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The biosorption of lead by Ficus religiosa leaves (FRLs) in powder and immobilized form was investigated.
Batch experiments were conducted to determine the biosorption capacity, equilibrium time, optimal pH
and temperature. The maximum biosorption capacity of lead was 37.45mgg~"' at optimal pH of 4. The
temperature change in the range of 20-40 °C affected the biosorption capacity and the maximum removal
was observed at 25 °C. The thermodynamics parameters were determined from experimental data. The
Keywords: Langmuir and Freupdlich mod.els were us.ed to explain the gqui.libriurr? data. The Langmuir model showed
Biosorpti;)n better fit of data with correlation coefficient of 0.97. The kinetics of biosorption followed pseudo second
Lead order model. For continuous biosorption experiments, FRLs biomass was immobilized in polysulfone
matrix. Breakthrough curves were analyzed at different flow rates, pH and bed depth. Bed depth service
time (BDST) and the Thomas models were used to describe the experimental data. A solution of 0.05M
HNO; did well to elute lead from biomass. The release of Ca, Mg and Na ions during lead biosorption
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revealed that ion exchange was the major removal mechanism.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The contamination of wastewater by toxic metal ions is a world-
wide environmental problem. The tremendous increase in the use
of heavy metals over the past few decades has inevitably increased
the metallic contents in the aquatic environment. Heavy metal ions
are of great concern, due to their mobility in natural water ecosys-
tems and due to their toxicity [1]. These metal contaminants are
introduced into surface waters through various industrial opera-
tions. The pollutants of concern include lead, chromium, zinc, and
copper.

Lead is among the most toxic heavy metal ions, affecting the
environment [2]. Lead pipes used as drains from the baths, are
still in service. Main sources of lead are the manufacture of stor-
age batteries, pigments, leaded glass, mining, metal electroplating,
painting, coating, smelting, petrochemical, plumbing fuels, photo-
graphic materials, matches and explosives [3,4]. Apart from this
lead is also used in insecticides, plastic water pipes, food, beverages,
ointments and medicinal concoctions for flavoring and sweetening.
These industries discharge lead into the environment without ade-
quate treatment. Untreated effluents from these industries have an
adverse impact on the environment and aquatic life [4]. The cur-
rent Environmental Protection Agency (EPA) standard for lead in
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wastewater and drinking water is 0.5 and 0.05 mgl-, respectively
[5].

Lead is a toxic metal that is harmful if inhaled or swallowed.
Lead can threaten human life due to its toxicity, accumulation in
food chains and persistence in nature. Lead has both acute and
chronic effects in humans. It may cause anemia, headache, chills,
diarrhea and reduction in hemoglobin formation. Lead poisoning
causes severe damage to kidneys, nervous system, reproductive
system, liver and brain [2,5].

The conventional methods for treatment of lead in wastewa-
ter include: precipitation, adsorption with activated carbon, ion
exchange, membrane processes, oxidation and reduction [6,7].
These methods are expensive and often involve the use of chemicals
and generate large amounts of sludge.

Biosorption is a process that utilizes low cost biosorbents to
sequester toxic heavy metals [8]. The advantages of biosorption
over the conventional methods are low operating cost, selectivity
for specific metal, short operational time and no chemical sludge
[9].

Removing metals from wastewater required the use of efficient
biosorbent materials. Many agricultural-based waste materials
have been employed for the treatment of lead wastes which
include: coconut husk and shell [10,11], sea weeds [12,13], sago
waste [14], hazelnut shell [15,16], peanut hull [17], tree fern [18],
black gram husk [19], maize leaf [20], maize, sun flower waste [21],
Oryza sativa L. husk [22], coffee beans [23], Ficus religiosa leaves
(FRLs) [24], wheat bran [25], almond shell [16], tea waste [26], etc.
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In present research FRLs in free and immobilized forms were
utilized for treatment of lead wastes. Effect of temperature, pH and
initial metal concentration were investigated. Various thermody-
namics parameters, such as AH, AG and AS were evaluated from
biosorption data. Column breakthrough data was analyzed using
the BDST and the Thomas models.

