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Abstract

In this study, low cost biosorbent—inactive
biomass (IB) granules (dp=0.433mm) taken from
drying beds of Al-Rustomia Wastewater Treatment
Plant, Baghdad-Iraq were used for investigating the
optimum conditions of Pb(Il), Cu(ll), and Ni(ll)
biosorption from aqueous solutions. Various
physico-chemical parameters such as initial metal
ion concentration (50 to 200 mg/l), equilibrium
time (0-180 min), pH (2-9), agitation speed (50-200
rpm), particles size (0.433 mm), and adsorbent
dosage (0.05-1 ¢/100 ml) were studied. Six
mathematical models describing the biosorption
equilibrium and isotherm constants were tested to
find the maximum uptake capacities: Langmuir,
Freundlich, Redlich-Peterson, Sips, Khan, and
Toth models. The best fit to the Pb(Il) and Ni(ll)
biosorption results was obtained by Langmuir
model with maximum uptake capacities of 52.76
and 36.97 mg/g for these two ions respectively.
While for Cu(ll) the corresponding value was
38.07 mg/g obtained with Khan model. The kinetic
study demonstrated that the optimum agitation
speed was 400 rpm, at which the best removal
efficiency and/or minimum surface mass transfer
resistance (MSMTR) was achieved. A pseudo-
second-order rate kinetic model gave the best fit to
the experimental data (R?=0.99), resulting in
mass transfer coefficient values of 42.84x107°,
1.57x1075 , and 2.85x10~> m/s for Pb(ll), Cu(ll),
and Ni(ll) respectively. The thermodynamic study
showed that the biosorption process was
spontaneous and exothermic in nature.
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1. Introduction

Pollution of water resources is a widely recognized
fact due to its common occurrence. In particular,
the presence of heavy metals, even in trace
amounts, is detrimental to both flora and fauna [1].
The damaging effects of heavy metals on humans
are well known. Heavy metals are classified as
carcinogens due to their ability to accumulate in
living tissues, causing damages to these tissues
with time [2]. Lead ions affect the liver, kidneys
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and cause mental retardation in children; copper
ions result in liver and kidneys malfunctioning as
well as induce nausea, vomiting, diarrhoea,
intestinal cramps, and anemia; nickel ions affect
skin sensitization and cause dermatitis, perinatal
mortality [3].

The standard limitation for disposal of these heavy
metal ions to the river environment according to
the Iragi Ministry of Environment is 0.1 mg/l for
each of Pb(Il), Cu(ll), and Ni(ll). While the
limiting concentrations are less according to WHO
being 0.03, 0.01, 0.04 mg/l for these three ions,
respectively [4].

Expansion of various industries all over the word
including energy and fuel, mining, fertilizer,
surface finishing, pesticide, leather, electric
appliance manufacturing, and photography has
increased the disposal of organic and inorganic
pollutants to the environment—representing major
challenges to engineering [5]. This disposal
increase also applies to heavy metals discharge,
directly or indirectly, to the environment [6].
Several methods are being used to treat heavy
metal ions effluents. The traditional methods of
treating these pollutants including ion exchange,
electrolysis, chemical precipitation, membrane
technologies, activated carbon and adsorption are
considered highly expensive and difficult to
maintain, in addition to the problem of large
amounts of sludge with high pollutant
concentrations [7]. Furthermore, some of these
methods are ineffective when heavy metal ions
concentrations are lower than 50 mg/l [8]. This low
concentration problem is aggravated in reality by
the huge volumes of wastewater associated with it
[9].

There is a new alternative for treating and
removing heavy metal ions from aqueous solutions,
which is the use of biomass [10]. The biosorbent
materials which are easily available include three
groups: algae, fungi, and bacteria, the former two
perhaps giving broader choices. Waste materials or
by-product biomass from large scale fermentation
processes. Various types of biomasses have been
reported to bind a variety of heavy metals to
different extents. Some potential biomaterials with
high metal binding capacity. Some types of
biosorbents binding and collecting the majority of
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heavy metals with no specific priority, while others
can even be specific for certain types of metals
[11].Algae, fungi, and bacteria biosorbents have
high uptake capacities for removing different
organic / inorganic pollutants [12].

