¢, initial
pH: 5.0+ 0.1, LVB: 4.0 g-¢", temperature: 25 + 0.5°C

the case of all investigated metals, regardless of the influ-
ence of metal nature. The maximum adsorption efficiency
was observed in the first 5 min of sorbent-sorbate contact,
which was followed by a slow phase of metal removal spread
over a longer period until equilibrium was reached (Fig. 2).
The sorption equilibrium was attained after 5, 8 and 10 min
of contact time, when 92.5, 81.6 and 77.2% of total Pb*", Cd**
and Zn?" ions, respectively, were removed. After 180 min of
contact time, removal efficiency was slightly greater: 96.0,
88.6 and 83.0%, respectively (Fig. 1.). A constant (k) relat-
ing to the rate of Pb*" removal from aqueous model solution,
determined from Eq. (3), has the highest value of 0.73 min™!
(r>=0.97). The kinetic rate constants for Cd and Zn are pro-
portionally less, with values of k, = 0.29 min™' (r* = 0.98) and
k, = 0.17 min™" (r* = 0.97), respectively. The results were simi-
lar to those reported in the literature (Kahraman et al., 2005;
Goyal et al., 2008; Pandey et al., 2008). High initial metal
concentration in the solution and the abundant availability of
the active sites on the surface area at the beginning of

the treatment has positive effects on the rate of the hetero-
geneous process. It is especially expressed in the case of
LVB, because this material has a significant amount of micro-
pores and/or meso-pores responsible for an efficient diffusion
to micro-pores. The lower metal concentration and the grad-
ual occupancy of the active sites results in a weaker driving
force and a less efficient sorption process, the rate of which
depends on ion diffusion through the pores of the biosorbent.
The rate of metal sorption on LVB, i.e. removal efficiency
from the water phase, depends on the nature of the metal.
This relates to the ability for making complexes with func-
tional groups on the LVB surface, as well as to the stability
in aqueous system. Lead shows a higher tendency for binding
to oxygen functional groups of LVB; therefore, it is the metal
which is most efficiently removed from the water phase. Zinc
and cadmium have similar characteristics, and the decline in
concentration throughout time and the rate constants for the
process provide evidence for this finding. In addition, differ-
ential sorption of the ions may be ascribed to the differences
in their ionic radii. The ionic radius of Pb** is 119 pm, while
that of Cd*" is 95 pm, and that of Zn?* is 74 pm. The smaller
the ionic radius, the greater its tendency to hydrolyse, which
further leads to reduced sorption (Wulfsberg, 1987). After

10 min of the process, metal concentrations in the solution
remain unchanged, or changes are negligible within 3 h
(results not shown).
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Effect of contact time on residual concentrations of Pb?*, Cd**
and Zn?* jons in model solutions during LVB treatment.
LVB: 4.0 g-¢', initial metal concentration: 50 mg-¢£-',
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Effect of pH on removal of Pb?, Cd?* and Zn?* ions from model
solutions using LVB. Contact time: 10 min, LVB: 4.0 g-¢-, initial
metal concentration: 50 mg-¢-', temperature: 25 £ 0.5°C

Effect of initial pH

Solution pH is a significant control parameter affecting the
biosorption process. Batch experiments were conducted at dif-
ferent initial pH values ranging from 2.0 to 7.0. Metal solutions
(50 mg-L™") were brought into contact with the biosorbent

(4.0 g-t ") at 25 £ 0.5°C for 10 min. The effect of pH on the
removal efficiency of Pb**, Cd** and Zn?' ions is presented in
Fig. 3. The results indicate that relatively little biosorption took
place at the initial pH of 2 and only 27.5% of Pb*", 12.3% of
Cd?*"and 6.5% of Zn*" ions were removed. The increase in pH
of the solutions from 2 up to the range 5-6, depending on the
metal, causes a rapid increase in the removal efficiency from
aqueous model solutions for the investigated metal ions. With a
further increase in pH to 7, the amount of metal ion removed by
LVB starts to decrease, which is in agreement with the results
of similar studies (Zhao et al., 1999; Goyal et al., 2008; Panda
et al., 2008; Igbal et al., 2009). Adsorption of the investigated
metals reached its maximum at the following pH values: 4.5 for
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Pb*" (93.5%), 5.0 for Cd*" (83.6%) and 6.0 for Zn*" (77.2%), in
accordance with hydrolysis constants. At a pH higher than the
presented optimal values, several hydroxyl low-soluble species
may be formed, such as: Pb(OH)", Pb(OH), for lead; Cd(OH),,
Cd(OH), for cadmium and Zn(OH)", Zn(OH),, Zn(OH),” (Sag
et al., 1998; Liu and Liu, 2003; Lodeiro et al., 2006; Romera
et al., 2007; Goyal et al., 2008) in the case of zinc. In order to
avoid the precipitation of metal ions no experiments were car-
ried out at pH above 7.0.