2. Materials and methods
2.1. Chemicals

Chemicals used were of analytical reagent grade. Polysul-
fone (Cat No. 18244-3) and n,n-dimethyl-formamide (DMF) were
obtained from Aldrich chemicals. Stock lead solution of 1000 mg1-!
concentration was prepared by dissolving 1.6g of lead nitrate
(Merck Germany) in 11 of distilled water. The stock solution was
diluted to obtain solutions of various known concentrations of lead.
For pH adjustment, 0.1 M nitric acid and 0.1 M ammonia solutions
were used.

2.2. Preparation of biosorbent

FRLs were collected locally, from University of Engineering and
Technology Lahore, Pakistan. These leaves were washed, repeat-
edly with tap water to remove dust and soluble impurities and
were allowed to dry at room temperature in shadow. The dried
leaves were converted into fine powder by grinding in a mechanical
grinder. The powder was sieved and the size fraction 60-80 pm was
used in the experiments. This powder was soaked in 0.1 M HNOs for
24h (50g FRLs powder was soaked per litre). The biosorbent was
filtered and washed with distilled water to remove acid contents.
The washing was continued till the pH of the filtrate was close to 7.
It was first dried at room temperature and then in an oven at 105 °C
to completely remove moisture. Finally, it was stored in air tight
glass bottles to protect it from humidity. Similar treatment of FRLs
was performed with 0.1 M CaCl; solution.

The objective of acid pretreatment is to remove the surface
impurities and to expose the binding sites of biosorbent. This pre-
treatment removed already bound metals from the biosorbent and
thus increased its removal capacity. The pretreatment with CaCl,
is performed to prepare the biomass in Ca-form just like an ion
exchange resin.

2.3. Immobilization of FRLs

The immobilization of FRLs was performed according to the
method of Trujillo et al. [27], but with certain modifications. In
an Erlenmeyer flask, 12g of FRLs biomass was blended into a
solution containing 10 g of polysulphone per 100 ml of DMF. The
flask was immediately sealed to avoid volatilization of DMF. The
mixture was shaken for 24h on a rotary shaker at 180rpm to
dissolve polysulphone completely in DMF and to form uniform
and consistent slurry. The slurry was passed through a syringe
into distilled water bath at 6-10°C. Spherical beads were formed
when the atomized slurry contacted with water because of the
phase inversion of polysulphone. The biomass was immobilized
within the solidified polysulphone matrix. The DMF completely
dissolved in water and gradually diffused out which led to the for-
mation of a favorable porous structure for the beads. These beads
were cured in distilled water bath, using a stirrer at 120 rpm for
18 h to completely diffuse out DMF. After curing, beads were air-
dried for 3 days at room temperature (22-24°C) and later in an
oven at 80°C, for 6-8h to completely remove moisture. These
beads were screened to obtain a size fraction in the range of
2-3mm.

2.4. Characterization of biosorbent

Fourier transform infrared (FTIR) spectroscopy was used to iden-
tify the functional groups present in the biomass. The biomass
samples were examined, using JASCO FTIR spectrometer, within
range of 400-4000cm~". All analysis were performed using, KBr
as back ground material. In order to form pellets, 0.0035 g of FRLs
biomass was mixed with 0.3 g KBr and pressed at 6-8bar. The
surface structure and particle size distribution of biosorbent was
examined using Hitachi Scanning Electron Microscope (SEM). The
samples were covered with a thin layer of gold and an electron
acceleration voltage of 20kV was applied. The surface area, pore
volume and pore size measurements of powdered and immobi-
lized biomass were carried out using, Quantachrome NOVA 2200C
USA, surface area and pore size analyzer. The gas mixture of
22.9 mol% nitrogen and 77.1 mol% helium was used for this purpose.
Multipoint BET and Langmuir surface area was determined. The
elemental analysis of the biosorbent was performed using, Costech
Instrument 4010, Thermo Jarrel Ash (IRIS, USA) inductively cou-
ple plasma atomic emission spectrometer (ICP-AES) and Shimazdu
atomic absorption spectrometer.