The main advantages of biosorption, in comparison
with traditional treatment methods, include
minimization of biological sludge and chemicals,
low cost, high efficiency, and possibility of heavy
metal recovery [13]. While the disadvantages of
biosorption include: no potential for biologically
altering the metal valency, fast saturation when
metal ions interactive sites are occupied, metal
desorption is necessary, the potential for biological
process improvement is limited because cells are
dead [14, 15].

The mechanism of metal ions biosorption is a
complicated process [16]. Metal uptake by non-
living cells is mainly in the passive mode [17].
Many researchers found that the metal uptake by
microorganisms occurs in two stages: passive
uptake which takes place immediately consider
physical adsorption or ion exchange at the cell
surface, this process takes 30-40 min., and active
uptake which takes place slowly and is caused by
complexation mechanism on the cell wall due to
active functional groups [18].

A number of factors affect the biosorption process
and the ability of the biomass to remove heavy
metal ions form aqueous solution. These factors in
the range of 20-35 °C are: biomass concentration,
pH, initial metal ion concentration [19]. pH is
considered as being the major important parameter
in the biosorption process [20]. It affects the
activity of the functional groups in the biomass and
the solution chemistry of the metals [21].

The aim of this study is to determine the ability of
using 1B for removal of Pb(Il), Cu(ll) and Ni(ll)
from aqueous solution taking into account the
physiochemical properties of these heavy metal
ions and the characteristic of 1B.

2. Materials and Methods

2.1.Adsorbent Preparation

The adsorbent, inactive biomass obtained from
drying beds of Al-Rustomia Wastewater Treatment
Plant, which is a mixed culture of: bacteria, fungus,
and yeast. It was taken from a depth of one meter
from the drying bed surface, then dried at ambient
temperature for five days (40 - 45 °C), crushed, and
sieved to obtain the desired particle size of 0.433
mm. and then washed for three times with distilled
water and dried at 70°C for 6 hours, then kept in a
closed container. Before each experiment, the IB
was dried again at 70°C for 2 hours to prevent any
moisture intrusion. The characteristics of IB are
listed in Table (1) and the scanning electron
microscope (SEM) image for these particles is
shown in Fig. (1) which shows the comparative
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between raw
ions
2.2.Chemicals

Heavy metal salts (BDH, England) were purchased
from the local market. Three stock solutions, each
with a concentration of 1000 mg/l of Pb(Il), Cu(ll)
or Ni(ll) were prepared from dissolution of 1.67,
56, or 79 g of Pb(NO3)2, CU(N03)2 or Nl(NO3)2
respectively — with  99.5%  purity  (Merck
Co.,Germany) in 1000 ml distilled water. Several
drops of HNO; was add to each solution to keep its
pH below 2 to prevent precipitation. The desired

IB and Loaded with heavy metals

concentration was prepared from the stock
solutions  during all  experiments.  Each
concentration was measured using atomic

absorption spectrophotometer (AAS, GBC 933
plus, Australia) and was repeated three times. The
characteristics of these there pollutants are listed in
Table (2).

2.3. Biosorption Isotherm Models
Different empirical models for representing the
behavior of biosorption of heavy metal ions onto
biomass can be used to find the maximum uptake
capacity and identify how much sorbate can be
attracted and conserved in a fixed form onto IB in a
single batch system. The experimental uptake of a
solute by a biosorbent can be found using Eq. (1)
[22].

q (Co=-Ce)V
exp.=————
p Wp

where q.,, is the experimental uptake capacity
(mg/g), C, and C, are the initial and equilibrium
metal ion concentrations, respectively (mg/l), W, is
the biomass dose (g), and V is the solution volume
(ml). Six mathematical models describing the
biosorption equilibrium and isotherm constants
were tested: Langmuir, Freundlich, Redlich—
Peterson, Sips, Khan, and Toth models, using
nonlinear regression by Statistica software program
version 9.