Many studies have shown that the pH of aqueous model
solutions affects both the solubility of metal ions and the
ionisation states of biosorbent functional groups (Cimino et al.,
2000; Saygideger et al., 2005; Goyal et al., 2008; Iftikhar et al.,
2009). Due to its chemical composition (cellulose, lignin), LV
biomass has different surface functional groups, such as car-
boxyl, carbonyl, hydroxyl, phenyl groups. These different func-
tional groups show a high affinity towards heavy metals; there-
fore they can complex the metal ions (Dhiraj, 2008; Iftikhar et
al., 2009). Heavy metal cations seemed to be mostly unsorbed
at low pH values. Minimal adsorption at high solution acidity
could be explained by a high concentration and mobility of H*
ions. That is why, in comparison to lead, cadmium and zinc
ions, hydrogen ions were adsorbed first on the sorption sites.
An increase in metal ion desorption capacity with an increase
in H" ion concentration indicated that the adsorption process
was probably carried out via an ion exchange mechanism (Fig.
1). At decreased acid concentration, metal ions in solution
entered into competition with H" ions for the sorption sites,
according not only to the mass transfer law but also to their
chemical and physical properties. Adsorption capacity of the
investigated metal ions increased with pH ranging from 2 up
to 5 or 6, since the negative charge on LV biomass increased.
A number of protons will then compete with metal ions for the
ligands and thereby increase the interaction of metal ions with
the active sites (Sag et al., 1998; Cimino et al., 2000; Inglezakis
et al., 2003). At a higher pH range from 5-6 to 7; the existence
of counterpart neutral and negatively charged ions might result
in lower adsorption efficiency. Possibly some precipitation of
metal could occur at the mentioned pH values.

Effect of temperature

The effect of temperature on metal removal efficiency was
studied at 10, 20, 25, 30, 40 and 50°C, at initial pH 5, initial
metal concentration 50 mg-0~!' and 4.0 g-¢' LVB. The results of
removal efficiency for 10 min of contact time vs. temperature
are given in Fig. 4. An increase in temperature from 10 to 30°C
leads to an increase in the removal efficiency of all investigated
metals, with rates of 0.26, 0.56 and 0.75°C"! for Pb?*, Cd?>* and
Zn*" ions, respectively. This may indicate that biosorption of
heavy metals onto LVB is a chemical process. Biosorption of
zinc using LVB is assumed to be that which is most affected by
temperature, due to its low removal rate (Fig. 2).

With a further increase in temperature from 30 to 50°C
the removal efficiency of Pb** starts to decrease, while in the
case of Cd*" and Zn?" it continuously increases, but at a slightly
lower rate. It can be seen that sorption of Pb*" is less affected
by temperature and is characterized by a different dependence
relative to cadmium and zinc. The decrease in removal effi-
cacy at temperatures above 30°C indicates that the biosorption
of lead is an exothermic process, while the sorption of Cd**
and Zn?" is an endothermic process. Also, below an equilib-
rium time for the investigated metals an increase in tempera-
ture leads to increase in the biosorption rate, suggesting a
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Effect of temperature on Pb?*, Cd** and Zn?** removal from model
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Figure 5
Effect of stirring speed on Pb?*, Cd?* and Zn?* removal from
model solutions using LVB. Contact time: 10 min, LVB: 4.0 g-¢,
initial metal concentration: 50 mg-¢-', pH: 5.0 £ 0.1

kinetically-controlled process. After equilibrium is reached
the biosorption of Pb** decreases and that of Cd** and Zn**
increases (results not shown). This effect may be explained by
an increase in active sites formed on biosorbent at higher tem-
peratures. The obtained results are in agreement with the study
of Sawalha et al. (2007), which shows that biosorption of lead
by leaves of saltbush is a spontaneous process with a negative
value of Gibbs free energy, as opposed to that of cadmium and
zinc which present a positive AG.

