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Batch and dynamic flow biosorption studies were carried out using the waste biomass entrapped in silica-
gel matrix for the removal of nickel(II) ions from synthetic solutions and real wastewater. Batch biosorption
conditions were examined with respect to initial pH, S/L ratio, contact time, and initial nickel ion concen-
tration. Zeta potential measurements showed that immobilized biosorbent was negatively charged in the
pH range of 3.0-8.0. The immobilized biomass was found to possess relatively high biosorption capac-
ity (98.01 mgg~'), and biosorption equilibrium was established in a short time of operation (5 min). The

gfg:g;;‘ﬁ;n equilibrium data were followed by Langmuir, Freundlich, and Dubinin-Radushkevich isotherm models.
Nickel Scanning electron microscope analysis was used to screen the changes on the surface structure of the

waste biomass after immobilization and nickel(Il) biosorption. Sorbent-sorbate interactions were con-
firmed by Fourier transform infrared spectroscopy. The applicability of sorbent system was investigated
in a continuous mode, and column studies were performed under different flow rate, column size, and
biosorbent dosage. Also, the proposed sorbent system was successfully used to remove the nickel ions
from industrial wastewater in dynamic flow treatment mode. The results showed that silica-immobilized
waste biomass was a low-cost promising sorbent for sequester of nickel(Il) ions from synthetic and real

Waste biomass
Immobilization
Real wastewater

wastewater.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metals are a group of pollutants that disperse both natu-
rally and by human activities into the environment. Effluents from
several industrial operations like electroplating, mining, and metal
processing are one of the major contributors to unnatural metal
contamination in water sources. Uncontrolled release of heavy
metals into the environment can create toxic or inhibitory effect
on living systems. Treatment of heavy metals from contaminated
effluents using the currently practiced technologies appears to be
inadequate and their use is often restricted because of secondary
problems with metal-bearing sludge which are extremely difficult
to be disposed [1,2].

Therefore environmentally friendly and cost effective new tech-
nologies are required for the removal of heavy metals from these
waste streams by appropriate treatment before releasing into
receiving water bodies. One of the promising alternatives that
are receiving more attention is application of biosorption process
based on metal-biomass interactions. Microbial and plant origin
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biomasses were successfully used as biosorbent material in many
biosorption studies [3-6].

Biosorption process can use free and immobilized forms of
biomasses. Especially, in column applications the use of immo-
bilized form of biomasses provides some advantages, such as
improved biosorption capacity and ability to regenerate and
separate the biomass from bulk liquid. In addition, easy opera-
tion of repeated biosorption-desorption cycles with immobilized
biomasses makes the biosorption process potentially more eco-
nomic and competitive [7-10].

Therefore, some efforts have been made to develop new immo-
bilized biosorbent systems for detoxifying the heavy metals from
contaminated waters. Some natural or synthetic polymeric materi-
als including alginates, carrageenan, agar, polyacrylates, silica gel,
etc. [11,12] are commonly used as immobilization matrix. Silica
gel is a nontoxic, inert, and efficient support and is generated by
decreasing the pH value of alkali silicate solution to less than 10.
Reactive sites of silica gel exist in large number, and therefore, the
number of immobilized organic molecules is high, which results in
good sorption capacity for metal ions [11,13-15].

In a recent study, we reported that the waste biomass of Phase-
olus vulgaris L. can remove a textile dye AR57 [16] from aqueous
media as the most potent biosorbent with the high biosorp-
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tion capacity (215.13mgg~1). However, no studies have thus far
reported about the biosorption potential of this waste biomass for
heavy metal removal from contaminated solutions. In this present
study, we show that the waste biomass of P. vulgaris L. derived
from canned food plant is capable of nickel(Il) biosorption, and
its nickel removal capacity was enhanced by immobilization with
silica-gel matrix. Biosorption conditions of immobilized biomass
were screened by varying the pH, sorbent dosage, contact time
and initial metal ion concentration. The mechanism of the biosorp-
tion and the surface structure of the biomass were examined by
FTIR and scanning electron microscope (SEM) analysis, respectively.
Biosorption performance of the immobilized biomass was investi-
gated in continuous mode in addition to determination of various
isotherm parameters. Finally, its application for nickel biosorption
in real wastewater conditions was also tested in a column.