2.4. Biosorption Kinetic Models

Various models were tested by researchers in this
regard; all have attempted to quantitatively
describe the kinetic behavior during the biosorption
process. Each model has its limitation depending
on the experimental conditions applied. The two
common models used in the kinetic studies are
pseudo-first order and pseudo—second order rates
which are given in Eq.(2) and Eq.(3) [22].

qc = q.(1 - EXPl(_K1 t)

@=0(1-1m) e (3)
where g, is the equilibrium amount of sorbed

solute (mg/g); q; is the amount of solute sorbed at
time t (mg/g); k, is the first order rate constant at
equilibrium (min~1) and k, is the second order rate
constant in equilibrium (g/mg min).

2.5. Surface Mass Transfer Coefficient
External mass transfer coefficient was determined
from the batch experiment time decay curve at
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optimum agitation speed. It was determined from
the average of many values of K calculated by Eq.
(4) in the first 15 min from the beginning of the
experiment. For accurate estimation of K¢, samples
were taken after 3, 6, 9, 12, 15 min and analyzed
[22, 17, 15]
Ryp, VL

k= — :W—’;tln(g—;) 0< Cf/C0 <1 ..,
where R, is the radius of particle (m), W), is the
mass of biomass (kg), Py is the particle density

(kg/m®), V is the volume of solution (m°), t is the
time (s), C, and C, are the solute concentrations at
time 0 and at time t (kg/m®).

2.6. Thermodynamic Analysis
Thermodynamic parameters for the biosorption
such as enthalpy (AH), free energy (AG) and
entropy (AS) were calculated using Eq. (5) to Eq.
(7). The equilibrium constant can be found using
the following equations. [23, 15]

AG=-RT Inx (K,) (5)

AG=AH-AST ..(6)
Ca

Kcz C_: (7),

Where C,4 is the adsorbed concentration onto IB
surface (mg/), AS is the change in entropy
(kg/mol), AH is the change in enthalpy (kg/mol),
AG is the standard Gibbs free energy change (kg/
mol).

2.7. Effect of pH

The effect of pH value on Pb(Il), Cu(ll) and Ni(ll)
biosorption onto IB was investigated. One gram of
IB was mixed with 100 ml of a single metal ion
solution of Pb(Il), Cu(ll) or Ni(ll) having a
concentration of 50 mg/l. The experiment was
repeated for pH values of 2, 3, 4, 5, 6,7, 9 and
controlled using 0.1 M NaOH or HNOj solution.
Conical flasks (250 ml) were placed on an
incubator orbital shaker (Lab S1-600R, Korea) at a
temperature of 25°C, agitation speed of 200 rpm for
a period of 3 h. Samples of 10 ml were taken with 2
drops of 0.1 M HNO; added to each sample.

2.8. Biosorption Experiments

Different weights (0.05, 0.1, 0.15, 0.2, 0.25, 0.5,
0.75, 1 g/100 mml) of dry IB were used (Electrical
balance, Sartorius BL 210S, Germany). These IB
weights were placed in 250 ml conical flasks, to
each of which 100 ml of 50 mg/l solution
concentration of Pb(lIl), Cu(ll), or Ni(ll) was add.
pH was adjusted to the desired value 5 using 0.1 M
NaOH or HNOs, then placed on a shaker and
agitated continuously for 3 h at 200 rpm. Each
experiment was repeated to investigate the effects
of other parameters (contact time, particles
diameter,  temperature, initial metal ion
concentration, agitation speed) on the biosorption
process by fixing the best result of the preceding
run for the succeeding run.
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3. Result and Discussion

3.1. Effect of pH

The pH of the solution plays a very important role
in the biosorption process [2, 15]. Fig. (2) shows
that the removal efficiency enhanced significantly
from 25, 60 and 80 to 70, 95 and 90 percent for
Ni(Il), Cu(ll) and Pb(ll), respectively, when the pH
was raised from 2 to 5 this result is due to that the
pH effect the dismantling degree of functional
groups located on the surface of IB and the metal
solubility. pH value of 5 was used in the next
experiments to avoid the effect of precipitation at
pH values of above 7. These findings well agreed
with results obtained by Sulaymon et al., 2013 [17].