Effect of stirring speed

The biosorbent based on Lagenaria vulgaris shell has a low
specific weight, and floats on the surface, in contact with the
solution. Therefore, stirring of the solution is necessary, in
order to achieve contact between sorbent and water phase. The
effect of stirring speed on Pb**, Cd** and Zn?** removal effi-
ciency was studied at 50, 100, 150, 200, 250, 300, 400 and

500 r'min’', at initial pH 5, initial metal concentration 50 mg-¢!
and 4.0 g-¢"' LVB. Results show that the removal efficiency
increased with an increase of stirring speed, in the case of all
investigated metals (Fig. 5). Maximum removal efficiency was
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Figure 6
SEM images of the biosorbent based on the shell of
Lagenaria vulgaris: a) raw biomass, b) refined biomass
and c) metal-loaded biomass

achieved at 200-250 rmin~!. At rates beyond 400 r'min,
sorption of metals partly declines.

It is obvious that with an increase in stirring speed, the rate
of diffusion of metal ions towards the surface of the biosorbent
increases. Since the sorption of metals in the range from 200 to
400 r-min~! was found to be more or less the same, the stirring
speed of 250 r'min! was selected as optimal for all experi-
ments. A decrease in removal efficiency with further increases
of speed up to 500 r'min! could be the consequence of vortex
phenomena, which reduce the contact surface between phases.

Morphological characterisation of the LV biomass

The SEM image (Fig. 6a) shows a highly porous morphology of
the raw biomaterial with pores of more or less different shapes
and sizes. This figure also reveals the existence of plant vessels
of horizontal as well as vertical orientations, and a variety of
cavities on the external surface. These may contribute to the
relatively high surface area of the biomaterial. Such biomaterial
refined with nitric acid, and further playing the role of biomass
in the adsorption process (Fig. 6b), exhibits somewhat changed
morphology with extended surface arrangement regarding the
repetition of structures, plant vessel orientations, the subsist-
ence of pores of comparable shapes and sizes, and the smallest
openings becoming more available for reactants. One of the
reasons for this change may be the removal of the alkaline and
alkaline earth metals during refinement, which could contribute
to the changes in morphology. Dimensions of the smallest pores
are comparable in both samples, suggesting that the refinement
procedure has its main impact on the uniformity of the biomass
structure. The authors suggest that the mentioned pores repre-
sent active sites of the adsorption process. Similar observations
concerning morphological properties but dealing exclusively
with the issue of pores of different sizes and shapes, have been
reported in papers dealing with the modified biomaterials, such
as acid-treated olive stone, widely studied as biomass; treated
olive cake, and a cornelian cherry (Demirbas et al., 2004;
Cimino et al., 2005; Aziz et al., 2009).

In the procedures investigated here, the effect of metal
binding to the biomass surface caused some changes in the
surface morphology in the case when refined biomass was used
(Fig. 6¢). The edge of each microstructure looks less obvious
and the diameters of pores are larger in comparison with that
before biosorption took place. This is in accordance with a
number of authors who have identified surface morphologi-
cal changes before and after metal loading (Chen et al., 2002;
Demirbas et al., 2004) through SEM. This may imply that
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EDX spectra of a) raw and b) refined biomass

metal binding is strongly related to the plant chemical compo-
sition, which is additionally confirmed by FTIR analysis, as
described below.

The refined biomass samples displayed apparently regularly
arranged active coal-like structures of a prismatic type charac-
terised by a rough appearance (Fig. 6b). It seems that a metal
could easily penetrate into the inside of the biomass through
pores or channels and further be adsorbed at interior sites/
acidic centres (Murphy et al., 2009). A more porous biomass
structure would definitely favour the diffusion of metal spe-
cies to the centre or into the bulk of the used biomass, as has
similarly been observed in other studies. Moreover, remark-
ably porous material having a high specific surface area should
theoretically be able to play an important role in heavy metal
and basic dye removal from aqueous solutions by low-cost agri-
cultural waste materials (Liu and Xu, 2007). SEM micrographs
also reveal that morphological changes of biomass after loading
by the investigated metals do not depend on metal species or
their ionic radii (results not shown).