2. Materials and methods
2.1. Preparation of the biosorbent

The biosorbent used in this study, Phaseolus vulgaris L., was pro-
vided as a waste biomass, from a canned food factory in Bartin,
Turkey. It had been washed with deionized water three times, and
dried at 80°C, to obtain a constant weight. Next, it was grounded
and sieved, using an ASTM Standard sieve, to select the particle sizes
of 100 mesh and used for immobilization. An immobilization pro-
cedure previously described by Lopez et al. [ 17] was used with some
modifications. About 10 g of silica gel was dissolved in 100 mL of 7%
(w/v) aqueous solution of potassium hydroxide by heating. After
cooling to 20°C, 100mL of suspension containing 5g of biomass
in deionized water was added and mixed. A measured amount of
phosphoric acid solution (20%) was added, enough to provide the
gel formation. The resulting gel was dried at 333K for 12h in an
oven and subsequently used as a sorbent material in powdered
form. Blank silica gel was prepared similarly without having waste
biomass and tested for its nickel sorption capacity.

2.2. Biosorption in batch scale

The batch biosorption experiments were performed by mixing
0.1 g of immobilized biomass in 50 mL of synthetic solutions at
100 mg Ni(II)L-! for the determination of optimum pH value. The
pH of the solutions was adjusted to different values with 0.1N nitric
acid (HNOs3)and 0.1N sodium hydroxide (NaOH). The mixtures were
mixed on a magnetic stirrer at a rate of 200 rpm. The best amount of
biomass was determined by changing the biomass dosage between
0.02 and 0.2 g in 50 mL of solution. The equilibrium time was stud-
ied within the time interval of 5-120 min, and the temperature of
the solution was controlled at 25 + 2 °C. Suspended solids were sep-
arated from the biosorption medium by centrifugation at 4500 rpm
for 3min and nickel(Il) ion concentrations were then measured
using Flame atomic absorption spectrophotometer. The equilib-
rium data were analyzed by some isotherm models by changing
the initial nickel(Il) ion concentration from 75 to 500mgL-! for
immobilized biosorbent.

2.3. Biosorption isotherms

Analysis of equilibrium data is important for developing an
equation that can be used to compare different biosorbents
under different operational conditions and to design and opti-
mize an operating procedure. The isotherm models are widely
used parameters to examine the relationship between biosorp-
tion capacity and sorbate concentration at equilibrium. Among

the various sorption isotherm models, Langmuir, Freundlich, and
Dubinin-Radushkevich models are widely used for fitting the
data.

2.3.1. Langmuir isotherm

The Langmuir isotherm model has been successfully applied to
many biosorption processes and the basic Langmuir theory is that
biosorption takes place at specific homogeneous sites within the
biosorbent [18]. The Langmuir equation [19] is

1 1 1 1 (1)
de  Gmax + (QmaxKL) Ce
where ge and qmax are the equilibrium and monolayer biosorp-
tion capacities of the biosorbent (molg—1), respectively, Ce is the
equilibrium Ni(II) concentration in the solution (molL~1) and K
is the Langmuir constant (Lmol~1) related to the free energy of
biosorption.

The Langmuir constant, K, can be used to determine the suit-
ability of the biosorbent to sorbate by using Hall separation factor
(Ry, dimensionless) and Ry can be calculated as follows [20]:

1
T 15K,

RL (2)

where C, is the highest initial sorbate concentration (molL-1).

2.3.2. Freundlich isothrem

The Freundlich equation is an empirical expression based on
biosorption on a heterogeneous surface. The Freundlich [21] model
is represented by the equation:

lnqe:anF-i-%lnCe 3)

where Kr (Lg~1) is Freundlich constant related to biosorption
capacity of biosorbent and n (dimensionless) is Freundlich expo-
nent indicating the biosorption intensity [21,22].