3.2. Effect of Contact Time

The contact time is an important parameter for
increasing the removal efficiency of heavy metal
ions by IB to make physiochemical binding with
active sites on the cell wall of the IB. Fig. (3)
shows that the removal efficiency enhanced from 0
to 90, 60, and 35 percent during the first 40
minutes for Pb(Il), Cu(ll) and Ni(ll) respectively.
Then the removal efficiency increased to 95, 74, 50
percent after 180 minutes. The results indicate that
the biosorption process is a rapid phenomena and
that the main mechanism is adsorption on the
external surface of the biomass. The removal of
Pb(ll) is better than the other two heavy metals ions
( Cu(ll) and Ni(ll) ) due to the physicochemical
properties of Pb(Il). Lead ion has the highest molar
mass (331.2 g/mol) and the highest standard atomic
mass (207.2) as well as the lowest solubility in
water at 20°C (52 g/100 ml) among the three ions.

3.3. Effect of Biomass Concentration
Biomass concentration affects the removal of heavy
metal ions by providing more active sites. low
values of biomass concentration lead to
interference between the binding sites and uptake
capacity resulting in a decrease of the removal
efficiency [15, 17]. Fig. (4 ) shows the removal
efficiency increased from 50, 20, 18 percent to 100,
90, 60 percent when the biomass dosage increased
from 0.05 to 0.2, 0.5, 0.1 g/100 ml for Pb(ll),
Cu(ll) and Ni(ll). To obtain better removal
efficiency for Ni(ll) biomass dosage must be
increased above 0.1 g/100 ml.

3.4. Effect of [Initial

Concentration
As the concentration of a metal ion increases, more
surface sites will be covered and the capacity of the
adsorbent becomes exhausted due to non -
availability of the sites [3, 7]. It is therefore
obvious that at low concentrations of Pb(I1), Cu(ll)
and Ni(ll) the percentage of adsorption was high
because of the availability of more active sites on
the surface of 1B and vice versa. Fig (5) shows that
the removal efficiency decreased from 95, 93, 97
percent to 75, 63, 45 percent as the initial heavy
metal concentration for Pb(ll), Cu(ll) and Ni(ll)

Metal lon
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increased from 10 to 200 mg/l. this may be
attributed to the increase of driving force between
the liquid and solid phases with increasing heavy
metal ions concentration.

3.5. Effect of Agitation Speed

Agitation speed is an important parameter in the
biosorption of Pb(Il), Cu(ll) and Ni(ll) onto IB ,
which has an earnest action on the distribution of
the solute in the bulk solution and formation of the
external boundary film [3, 15]. Increasing the
agitation speed decreases the resistance in the
liquid—solid interface phase which leads to better
removal efficiency and lower equilibrium time.
Fig. (6) shows that the removal efficiency
increased significantly from 35, 32 and 28 percent
to 95, 93, 88 percent when the agitation speed
increased from 50 to 200 rpm, thus confirming that
the influence of external diffusion on the sorption
kinetic control plays a significant role [5, 16 ].