2.5. Batch biosorption experiments

Batch biosorption experiments were performed by shaking, 0.5 g
FRLs biomass with 100 mllead solution of 100 mg 1! concentration.
The shaker was equipped with thermostatically controlled heating
water bath, to keep the temperature of the contents to desired lev-
els. After completion of each batch, the solution was filtered, using
vacuum filter assembly. The filtrate was analyzed using Shimazdu
6800 atomic absorption spectrophotometer. The amount of lead
biosorbed was evaluated by material balance and metal uptake g,
was calculated [24].

2.6. Fixed bed column experiments

Continuous flow biosorption experiments were conducted in
Perspex column of 5.0 cm inside diameter. At the top of the column,
an adjustable plunger was attached with a 0.5 mm Perspex sieve.
At the bottom of the column, a 0.5 mm Perspex sieve was fixed. The
column was packed with 118 g ofimmobilized FRLs biomass to yield
a bed height of 50 cm and a bed density of 120.2 g1-!. Lead solution
of 100 mg1~! was pumped to the top of the column, at flow rates of
5-20mlmin~!, using a peristaltic pump. Samples were collected,
from the exit of the column at regular time intervals and analyzed
for residual lead concentrations. The pH and temperature of the
influent and the effluent solutions were measured using Hanna
pH meter. Operation of the column was stopped when the efflu-
ent lead concentration exceeded a value of 95 mg1-! or higher. The
column was then washed with distilled water for several runs. The
loaded biomass was regenerated using 0.05 M HNOj at flow rate of
10 mlmin~!. After elution, distilled water was passed through col-
umn to wash the bed until the pH of the wash effluent stabilized
near 7.0.

3. Results and discussion
3.1. Characterization of the biosorbent

The FTIR spectra of Ca-treated and lead loaded FRLs is shown
in Fig. 1. The FTIR spectra of Ca-treated FRLs, showed the presence
of many functional groups, indicating the complex nature of FRLs
biomass. A broad band at 3450 cm~! indicates the presence of —OH
and —NH groups. The absorbance at 2860 and 2920 cm~! are due
to aliphatic stretching. The peak at1656cm™! is the indication of
C=Nbending, which further confirms the presence of amino groups.
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Fig. 1. FTIR spectra of (a) calcium treated FRLs and (b) lead loaded FRLs.
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Fig. 2. SEM micrograph of (a) FRLs and (b) immobilized FRLs.

The peak at 1636 cm~! represent C=0. The presence of —OH and
C=0, also confirms the presence of carboxylic groups. The peaks
appearing in the region 1350 cm~! and 1020 cm~! represents N—H
bending and C—OH stretching vibrations, respectively. Absorbance
at 1060 cm~! is due to C=0 bending. Peak at 1105 cm~! showed the
presence of C=S. The FTIR spectra of lead loaded biomass showed
increase in the absorption of peaks. The broadness of —OH and C=0
peaks indicate the involvement of these groups in the biosorption.

The SEM micrographs of free and immobilized FRLs are shown in
Fig. 2. The micrograph in Fig. 2a represents an un-even surface and
porous structure of FRLs biomass. The micrograph in Fig. 2b, showed
the presence of pores in the immobilized FRLs biomass. The surface
area of the biomass further confirmed its porous nature. The surface
area and elemental analysis of biosorbent are presented in Table 1.

3.2. Batch biosorption experiments
3.2.1. Determination of equilibrium time

As shown in Fig. 3, the biosorption process took place in two
stages. The first rapid stage in which, 60-70% biosorption was

Table 1
Elemental analysis and surface area characterization of biosorbent.

Elemental analysis of FRLs

Element C H N S (0]
%Age 48.4 73 11 0.12 384
Element Al Ca Cr Fe Mg Na K
%Age 0.22 0.82 0.002 0.032 0.024 0.19 0.12
Surface area and pore size analysis
BET surface Langmuir surface Pore volume  Pore dia.
area(m?g-!)  area(m?g!) (cm3g1) (A)
FRLs 6.14 37.76 0.06 123.74
Immob. FRLs ~ 2.98 14.79 0.07 120.50