Changes in the structure and morphology of the biomass
surface, as discussed here, may be caused by binding of metals
onto active centres of LVB, which further reduces the prob-
ability of hydrogen bridge generation between carboxyl and
hydroxyl groups (and also other groups), resulting in a more
regularly arranged structure (and surface appearance) of the
biomass. In addition, refining the biosorbent with acid may
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Table 3
Summarised elemental distribution of the raw, refined and
biomass after the metal sorption process

Element Biomass sample
wt. (%) Raw | Refined Pb cd Zn
loaded loaded loaded
C 56.82 61.12 51.65 54.00 52.47
O 42.7 38.61 47.31 45.67 47.27
K 0.28 0.12 - - -
Cl 0.00 0.08 - - -
Ca 0.18 0.00 - - -
Cr 0.00 0.00 - - -
Mn 0.00 0.00 - - -
Ni 0.00 0.00 - - -
Cu 0.09 0.06 - - -
Zn 0.00 0.00 - - 0.26
As 0.00 0.00 - - -
Cd 0.00 0.00 - 0.32 -
Pb 0.00 0.00 1.03 - -

cause some alkaline and alkaline earth metals to be removed,
resulting in a more regularly arranged structure as compared to
that in the raw state.

The EDX analysis (Fig. 7) suggests that C and O contrib-
uted the 2 major elements of the biomass, with addition of the
major metal constituents (K and Ca) on the biomass surface.
This is in agreement with the chemical composition of the
biomass (Table 1), where cellulose represents the main ingre-
dient while proteins are not evident (also confirmed by the
absence of N in EDX spectra). The registered alkali (K) and
alkali earth (Ca) metal peaks originate from the raw plant stage
normally characterised by the presence of these metals. Yang et
al. (2008) suggested Ca continuation in forms of CaCO,, CaO
or Ca(OH),. It is also supposed that the observed CI content
may be attributed to salts of naturally occurring plant elements.
A negligible amount of Cu, probably of anthropogenic origin,
observed in the raw biomass sample is eliminated after the
refinement procedure, Table 3 and Fig. 7.

Summarised quantitative results obtained using the EDX
method (Table 3) give an insight into the chemical composition
of the biomass (further explained in the section discussing the
FTIR results). The EDX spectra depict the peaks of C, O (H
could not be measured), K and Ca, which are the main constitu-
ents of cellulose and lignin present in the biomass (Fig. 7 and
Table 1). These peaks point out the polymer types representing
available functionalities on the biomass, e.g. -COOH and —OH.

A reduced peak for O (Fig. 7), recorded in the refined bio-
mass samples, may indicate some chemical transformations or
variations in polymer chains. In addition, the carboxylic groups
(Aziz et al., 2009) may confer ion exchange properties to the
treated biomaterial in the metal elimination process, as claimed
earlier. Variation in the quantity of the particular acidic bind-
ing sites was earlier stated as a major influence on metal bind-
ing to the biomass surface (Murphy et al., 2008). Similarly, it
was previously estimated that the areas that have higher metal
uptake could have higher content of COO~ groups that easily
formed metal-organic surface complexes (Yang and Chen, 2008).
Therefore, in the current study, differences in C and O content
could also be connected with a variation in quantity of the avail-
able acidic centres, further affecting the adsorption process.

What is more important to underline is a reduction or com-
plete elimination of Ca, naturally occurring in the plant, after
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lon-exchange mechanism of biosorption

refinement and adsorption processes; Ca could be removed dur-
ing heavy metal elimination via an ion-exchange mechanism
(Fig. 8). In this way, treated aqueous solutions become richer

in Ca content in comparison to the natural level (results not
shown). In some earlier studies, the ion-exchange mechanism
was established as a dominant or even significant one (Chen

et al., 2002; Igbal et al., 2009). Surface uptake is highest for

Pb, among the heavy metals investigated for adsorption with
LVB. (Table 3), a result which is expected given the results for
removal efficiency (Fig. 1) and effect of contact time (Fig. 2).

FTIR spectral analysis

The quality and quantity of sorption/chemisorption of metals
onto the biomass surface is strongly determined by functional
groups present on the plant material (Krishnani et al., 2008;
Panda et al., 2008). Therefore, FTIR characterisation was car-
ried out to analyse the major functional groups which exist in
the biosorbent (Fig. 9).

Peaks appearing in the FTIR spectrum of Lagenaria vul-
garis based biosorbent are assigned to various groups and
bonds in accordance with their respective wavenumbers (cm™)
as reported in the literature (Krishnani et al., 2008; Panda et
al., 2008; Yao et al., 2009; Igbal et al., 2009). The broad and
intense peak at 3 429 cm! (ranging from 3 200 to 3 600 cm™)
is assigned to the stretching of O—H groups due to inter- and
intra-molecular hydrogen bonding of polymeric compounds,
such as alcohols, occasionally phenols, and carboxylic acids
present in the cellulose and lignin (Fig. 9 and Table 1). The
stretching of O—H bonds results in vibrations within a range
of frequencies/wavenumbers which specify the presence of
O-H bonds of carboxylic acids and/or free hydroxyl groups
(Gnanasambandam and Protor, 2000; Igbal et al., 2009). The
peaks at 1 653 and 1 636 cm™ may be attributed to C=0 and
N-H stretching vibrations, respectively. This observation con-
cerning the presence of amine groups may be questionable due
to the fact that nitrogen was not evident from physicochemical
characterisation of the biomaterial (by EDX analysis) suggest-
ing that those bands should be assigned to other groups.