3.6. Effect of Temperature

The effect of temperature on biosorption of Pb(ll),
Cu(ll) or Ni(ll) onto IB was investigated under
isothermal conditions for temperatures of 20, 30,
40, and 50 °C. The results of Fig. (7) indicate that
when the temperature was raised from 20°C to
50°C, the removal efficiencies of heavy metal ions
onto IB increased from 60 to 80 percent for Ni(ll).
The removal efficiency for Pb(Il) was wobbling
from 90 to 85 percent. While for Cu(ll) the
removal efficiency slightly increased from 90 to 95
percent. Therefore, higher temperature facilitated
the adsorption of Ni(ll) onto IB. Generally,
previous reported studies results showed that
temperature plays a minor role on the mechanism
of removing heavy metal ions from wastewater.

3.7. Equilibrium Isotherm Models
Equilibrium isotherm models are usually classified
into empirical equations and mechanistic models.
The mechanistic models are based on the
mechanism of metal ion biosorption. They are able
not only to represent but also to explain and predict
the experimental behavior [7, 17]. The empirical
models do not reflect any mechanism of sorbate
uptake and hardly have a meaningful physical
interpretation for biosorption. [8]

Fig (8) shows the relationship between Pb(ll),
Cu(ll), and Ni(ll) uptake with effluent
concentration. These results indicate that the
biosorption of Pb(Il) and Ni(ll) obey the Langmuir
isotherm model, while biosorption of Cu(ll) obeys
Khan isotherm model. The maximum uptake
capacities were found to be 52.76, 27.78 and 36.97
mg/g for Pb(Il), Cu(ll), and Ni(ll) respectively.
Table (3) shows the equilibrium parameters for the
different isotherm models for biosorption of metal
ions onto IB. To further quantify the adsorption
properties of the Langmuir isotherm, a
dimensionless separation factor (R.) was used. R
is a dimensionless constant, shown in Eq. (8). The
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favourability of the isotherm can be considered by
the following: the isotherm is unfavourable if
R, >1; linear if R_ = 1; favourable if 0 < R, <1 and
irreversible if R_. = 0. The experimental results
show that the type of biosorption is favourable for

all three heavy metal ions.
1

Ry=——y0 . ®)

1+bC,

3.8. Kinetic Modeling and
Concentration Time Decay in A

Batch System

Kinetic models can be helpful to comprehend the
mechanism of metal adsorption and estimate the
performance of adsorbents for metal removal [12].
They offer information on the rate of metal uptake,
together with the hydrodynamic parameters, for
biosorption process design [1, 13]. Numerous
kinetic models have been suggested to describe the
reaction order of adsorption systems based on
solution concentration. Kinetic models based on the
capacity of the adsorbent have also been presented,
such as the Lagergren's first-order equation and
Ho's second—order expression. [1, 2, 19]. Table (4)
which was obtain from applying Egs.  (2) and (3)
the pseudo second-order equation fitted the data
very well (above R?= 0.90). The results were 20.53,
4.69, and 0.79 mg/g for Pb(Il), Cu(ll) and Ni(ll)
respectively. The process of sorption of Pb(ll),
Cu(ll), and Ni(ll) appeared to include surface
chemisorption at the boundary layer between
particles. Fig(9) shows the matching between the
pseudo-second  order  kinetic model  with
experimental results for biosorption of Phb(ll),
Cu(ll), and Ni(Il) onto IB.

Figs. 10 to 12 show the time concentration decay
curves, which were obtained from different dosages
of IB (2.8, 11.8, and 37.4 g/l). These weights were
determined from C/Co= 0.05 to obtain 0.95
removal efficiency by equivalent Eq.(1) with
Langmuir isotherm model for each Pb(ll) and
Ni(Il) . While for Cu(ll) with Khan isotherm
model. The agitation speed was varied as 200, 300,
400, 500, and 600 rpm. The external mass transfer
coefficient (kf) was calculated from the average
results obtained from Eq. (4) based on samples
taken at 3, 6, 9, 12 min with the optimum agitation
speed of 400 rpm. The k; values were 42.84x107°,
1.57x107° and 2.85x10~> m/s for Pb(ll), Cu(ll)
and Ni(Il) respectively.