achieved in 15min and a slower second stage, with equilibrium
attained in 1h. The first stage was due to, the initial accumula-
tion of metal at the surface, as large surface area of biosorbent was
available. With the gradual occupation of surface binding sites, the
biosorption process was slowed down. The second slower stage was
due to the penetration of metal molecules to the inner active sites
of the biosorbent. This is in accordance with the observations of
other similar studies [20,28]. A decrease in pH was observed at the
end of the experiments, which may be attributed to the release
of H* ions, as result of ion exchange between Pb%* and proton.
Release of Ca?*, Mg2* and Na* was also observed, which further
confirmed the exchange of Pb2* ions with light metals present in
the biosorbent.
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Fig. 3. Kinetics of lead biosorption. Initial conc.=100mgl-', 0.5g in 100ml, 26°C,
200rpm, pH 5.3.
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Fig. 4. Effect of pH on lead biosorption. Initial conc.=100mgl-', 0.5g in 100 ml,
25.4°C,200rpm, 1h.

3.2.2. Effect of pH

Solution pH plays a vital role in heavy metal biosorption. The
speciation of metal in solution is pH dependent and at the same
time, the state of chemically active sites is changed by the vari-
ation in solution pH. In order to determine the optimal value,
pH of solution was varied from 14+0.1 to 8 £0.1. As depicted in
Fig. 4, the maximum biosorption of lead occurred in the pH range
of 3-7. The FTIR results indicated the presence of hydroxyl, car-
boxylic, carbonyl groups in the FRLs biomass. These groups were
protonated at pH values lower than 3.0, and thereby restrict the
approach of lead cations to the surface of biosorbent. In the pH
range of 3-7 these were negatively charged and facilitate the bind-
ing of lead cations. The increase in removal capacity at higher
pH may also be attributed to the reduction of H* ions which
compete with Pb%* ions at lower pH. The speciation of lead is
pH dependent. At pH of 2-5 lead always exclusively exists as
Pb2*, above pH of 6, it is hydrolyzed to PbOH* and Pb(OH),. The
predominant sorbing forms of lead are Pb** and PbOH* which
occurred in the pH range of 4-7. This was the reason for higher
removal of lead in the pH range of 4-7. At pH higher than 7, pre-
cipitation of lead occurred and removal due to biosorption was
reduced.

3.2.3. Biosorption equilibrium

Biosorption equilibrium is established when the concentration
of sorbate in bulk solution is in dynamic balance with that on the
liquid-sorbent interface. Biosorption isotherms are the equilibrium
relationships between the concentrations of biosorbed metal and
metal in solution at a given temperature [29].

In the present research, the Langmuir and Freundlich models
were utilized to describe the equilibrium data. The Langmuir model
is based on the hypothesis that uptake occurs on a homogenous sur-
face by monolayer sorption without interaction between adsorbed
molecules, and is expressed as

_ Qmaxb CE
e = 1+bCe (1)
Eq. (1) can be written in linear form as
Ce Ce 1
e _ 2
Ge  Qmax qmaxb 2)

where gmax represents the maximum biosorption capacity and b is
a constant related to affinity and energy of binding sites.

The Freundlich model proposes a monolayer sorption with a
heterogeneous energetic distribution of active sites and with inter-

action between adsorbed molecules. It is expressed mathematically
as

ge = Kp(Ce)'/™ 3)

Linear form of Eq. (3) is
1
In qe = - In Ce + In K¢ (4)

where Kg and n are the Freundlich coefficients. Kg provides an indi-
cation of the adsorption capacity and n is related to the intensity of
adsorption.

Initial concentration of lead was varied, from 10 to 1000 mg1-!
and quantity of biosorbent was kept constant at 0.5 g. Equilibrium
concentration, Ce and equilibrium capacity, ge were determined
in each case. In order to apply the Langmuir model, C. was plot-
ted against Ce/ge and straight line was fitted by regression. The
correlation coefficient of 0.97 indicated the applicability of the
Langmuir model. The values of gmax and b were determined from
the slope and intercept of the plot. In order to see the applicability
of the Freundlich model In Ce was plotted against In ge. The corre-
lation coefficient of 0.67 was indication of the fact that sorption
did not follow the Freundlich model. The Freundlich model con-
stants were determined from the slope and intercept of plot. The
values of the Langmuir and Freundlich models constants are listed
in Table 2.