2.3.3. Dubinin-Radushkevich isotherm

Since the Freundlich and Langmuir isotherm models do not
give any idea about the mechanism of biosorption, the equilib-
rium data are tested with the D-R isotherm model. Dubinin and
Radushkevich [23] have reported that the characteristic biosorp-
tion curve is related to the porous structure of the sorbent. The
Dubinin-Radushkevich (D-R) equation is generally expressed as
follows:

In ge = In g — B2 (4)

where ¢=RTIn(1+1/Ce) (Polanyi potential), g is the biosorption
capacity (molg=!), B is the constant related to the biosorption
energy, R is the gas constant (8.314kJ mol~1) and T is the absolute
temperature (K).

Polanyi sorption theory assumed [24] fixed volume of sorption
space close to the sorbent surface and existence of sorption poten-
tial over these spaces. The mean free energy of biosorption (E) can
be calculated from the Eq. (5).

_ 1
C2p)?

2.4. Fixed-bed column studies

E (5)

These experiments were performed in small-scale cylindrical
fixed-bed columns. A known quantity of immobilized biomass was
packed between two layers of glass wool into the column. Ni(II)
ion solution was pumped from bottom to top through the col-
umn at a desired flow rate by a peristaltic pump (Ismatec ecoline).
All the column studies were performed at room temperature of
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25+ 2°C. Synthetic nickel(Il) ion solution at an initial concentra-
tion of 100 mg L~! and pH of 6.5 was fed into the column at different
flow rates changing from 0.5 to 5.0 mLmin~'. The effluent was then
collected to determine the nickel(Il) ion content with FAAS and opti-
mum flow rate was fixed for further column studies. In order to
study the effect of internal diameter of column, experiments were
performed in the column with a fixed biomass dosage of 0.08 g and
the feeding flow rate of 1 mLmin~! and different i.d. (9-19 mm).
The biomass dosage was also optimized in the continuous
mode.

2.5. Application

The wastewater sample was collected from the main drain of
the casting unit of a local metal processing industry from Eskisehir,
Turkey, for the investigation of the matrix effect on the biosorption
capacity of immobilized-waste biomass. The collected wastewa-
ter sample was placed in a sterile container, transferred to the
laboratory, and stored at 5°C. The experiments were carried out
with and without spiked wastewater samples including the dif-
ferent metal ions. The spiked samples were prepared by including
Ni(Il) at concentrations of 50 and 100 mgL~!. The application of
the proposed biosorption method was investigated under the pre-
determined optimum column conditions.

2.6. Instrumentation

The concentration of residual nickel(II) after biosorption was
determined by using a flame atomic absorption spectropho-
tometer (HITACHI 180-70 FAAS) at a wavelength of 232.0 nm.
The pH of the solutions was measured with a digital pHmeter
(WTW INOLAB 720). FTIR spectra of free unloaded immobilized
and nickel(Il) loaded immobilized biosorbent were recorded in a
PerkinElmer Spectrum 100IR infrared spectrometer in the region
of 400-4000 cm~! with the samples prepared as KBr pellets under
high pressure. The surface structure of the biosorbent material
before and after immobilization and nickel(Il) biosorption was
characterized using scanning electron microscope (JEOL 560 LV
SEM), with 20kV and at 5000 times of magnification. Prior to ana-
lyze, samples were sputter coated with a thin layer of gold under
argon atmosphere to improve the electron conductivity and the
image quality. The surface charge of the immobilized biomass was
measured using a Zeta potential analyzer (Malvern Zetasizer nano
ZS).

3. Results and discussion

3.1. Effect of immobilization on the biosorption capacity of
biomass

In order to investigate the effect of immobilization on the
nickel(Il) biosorption capacity of biomass, the silica gel and free
biomass of P. vulgaris were assessed for their sorption ability at
pH 6.5 and 100mgL-! of nickel ion concentration. The biosorp-
tion capacities were found to be 33.83 and 7.50 mg g~ for silica gel
and P. vulgaris, respectively, whereas the immobilized biosorbent
has a biosorption capacity of 45.48 mgg~! at the same conditions.
Since the maximum biosorption was obtained with the immobi-
lized form of biomass, further biosorption studies were carried out
using silica-gel-immobilized waste biomass.