3.9. Biosorption Thermodynamic Study

Thermodynamic parameters such as the free
energy change (AG), enthalpy change (AH) and
entropy change (AS), were calculated from the
variation of the thermodynamic equilibrium
constants with temperature. The negative values of
AG indicate the spontancous nature of Pb(II),
Cu(ll), or Ni(ll) sorption onto IB. Fig. (13) and
Table (5) show that the magnitude of AG, increased
from 4.58, 6.47, and 1.38 to 5.50, 7.81, and 1.97
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kd/mol for Pb(Il), Cu(ll), and Ni(ll), respectively
with increasing temperature, revealing that the
degree of spontaneity increased at higher
temperatures. The positive values of AS reflect an
increased degree of disorderliness at the
solid/liquid interface during the adsorption of
Pb(1l), Cu(ll), or Ni(ll) onto IB. The exothermic
nature of heavy metal ions sorption by IB was
confirmed by the positive values of AH. For
chemical sorption, values of enthalpy change range
from 83 to 830 kJ /mol, while for physical sorption
they range from 8 to 25 kJ/ mol. The low values of
AH: 4.09, 7.07 and 4.5 kJ/ mol for Pb(Il), Cu(ll),
and Ni(Il) respectively give clear evidence that the
interaction between these heavy metal ions and 1B
was weak. On this basis we concluded that Pb(ll),
Cu(ll), and Ni(ll) sorption by IB is a physical
adsorption process. Table (6) shows comparison of
results obtained in this study with other studies for
removal of heavy metals ions using different
biomass.

4. Conclusions

This study shows that IB has a promising
equilibrium adsorption capacity to uptake heavy
metal ions from aqueous solution with order of
Pb(Il) > Cu(lIl) > Ni(ll). The experimental results
were well representative by Langmuir isotherm
model for Pb(ll) and Ni(ll); by Khan isotherm for
Cu(ll).  The Kinetic study showed that an
adsorption kinetic rate could be simulated better by
a pseudo-second-order model. The k; values were
42.84x107°, 1.57x107> and 2.85x10~> m/s for
Pb(ll), Cu(ll) and Ni(ll) respectively at the best
agitation speed of 400 rpm. The equilibrium
sorption time was 180 min. The better removal
efficiencies were obtained at pH of 5 for the three
heavy metal ions. Thermodynamic study showed
that the nature of Pb(ll), Cu(ll), or Ni(ll) sorption
onto IB was spontaneous and exothermic indicating
a physical process.
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time=3h, temp. =250C, agitation speed=200 rpm, V=100 ml
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Figure 3: Effect of contact time on removal efficiency, Co ey, nin, cuary=50 mg/l, (Single system), IB=1g,
pH= 5, temp. =25 °C, agitation speed=200 rpm, V=100 ml.
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Figure 4: Effect of IB doses on removal efficiency, Co @, nigr), cuany= 50 mg/l,(Single system), pH=5,
Time=3h, Temp. =25 °C, agitation speed= 200rpm, V= 100 ml
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Figure 5: Effect of concentration on removal efficiency, (Single system), IB=1g, pH=5, time=3hrs, temp. =25
°C, agitation speed=200rpm, V=100 ml.
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Figure 6: Effect of agitation speed on removal efficiency, Co (Pb(Il), Ni(ll), Cu(l1))= 50 mg/l (Single system),
IB=1g, pH=5, time=3h, temp. =25 °C, V=100 ml.
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Figure 8: Equilibrium isotherm models, Co w1y, nigny, cuqaiy=50 mg/l,
(Single system), 1B=0.05 to 1 g, pH=5, Time=3h, agitation speed=200rpm, V=100 ml.
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Figure 9: Pseudo-second order kinetic model for biosorption of Pb(ll), Cu(ll), and Ni(ll) onto 1B
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Figure 10: Effect of agitation speed, C, ppuy=50 mg/l, (Single system), pH=5, Time=3h, Temp. =25 °C, 1B=2.08
g, V=1000 ml.
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Figure 11: Effect of agitation speed, C, cyqy=50 mg/l,(Single system), pH=5, Time=3h,
Temp. =25°C, IB=11.8 g, V=1000 ml.
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Figure 12: Effect of agitation speed, C, nigy=50 mg/l,(Single system), pH=5, Time=3h,
Temp. =25°C, IB=37.4 g, V=1000 ml.
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Figure 13: Thermodynamic constants of adsorption of Pb(I1), Cu(ll) and Ni(ll) onto IB
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Table 1: Physical and chemical characteristics of IB