The applicability of the Langmuir model to the experimental
data indicate that biosorption of lead(Il) on FRLs occurred in a
monolayer. Fig. 5 shows the comparison of the Langmuir and Fre-
undlich models with the experimental data.

Table 2
Langmuir, Freundlich, pseudo second order, thermodynamics, Thomas and BDST
models parameters.

The Langmuir model parameters

Gmax (Mgg~") b(Img") R?
3745 0.022 0.97
The Freundlich model parameters

n Ky R?

2.8 3.8 0.67

The pseudo second order model parameters

T(°C) Ka(lg™) K(gmg ' min~") ge (mgg™") R?
20 3.36 0.012 19.76 0.99
30 1.05 0.016 17.36 0.99
40 0.15 0.025 9.09 0.99
50 0.092 0.019 6.72 0.99
The thermodynamics parameters

T(°C) AH (k] mol~1) AS (kJmol-' k1) AG (kjmol-1) R?
20 -105.9 -0.35 -2.95 0.96
30 -0.12

40 494

The Thomas model parameters

Flow rate (mlmin~1) qo (mgg1) ke (Img='h-1) R?

5 16.42 0.00085 0.94
10 15.56 0.0016 0.95
20 13.43 0.0037 0.99
The BDST model parameters
N, (mgl-1) ka (Img=1h-1) R?
1756 0.0026 0.98




1002 S. Qaiser et al. / Journal of Hazardous Materials 166 (2009) 998-1005

50
40 -
P
30 - e
=Y *
="
g
& 20
10 r Dy
Langmuir model
Freundlich model
0+ T T T T
0 200 400 600 800 1000

Ce(mg ]'I)

Fig. 5. Langmuir and Freundlich isotherms plot for lead biosorption. Initial
conc.=10-1000mgl-!,0.5g in 100 ml, 25°C, 200rpm, 1 h.

3.2.4. Biosorption kinetics

In order to study the kinetics of biosorption process pseudo first
order and second order kinetics models were applied. The pseudo
second order model gave better correlation of data.

The equation of pseudo second order model is [18]

dqe

at = ke — a0’ (5)
Integrating and rearranging Eq. (5) to a linear form as
t 1 1

qc ~ kq? * e (8)
where k is the rate constant of pseudo second order kinetics model,
ge is the equilibrium biosorption capacity and g; is the biosorp-
tion capacity at any time t. A straight line plot of t versus t/q: with
correlation coefficient of 0.99, showed the validity of pseudo sec-
ond order model. The applicability of pseudo second order kinetics
model suggested that the lead biosorption to FRLs was based on
chemical reaction, involving the exchange of electrons between
biosorbent and metal. The reaction rate constant, k and equilibrium
biosorption capacity, ge were determined from the slope and inter-
cept of the straight line plot and are presented in Table 2. The values
of equilibrium capacity shown in Table 2, were in close agreement
with those determined experimentally. A comparison of the pseudo
second order model with experimental data is revealed in Fig. 3.

3.2.5. Biosorption thermodynamics
The solution temperature was varied in the range of 20-50°C,
keeping all other parameters constant. It was found that removal
capacity decreased with increasing temperature from 25 to 50°C.
The maximum removal was achieved at 25 °C. The biosorption equi-
librium constant, k4 can be described thermodynamically as [30,31]
—-AH AS

The Gibbs free energy change is given by the following equation:
AG = —RT In kq (8)

where AH, AS, AG are the change in enthalpy, entropy, Gibbs free
energy of the system, respectively. Tis the absolute temperature (K),
R is the gas constant (8.314] mol-1K-1) and k4 is the equilibrium
constant given by [31].

kg = %Z (9)
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Fig. 6. Vant Hoff plot for lead biosorption. Initial conc.=100mgl-',0.5g in 100 ml,
T=20-50°C, 200rpm, 1h.