3.2. Effect of initial pH and surface charge of biomass

Previous studies on metal biosorption by free or immobilized
biomass have indicated that pH has a significant effect on metal-
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Fig. 1. Biosorption capacities for immobilized biomass at different pH values.

binding capacity of biomass. The pH of the biosorption medium
affects the solubility of metals and the ionization state of the func-
tional groups like carboxylate, phosphate, and amino groups on
the biomass surface. The behavior of biosorbent is mainly related
to the cell wall, which is considered as the primary sites of biosorp-
tion. The carboxylate and phosphate groups carry negative charges
that allow the cell wall components to be able removers of metal
ions [25]. Nickel(II) uptakes were determined at various pH val-
ues ranging from 1.0 to 8.0 for silica-gel-immobilized biomass.
For each pH value, the Ni(Il) concentration (100 mgL-1), biosor-
bent dosage (2.0gL~1), temperature (25°C), and agitation speed
(200 rpm) were kept constant. The Ni(Il) biosorption capacity of
immobilized biomass enhanced notably with raising the pH up to
4.0 (Fig. 1). It is evidenced by the fact that the negative charge of
biosorbent surface measured as zeta potential ({) becomes less as
pH decreases (Fig. 2). ¢ potential value at pH 1.0 was measured
as +3.06 mV, whereas the value decreased to —24.40 mV at pH 4.0.
Since the biosorption capacity and ¢ potential of biomass remained
nearly constant between pH 4.0 and 8.0, the further biosorption
studies were carried out at pH 6.5 (original pH value of Ni(Il) solu-
tion).

It was reported that the only Ni2* species are found in the aque-
ous solutions at a pH range of 1-6.8 with a 0.1 M concentration of
NiZ*. In the case of 10-> M NiZ* only NiZ* species are found in the
aqueous solutions upto pH 8.3. In dilute solutions (10~> M), NiZ*

{ potential (mV)

23

Fig. 2. { potentials of immobilized biomass as a function of pH.
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Fig. 3. Effect of solid to liquid ratio on the biosorption of nickel(II) by immobilized
biomass.

ions become precipitate in the form of Ni(OH), at higher pH values
greater than 8.3. About 10% of nickel is also found as NiOH* form at
the same concentration and between pH 8 and 11 [26].

Since the all biosorption studies were carried out at pH value
of 6.5, the only Ni2* species were biosorbed by the immobilized
biosorbent.

3.3. Effect of solid/liquid (S/L) ratio

The biosorption of nickel(II) ions onto immobilized biomass was
examined by changing the S/L ratio in the range of 0.4-4.0gL~!
while maintaining the other environmental parameters, such as
volume of the solution, initial nickel(Il) concentration, agitation
speed, contact time, and pH constant. The results represented
in Fig. 3 indicated that the yield of nickel(II) removal increased
with the S/L ratio at the beginning, and the maximum biosorp-
tion yield was obtained at 1.6gL~!. Further increase in S/L ratio
did not cause much increase in biosorption yield for nickel(II).
Increase in biosorption yield with S/L ratio can be attributed to
an increase in the biosorbent surface area and availability of more
biosorption sites [27]. Therefore, 1.6 gL~! would be the optimum
S/L that would be required for cost-effective treatment of nickel(II)
ions.

3.4. Equilibrium time for the biosorption of nickel(Il)

Fig. 4 shows the plot of Ni(Il) biosorption capacity of immo-
bilized biomass against contact time. It can be seen that the
biosorption was rapid in the initial stages and increased with rise in
contact time up to 20 min at room temperature. After this time there
was no considerable change in the biosorption capacity of biomass.
This could be attributed to a large number of vacant binding sites,
which are available for biosorption during the initial stage, and after
an increase in contact time, the occupation of the remaining vacant
sites will be difficult due to the repulsive forces between the Ni(Il)
ions on the solid and the liquid phases [28]. For instance, during
20 min, when the biosorption capacity for Ni(Il) was 55.22mgg!,
it was observed as 54.83 mg g~ in 120 min. Therefore, the optimum
contact time was selected as 20 min for further experiments. This
short contact time may also provide an advantage for the applica-
tion of proposed biosorption method to real wastewater treatment
systems.