Mohammed-Ridha et al., pp.298 - 310

Physical characteristic

Particle diameter (mm) 0.433
Surface area (m°/g) 1.575
Actual density (kg/m°) 1746
Bulk density (kg/m®) 555.8
Particle porosity (=) 0.6193
Chemical characteristic

pH 7.2-7.5
Pb(11) content in raw biomass (mg/1) Nil
Cu(1l) content in raw biomass (mg/l) 1.063
Ni(Il) content in raw biomass (mg/l) Nil

Table 2: Main physicochemical properties of the metal ions tested

Properties Pb(1I) Cu(ll Ni(1l)
oo | curom | ron
Appearance White colorless blue crysta_ls emerald green

crystals hygroscopic hygroscopic

Molar mass (g/mol) 331.20 187.56 290.79
Standard atomic mass 207.2 63.54 58.69
Solubility in water (g/100 ml) 52 156 243
Charge 2" 2" 2"
Density (g/cm®) 453 3.05 2.05

Table 3: Equilibrium parameters for different isotherm models for biosorption of metal ions onto 1B

Model parameters Pb(Il) Cu(ln Ni(Il)
Langmuir gm(mg/g) 52.763 27.785 36.973
bq,Ce b(l/mg) 0.3029 0.0699 0.0172
q= Tbce R 0.06 0.25 0.54
R2 0.9107 0.9682 0.8976

K!
Freundlich (mg/(gi)/gr)ngll) 14.283 3.291 1.069

_ 1/n

q=KC, n- 2551 1.941 1.387
R2 0.8797 0.9711 0.8917
Redlich_Peterson kep(Mg/g) 65.284 10 68.960
KgpCe ars(l/mg) 458.1931 0.4 640.86
Qe =1 chrr R,- 0.60811 0.01 0.279
RP™e R2 0.87974 0.835 0.8911
Sips ks, (1/g) 13.106 3.917 8.533
K.CBs R 0.325 28.631 46.920
ge = % as,( 1/mg) 0.093 0.309 0.8165
1+ asC, R2 0.8799 0.6077 0.6211
Khan Omax (MA/Q) 1.518 38.07 69.615
0 = AmaxbkCe bi.(1/mg) 307.441 0.0484 0.007
¢ (14 byCe)% ax 0.608 1.2045 3.568
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R2 0.8796 0.9783 0.9070
Radke—Prausnitz kRP,(I/mg) 69625 | @ - ¢ 33.763
Qe FRP 14284 | e @ 1.0423
B KrpCe NRP 0391 | - @ 0.7248
KRP 1-Ngy o
1+ ( Fap )Ce R2 0.879 0.891
Toth gm (mg/g) 3671.7684 23972 | - @
qe bT 15.3969 0070 | @
GmaxbrCe nT 9.8594 0.766 | e
- 1T
[1 + (che)n_T] R2 0.878 0.9785 | e "

o : the isotherm model could not be applied for the experimental data

Table 4: Pseudo-first-order and Pseudo-second-order kinetic models for the biosorption of of Pb(Il), Cu(ll), and

Ni(ll) onto IB
Model Parameters Pb(I1) Cu(ln Ni(Il)
ge(mg/qg) -0.0749 -0.0638 -0.0526
Pseudo-first-order -t
(Equation 2.24) Ky(min™) 1.2137 0.3955 2.3183
Correlation coefficient 0.7802 0.7985 0.5424
ge cal. (mg/g) 20.5338 4.6904 0.7977
(Equation 2.28) ho 8.0532 0.0622 0.0669
Correlation coefficient 0.9997 0.9639 0.9983