The values of kg (1g~1) were calculated at different temperatures,
in the range of 20-50 °C. Reciprocal of temperature (1/T) was plot-
ted against In kq and straight line was fitted to the data. The values of
AH and AS were evaluated from the slope and intercept of the line
in Fig. 6. The values of AG were calculated from Eq. (8). The values
of AH, ASand AG are given in Table 2. The enthalpy change for lead
was negative and a decrease in removal capacity was observed, with
increasing temperature from 25 to 50°C. The decrease in enthalpy
was in conformity with exothermic and spontaneous nature of the
biosorption process. Increase in value of AG with increase in tem-
perature showed reduction in spontaneous nature of biosorption.
The low value of AS implied that there was no remarkable change
in the entropy as result of lead biosorption. The negative value of
AS showed the decrease in randomness of system. The distribution
of lead ions in solution was obviously more disordered compared
to lead ions bound to the biosorbent surface and this resulted in net
decrease in entropy.

3.2.6. Comparison of FRLs with other sorbents

Table 3 summaries the comparison of the maximum biosorp-
tion capacities of various sorbents including FRLs. This comparison
shows that FRLs has higher biosorption capacities than oryza sativa
L. husk [22], rice husk ash [32], coir [33], Aspergilus niger [34],
Caulerpa lentillifera [35], papaya wood [36], olive pomace [37], jute,
saw dust, groundnut shells [38] and waste tea leaves [39]. Sago
waste [14] has higher biosorption capacity than FRLs. The easy
availability and cost effectiveness of FRLs biomass are additional
advantages, which make it better biosorbent for treatment of lead
wastes.

Table 3

Comparison of maximum biosorption capacity of FRLs with other sorbents.
Biosorbent (max (Mmgg1) pH Reference
Caulerpa lentillifera 29.0 5.0 [35]
Oryza sativa L. husk 8.6 5.0 [22]

Rice husk ash 12.6 5.6-5.8 [32]

Coir 18.9 55 [33]
Aspergilus niger 10.1 5.0 [34]

Sago waste 46.6 4.5-5.0 [14]
Papaya wood 17.4 5.0 [36]

Olive pomace 7.0 5.0 [37]

Jute 17.2 - [38]
Sawdust 12.6 - [38]
Groundnut shells 12.2 - [38]
Waste tea leaves 2.1 - [39]

FRLs 37.5 4.0 This work
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3.3. Continuous biosorption in packed column

Batch biosorption studies provide information on biosorption
equilibrium and kinetics. For practical applications of biosorp-
tion process, continuous flow experiments are essential and these
were conducted in fixed bed columns. This type of arrangement
makes efficient utilization of the concentration gradient between
the metal biosorbed and its portion remaining in the solution. The
overall performance of the column is judged by its service time
which is defined as the time, until the biosorbed metal breaks
through the column bed and is detected in the column effluent. At
that time column is considered to be saturated and must be regen-
erated. The column performance was studied by varying the flow
rate, bed height and solution pH.

3.3.1. Effect of flow rate

Flow rate is an important characteristic in evaluating the per-
formance of biosorption, for continuous treatment of wastewater
on industrial scale. The effect of flow rate on lead biosorption was
studied by varying the flow rate from 5 to 20 mlmin—!, while the
bed height and initial metal concentration were held constant at
50 cmand 100 mg1-1, respectively. The experimental breakthrough
curves are shown in Fig. 7. The column performed well at the low-
est flow rate. An earlier breakthrough and exhaustion times were
achieved, when the flow rate was increased from 5 to 20 mlmin—1.
The column breakthrough time was reduced from 39 to 6 h, with the
increase in flow rate from 5 to 20 mlmin~!. This behavior was due
to the decrease in the residence time, which restricted the contact
of metal solution to the biosorbent. At higher flow rates the metals
ions did not have enough time to diffuse into the pores of the biosor-
bent and they leave the column before equilibrium occurred. Due
to this reason column exhaustion time was reduced. This resulted
in low metal uptake and least percentage removal at higher flow
rates. As the flow rate increases, metal concentration in the efflu-
ent increased rapidly resulting in sharper breakthrough curves. At
lower flow rates the residence time of the metal solution in the col-
umn was increased and metal ions have more time to diffuse into
the pores of biosorbent through intra-particle diffusion.

Successful design of a column biosorption process required
prediction of the concentration time profile. Various mathemati-
cal models have been used to describe the fixed bed biosorption.
Among these, the Thomas model is simple and widely used by
several investigators [35,40]. The Thomas model, assumes the Lang-
muir Kinetics of sorption desorption, with no axial dispersion. It is
derived with the assumption that the rate driving force in sorp-

tion obeys second order reversible reaction kinetics. The Thomas
model also assumes a constant separation factor but it is applicable
to either favorable or unfavorable isotherms [41].