80

60 H
seee®e o o L] .
.
“an
e 40
£
5
20
0 T T T T T T
Q 20 40 60 80 100 120 140
{(min)

Fig. 4. Equilibrium time profile for the biosorption of nickel(Il) onto immobilized
biomass.

3.5. Effect of initial Ni(Il) concentration

The initial concentration of metal ion provides an important
driving force to overcome all mass transfer resistance of metal
ion between the aqueous and the bulk phases [29]. Therefore,
the biosorption of Ni(Il) onto immobilized biomass was studied
at different initial Ni(Il) ion concentrations ranging from 75 to
500mgL-! at pH 6.5 and room temperature. The results are pre-
sented in Fig. 5 and obtained curve showed that the Ni(Il) uptake
increased with an increase in the initial concentration of metal ion.
The increase in the biosorption capacity is due to the increase in
the driving forces with an increase in the initial concentration of
Ni(II) from 75 to 300 mg L~!. At lower concentrations, all Ni(Il) ions
in the solutions could interact with the binding sites on the biosor-
bent and thus the biosorption capacity was sharply increased with
increasing initial metal concentration. At higher concentrations,
biosorption capacity was nearly constant due to the saturation of
the biosorption sites [18]. The maximum equilibrium biosorption
capacity of immobilized biomass for Ni(Il) ions was found to be
1.541 x 10~3 molg~! (90.44mgg-1) at an initial concentration of
500mgL-1.
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Fig. 5. Effect of initial Ni(Il) ion concentration on the biosorption of Ni(Il) onto
immobilized biomass.
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Table 1
Isotherm model parameters for the biosorption of Ni(ll) ions onto immobilized
biomass

Langmuir isotherm Gmax (molg=1) Ky (Lmol-1) rf Ry
1.67 x 1073 212 x 103 0.999 5.24 x 1072
Freundlich isotherm n Kr(Lg™") 2
3.23 8.91x 103 0.932
D-R isotherm (max (molg=1) B (mol? k]—2) 2 E (kJ mol-1)
2.48 x 103 1.98 x 103 0.958 11.31

3.6. Biosorption isotherms

The Langmuir, Freundlich, and D-R isotherm models were
used to describe the equilibrium data in this study. The obtained
isotherm model constants and r2 values are included in Table 1. All
equations fit the data reasonably well, but the best fit was obtained
with the Langmuir isotherm model.

The fact that the fit obtained with Langmuir model showed
the best results suggests that the binding of nickel(Il) does occur
as a monolayer on the surface of the biomass. The maximum
monolayer biosorption capacity was found as 1.67 x 10~3 mol g~
(98.01mgg!) at room temperature and was consistent with the
experimental data. Biosorption results and optimum pH values of
Ni(Il) reported by other researchers in the literature by various
biosorbent materials are summarized in Table 2. Wase et al. [30]
reported that the many biosorbents have lower sorption capacity
for nickel than the other metals such as copper, cadmium, cobalt,
chromium and lead. They also stated that this observation about
nickel seems typical for many biosorbents. But in this study the
maximum biosorption capacity ofimmobilized biosorbent for Ni(II)
was found to be comparable and higher than that of many corre-
sponding sorbents reported in the literature.

Greater values of K| indicate the affinity of biosorbent to inves-
tigated metals and imply strong bonding of metal ions. R values
obtained from Langmuir model can also be used for interpretation
of the sorption type as follows [31]:

R.>1, unfavorable

R. <0, unfavorable
R.=1, favorable (linear)
O<RL<1, favorable

R.=0, irreversible

In this study R; value found as 5.24 x 102 and also the shape of
the curve (figure not shown) confirm favorable biosorption of Ni(II)
onto immobilized biomass [22].