Table 5: Thermodynamic parameters

Metal Temperature AG AH’ AS’ R?

ions (K) (kJ.mol ™) (kJ.mo1 ™) (3.mol *K™)
293 -4.58242

Ph(Il) ggg :g%zgj 4.099259 0.03009 93.68
323 -5.5097
293 -6.47878

cul) 303 -6.39198 7.073726 0.04538 89.94
313 -6.92187
323 -7.81466
293 -1.3811

Ni(ll) 303 -1.6072 4.550359 0.02031 98.83
313 -1.8627
323 -1.97303

Table 6: Comparison of results obtained in this study with other studies for removal of heavy metals ions using
different biomass

Metal ma/

ions 99

Pb(1l) Pseudomonas putida 56.2 Pardo et al. (2003) -
Cu(ll) Pseudomonas putida 15.8 Pardo et al. (2003) oS
Ni(ll) Bacillus thuringiensis 45.9 Ozturk (2007 o
Pb(1l) Penicillium chrysogenum 116 Niu et al. (1993) -
Cu(ll) Penicillium chrysogenum 92 Deng and Ting (2005a) % §
Ni(ll) Penicillium chrysogenum 13 Tan and Cheng (2003) i
Pb(Il) Cladophora glomerata (G) 40 Romera et al., 2006 - o
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Cu(ll) Chlorella miniata (G) 35 Romera et al., 2006
Ni(ll) Chlorella vulgaris 20 Romera et al., 2006
Pb(Il) 52

Cu(ll) IB 38 This study
Ni(1l) 27

9l (aladay) dads Cilalra ) gill g 48 padl dy ) jad) aalipal) A ga8al)
aladinly (Alal) Ja gl ha (11) Sl g ¢(11) catadlly (11) palba i) <l g
d8ICH) Aaddia dadas 4y g 3 ga

s Al ad e Clgd e L dans auls 2iga
Aid) digll and Al Y] i) aud Agil) dusigll an
DAl

Caiatl) Gl sal e 31 5 ((ole 0.433 = Auwal) Sh ) s 45 Laden Lypn 3 sad Al il oa 3
abaray gl Juadl e GEaill o) sall o328 dandin) | (5 padl-alar AL i) dalled dpcin ) ddasl
50 ) L& Galeall Clig) 355 (e IS 5 Al jo a3 Al Jas gl (e agpedlSD) g Gl | alia ) il gl
,(388> /3,50 200-50 ) Ll de ju | (9-2 ) S souedl oY) (4282 180-0) oV Y e ,( A /ide 200
Al ) EOLy ge G aladinl &5 (ale 100 /8 1-0.05 ) axeall 33kl 38 55 5 (ale 0.433 ) 81l
Olaall Y Cma LS alael Aagy @y Lma gl L sall Gl 5 s sall (alatel) o il
o) @l cuy 85 (Langmuir, Freundlich, Redlich—Peterson, Sips, Khan, and Toth )
36.97 552 ) ISl 5 paba )l o IS iy an plae) il ol ) dase Juadl Langmuir dise
OB dise il o /3de 38,07 s L8 alac | S (ulaill i)Y Laiy | (o2 /il

Sl glal) QY e glie Jil S5 i) de jud 48830 550 400 A il Jumdl iy 48 jal) Al )
42.84x107°, il 5 Gl i€ (R 2=0.99), S g sl (e A8 all s gal il daadll 33l
ps2adl&ll 5 i) (abia Nl gl 30 J11.57%107° , 2.85%x107° m/s

Lgimpdall 8551 all 50 Ul 5 4 giel) £ i) (e Jeliil) o) i A8 jal) 4SSl Al )
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