The Thomas model has the following form:

Ce 1

e _ 10
Co = T+ exp((kan/Q)do M — Co Ver) (10
Eq. (10) can be expressed in linear form as
Go _kingo M
In {CT 1] =R ki Cot (11
Verr =Qt (12)

where Vg is the volume of effluent (1), k;, is the Thomas model
constant (Img=1h=1), qo is the biosorption capacity (mgg-1), Q is
the volumetric flow rate through column (1h~1), M is the mass of
biosorbent in the column (g), C, is the initial metal concentration
(mgg1)and Ce is the effluent metal concentration (mgg=1) at any
time, t (h). The Thomas model constants ky, and g, were deter-
mined from plot of In[C,/Ce — 1] versus ¢, at a given flow rate. The
Thomas model gave a good fit of the experimental data, at all the
flow rates examined, with high correlation coefficients of greater
than 0.94. The comparison between experimental and the Thomas
model predicted breakthrough curves is shown in Fig. 7. There was
a negligible difference between the experimental and model pre-
dicted breakthrough curves at 20 mlmin~! but at lower flow rates
a little deviation of the Thomas model from experimental data was
observed. This deviation may be due to the dominance of intra-
particle diffusion mechanism at lower flow rates. The values of the
Thomas model parameters are presented in Table 2. These values
showed that bed capacity q, decreased with increasing flow rate,
while the Thomas model constant ky, increased with increasing
flow rate from 5 to 20 mImin~".

3.3.2. Effect of bed height

The uptake of metals in fixed bed column is dependent on the
quantity of biosorbent in the column. The experiments were per-
formed, at three different bed heights of 30,40 and 50 cm, achieved
by packing 70.7, 94.5 and 118.2 g immobilized FRLs in the column,
respectively. The flow rate and initial metal concentration were kept
constant at 10mlmin~! and 100 mgl-!, respectively. As depicted
by Fig. 8 the breakthrough time varied with bed height. Steeper
breakthrough curves were achieved with decrease in bed depth.
The breakthrough time decreased from 18 to 6.5 h, with decreas-
ing bed depth from 50 to 30 cm, as binding sites were restricted at
low bed depths. More over at low bed depths, the axial dispersion
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Fig. 8. Effect of bed depth on breakthrough curves. Flow rate =10 mlmin—', 25°C,
pH 5.1, initial conc.=100 mg1-'.
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phenomenon predominate in mass transfer and reduce the diffu-
sion of metal ions. The metal ions do not have enough time to diffuse
into the whole of the biosorbent mass, due to which reduction in
breakthrough time occurred. With the increase in bed depth, the
residence time of solution in the column was increased, allowing
the metal ions to diffuse deeper inside the biosorbent. The volume
of metal solution treated also increased with increasing bed depth.

The BDST is a simple model for predicting the relationship
between bed depth and service time in terms of process concentra-
tions and biosorption parameters. The model is based on physically
measuring the capacity of the bed at different breakthrough values.
It ignores the intra-particle mass transfer resistance and external
film resistance such that the sorbate is sorbed onto the biosorbent
surface directly [42]. It states that the bed height, Z and service
time, t of a column bears a linear relationship. The rate of sorption
is controlled by the surface reaction between sorbate and unused
capacity of the biosorbent.

The equation of the BDST model can be expressed in linear form
as

NoZ 1 [co 1} (13)

T Cov  Coka [

where N, is the biosorption capacity of bed (mgl-1), v is the linear
flow velocity of metal solution through the bed (mlcm~2h-1) and
ki, is the rate constant (Img~! h—1), which characterizes the rate of
solute transfer from the fluid phase to the solid phase [40]. The col-
umn service time was selected as the time when the effluent metal
concentration reached 5 mg1-1. The plot of service time versus bed
depth, at flow rate of 10 mImin~! (Fig. 9) was linear. The correla-
tion coefficient of 0.98 indicated the validity of the BDST model for
the present system. The value of N, and k, were evaluated from the
slope and intercept of the BDST plot, assuming that initial metal
concentration, C, and linear velocity, v remained constant during
the column operation. The values of BDST model parameters are
presented in Table 2. The value of k, is useful to describe the capac-
ity of biosorption column. If k, is large, even a short bed will avoid
breakthrough, but as k, decreases a longer bed is required [40]. The
BDST model parameters are used to scale up the biosorption process
for other flow rates without further experimental run.