Freundlich constants K and n were found as 8.91 x 10~3Lg™!
and 3.23, respectively (Table 1). The magnitudes of Kz and n show

Table 2

Sorption results of nickel ions by different sorbents from the literature

Sorbent material Nickel sorption pH  References
capacity (mgg')

Enteromorpha prolifera 65.36 43  [41]

Pseudomonas aeruginosa ASU 6a 113.6 7.0 [42]

Protonated rice ban 106.8 6.0 [43]

Bacillus thuringensis (vegetative cells) 21.5 6.0 [44]

Bacillus thuringensis (spore crystal mixture) 34.3 6.0 [44]

Ulva reticulata 62.3 45 [45]

Wine processing waste sludge 3.9 5.5 [46]

Baker’s yeast 11.4 6.75 [47]

Streptomyces coelicolor 11.1 8.0 [48]

Thuja orientalis cones 12.42 4.0 [49]

Anaerobic granular biomass 26 55 [50]

Silica-gel-immobilized P. vulgaris 98.01 6.5  This study

easy biosorption of metal ions from aqueous medium and indicate
favorable biosorption. These values were found high enough for the
biosorbent material to be used for the removal of Ni(Il) ions from
aqueous solutions.

The D-Risotherm model constants were included in Table 1. The
magnitude of E is useful for estimating the mechanism of biosorp-
tion process and it was found to be 11.31 kJmol~!. This value is
within the energy range of biosorption reactions 8-16 k] mol~1. If
the interval of (8-16 k] mol~1) is taken into consideration [32], the
type of biosorption of Ni(Il) onto immobilized biomass is chemical
ion-exchange.

3.7. Column studies

Although batch biosorption results give the fundamental infor-
mation related to the biosorbent behavior and metal biosorption
performance [33] a continuous mode of operation was preferred
in large scale water treatment applications with the some advan-
tages such as simple operation, high yield, easily scaled up from a
laboratory-scaled procedure and easy regeneration of packed bed
[34]. Therefore, the investigated immobilized biomass was also
studied in continuous mode for the biosorption of Ni(II).

In order to investigate the effect of column size (bed height)
on the biosorption performance, column i.d. was changed from
9 to 19 mm and the results were included in Table 3. The Ni(Il)
biosorption capacity of immobilized biomass increased from 40.26
t0 50.03 mg g~! when the column identical diameter was increased
from 9 to 19 mm. The higher the column size the higher the surface
area of biosorbent because the amount of loading biomass into
column was kept constant. Therefore, the maximum biosorption
capacity was obtained in column with highest i.d. of 19 mm.

In order to investigate the influence of flow rate through the
column on the biosorption performance of immobilized biomass,
flow rates ranging of 0.5-5.0mLmin~! were used and the results
are shown in Table 3. This table shows that lower flow rates resulted
in higher removal capacity, and therefore, biomass was treated with
Ni(II) solution at a flow rate of 1.0mLmin~!. However, above this
value of flow rate, the nickel(Il) removal capacity starts to decrease.
The higher the flow rate the lesser the nickel(Il) residence time
along the column. Vieira et al. [35] stated that there are two com-
peting effects. If high flow rates favor the mass transfer between the
metal and the biomass, then high flow rates reduce the contact time
between them by reducing the solute residence time. Therefore, the
choice of the best flow rate should be a compromise between these
two opposing factors.

The biosorption efficiencies at different amount of biomass
loaded into the column (bed depths) were also shown in Table 3.
It was seen that as the biomass amount increased, Ni(Il) ions
had more time to contact with the biosorbent which resulted in
higher biosorption efficiency of immobilized biomass. Because of
an increase in the surface area of the biosorbent, which provided
more binding sites for the biosorption, higher removal performance

Table 3
Effect of column internal diameter (i.d.), flow rate and S/L ratio on the biosorption
performance of immobilized biomass in continuous mode

Column i.d. (mm) 9 11 13 19
q(mgg™) 40.26 4336 4422 50.03
Flow rate (mLmin~') 0.5 1.0 2.0 3.0 4.0 5.0
q(mgg) 4790 4650 3269 2100 19.06  20.41
S/L ratio (gL-1) 04 08 1.2 16 2.0 3.0 4.0

Biosorption yield (%) 2118 4881 6510 76.80 79.84 79.67 76.80
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Fig. 6. Column breakthrough behavior of the immobilized biomass for Ni(II) ions.

was observed in the higher loaded column [36]. The biosorp-
tion efficiency did not significantly change above definite biomass
amount due to the saturation of binding sites on the biosorbent.
Hence, optimum amount of biosorbent for column biosorption of
Ni(Il) was selected as 0.08 g. This result was also consistent with
the data obtained from batch procedure.