The clear band at 2 924 cm™! indicates symmetric or asym-
metric C—H stretching vibration of aliphatic acids, while
the peak registered at 1 733 cm™! additionally represents the
stretching vibration of C=0 bonds, which originates from
non-ionic carboxyl groups (-COOH, ~COOCH,), and may
be denoted by carboxylic acids or corresponding esters (Li et
al., 2007). Moreover, the band at 1 054 cm™ can be connected

309



4000 bon 2000 1000
Transmittance/Wavenumber (cm-")

Figure 9
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Figure 10
FTIR spectra of the metal-loaded biosorbent

to the existence of stretching vibrations of C—O of alcohol
groups and carboxylic acids (Guibaud et al., 2003). It is worth
underlining that the FTIR spectrum of raw Lagenaria vulgaris
based biosorbent (Fig. 9) shows an abundance of carboxyl and
hydroxyl groups. These groups present in the biomass may act
in de-protonated forms as key sites in coordination of heavy
metals (Ashkenazy et al., 1997).

FTIR spectra of metal (Cd*, Pb*" and Zn*") loaded LVB are
more or less similar to those before treatment (Figs. 9 and 10),
but characterised by changes in intensity and shift in position
of the peaks due to metal sorption. The first observed change
was the attenuation of the intensity and shift of the peaks in the
region of 3 500-3 200 cm™ and 1 100-900 cm™!, indicating a
decrease of the free hydroxyl group on the biomass. The minor
shift of the peaks 1 733, 1 653 and 1 054 cm™ to lower wave-
numbers also suggests the involvement of the C—O group in
metal binding. These changes may be explained by metal ions
associated with carboxylate and hydroxylate anions, revealing
that carboxyl and hydroxyl groups are dominant in the process
of metal ion uptake (Ashkenazy et al., 1997). Effects were most
intensive in the case of lead (Fig. 10), due to the highest sorp-
tion efficiency occurring for this metal, in comparison with
cadmium and zinc.

Conclusion

The present study reported the characteristics and important
parameters that determine the process of heavy metal sorption,
and the possible sorption mechanism, in using a new biosorb-
ent based on the shell of Lagenaria vulgaris (typically grown in
the Southeast area of Serbia). Sorption of metal ions (Pb*, Cd**
and Zn*") was dependent on the following experimental condi-
tions: sorbate-sorbent contact time, initial pH, temperature

and stirring speed. Metal ion biosorption was extraordinarily
fast, reaching maximal efficiency in the first 5 (Pb*"), 8 (Cd*)
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and 10 (Zn?") min. Initial pH strongly affects the sorption
process and it was concluded that adsorption is favoured by
an increase of pH, with an optimal pH value of about 5. It was
also revealed that different pH-dependent sorption profiles for
various heavy metals could be related to the nature of chemi-
cal interactions for each metal. Additionally, it is important

to emphasize that the existence of relatively large numbers

of hydrogen ions may change the direction of reversible ion
exchange equilibrium, which indicates that the presented
sorption process was probably tailored via an ion exchange
mechanism. Biosorption on LVB is temperature dependent,
which may indicate that it is chemical process. Sorption of
lead should be an exothermic process, while the sorption of
the other 2 metals is an endothermic process. SEM images
have shown that the smallest pores on LVB represent active
sites of the adsorption process, and changes in the surface
morphology after metal uptake, which are explained by metal
binding are also strongly related to the chemical composi-
tion of the plant. In addition, EDX spectra of LVB, before

and after metal sorption, support the proposal that an ion
exchange mechanism is involved in the sorption procedure.
FTIR spectra revealed that major functional groups playing
arole as active sites on the biosorbent surface in the metal

ion uptake process included carboxyl and hydroxyl groups as
dominant ones. Based on the reported observations, LVB, as a
highly porous material, is recommended for use as an efficient
and low-cost agricultural material for the removal of heavy
metals from effluents.
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