3.3.3. Effect of pH

The most important parameter, influencing the biosorption
capacity is the solution pH. The inlet pH of the metal solution is
related to the biosorption mechanism onto the biosorbent surface
and reflects the nature of the physico-chemical interaction of the
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Fig. 9. BDST plot for lead biosorption.
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Fig. 10. Effect of pH on breakthrough curves. Flow rate=10mImin~!, 26.3°C, bed
height =50 cm, initial conc.=100mg1-".

species in the solution and on effective sites of biosorbent. The
biosorption process was studied by varying the solution pH from
2 to 5. The breakthrough curves are shown in Fig. 10. The break
through curves became steeper with the decrease in pH from 4
to 2 and with increase in pH from 4 to 5. The decrease in break-
through and exhaustion time was observed with decrease in pH
from 4 to 2. The pH dependence of metal biosorption can largely
be related to the type and ionic state of the functional groups
present in the biosorbent. As can be seen from the FTIR spectra of
biomass (Fig. 1), the most of the functional groups present in FRLs
biomass are acidic. These groups are positively charged at lower
pH and restrict the sorption of positive cations like lead(Il) due
to electrostatic repulsion. As pH is increased these become neg-
atively charged and attract lead(Il) cations. When pH was further
increased above 5 the sorption was reduced due to formation of
lead hydroxide.

3.3.4. Release of light metals

As aresult of lead biosorption, the release of light metals like Ca,
Mg, Na and K was observed in the column effluents. The elemen-
tal analysis of FRLs indicated the presence of these light metals in
the biomass structure. These metals were release in exchange with
the lead binding to the biomass. The release was in the following
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Fig. 11. Release of calcium and magnesium ions as result of lead biosorption. Flow
rate=10mlmin-?, 25.4°C, bed height =50 cm, initial conc. of lead =100 mg]I-1.
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order: Ca>Mg>K> Na. The release of Ca and Mg ions as result of
lead uptake is illustrated in Fig. 11.

3.3.5. Regeneration of biomass

The regeneration of biosorbent is vital, if the biosorption is to
be employed for treatment of industrial wastewater. The biosorbed
lead metal was recovered, from FRLs biomass by treating it with
0.05M HNO3 solution. About 88% of metal was recovered. The
regenerated biomass was reused for further cycles of biosorption
in batch mode. After five cycles of sorption-desorption, 45% loss in
efficiency of FRLs biomass was observed.

The column regeneration studies were carried out for five
sorption-desorption cycles. The desorption of lead was achieved by
passing 0.05 M HNOjs solution at flow rate of 10mlmin~!. A negli-
gible loss in bed height and mass of biomass beads was observed
after five cycles. The elution efficiencies were greater than 96% and
biosorption capacity remained almost constant irrespective of the
number of cycles.

4. Conclusions

This study identified that FRLs in free and immobilized form
could be used as potential sorbent, for the removal of lead from
wastewater. The biosorption has been found to be spontaneous
and relatively fast. The maximum biosorption capacity of lead
was 37.45mgg-! at pH of 4. The temperature has strong influ-
ence on biosorption and the maximum removal was observed at
25°C. The pseudo second order and the Langmuir isotherm mod-
els were found, the most appropriate to describe the kinetics and
equilibrium of the biosorption process, respectively. The column
breakthrough curves were analyzed at different flow rates, pH and
bed depth. The Thomas model was reasonably accurate in predict-
ing experimental column results for this work. The ion exchange
was the principal removal mechanism, whereby metals originally
attached onto the biomass structure were replaced by lead cations.
The biomass was easily regenerated by passing 0.05 M HNOj3 solu-
tion through column and was reused for five sorption-desorption
cycles without any considerable loss in biosorption capacity.
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