In order to investigate the breakthrough behavior of column,
100mgL-1 Ni(Il) solution was fed at 1.0mLmin~! into a glass
column with an internal diameter of 19 mm. The results are pre-
sented in Fig. 6. The typical S-shaped curve that is favorable
for a continuous system was observed for the biosorption of
Ni(II) by immobilized biomass. Before the breakthrough point, the
concentration of nickel ion in effluent was too low and the break-
through point emerged around 90 min. Biosorption column was
saturated rapidly after breakthrough point. A sharply increase in
breakthrough curve suggests the good biosorption performance of
biomass [33] for nickel ions. Consequently, nickel ions were effec-
tively removed in column operations by immobilized biosorbent
developed in this study.

3.8. Biomass characterization and mechanism of biosorption

In order to analyze the morphology of the biosorbent sur-
face before and after immobilization and Ni(II) biosorption, SEM
micrographs were used. As seen in Fig. 7(a), before immobilization
process, biosorbent was characterized as spherical shape, smooth
surface and inner fullness, whereas after immobilization with sil-
ica gel (Fig. 7(b)), cavity and granular substances attached to rough
biomass surface were observed. With the aid of SEM micrograph
of Ni(ll)-loaded biomass (Fig. 7(c)), some traps were observed
in the pores, resulting in the irregular textures. The surface of
Ni(II)-loaded immobilized biomass appeared to be vague and some
particles were found on the surface of the biosorbent.

In order to ascertain P. vulgaris has been successfully immo-
bilized with silica gel, FTIR analysis was used for free and
silica-gel-immobilized biomass. In Fig. 8(a), the broad peak at
3420cm~! can be attributed to the —OH stretching vibrations for P.
vulgaris. The peaks at 2955 and 2929 cm~! are due to C—H stretch-
ing vibrations of —CH, —CHj, and —CHj3 groups. The peaks at 1646
and 1448cm! can be assigned to stretching vibrations of car-
boxylic and carboxylate groups, respectively. In the FTIR spectra
of immobilized biomass (Fig. 8(b)), the absorption bands around
1100 (stretching frequency of Si—0—Si), 3401, and 1652 cm~! (vOH
vibrations) indicate that P. vulgaris has been successfully immobi-
lized with silica gel. These absorption bands were not included in

Sk

Fig. 7. SEM images for (a) P. vulgaris, (b) silica-gel-immobilized P. vulgaris and (c)
Ni(II) loaded silica-gel-immobilized P. vulgaris at a magnificaiton of 5000x.

the FTIR spectra of free biomass. The stretching vibrations of P=0
and P—OH groups were observed at 1159 and 1080 cm™!, respec-
tively, for only FTIR spectrum of P. vulgaris [37]. The band between
611 and 520cm~! for the free biomass represents C—N—C scis-
soring found only in protein structures, [38] which disappeared
after immobilization of biosorbent. Fig. 8(c) shows the FTIR spec-
tra of nickel(Il)-loaded immobilized biomass. Since the intensity is
a function of the electric dipole moment change and also the total
number of functional groups on the biosorbent surface [39], the sig-
nificant intensity decrease was observed for the peaks at 3401 and
1652 cm™! after nickel(II) biosorption. Also for unloaded immobi-
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Fig. 8. FTIR spectra for (a) P. vulgaris, (b) silica-gel immobilized P. vulgaris and (c)
Ni(II) loaded silica-gel immobilized P. vulgaris.

lized biomass the peak observed at 1065 cm~! which assigned to
—C—O0 stretching of alcoholic groups shifted to higher wavenum-
bers after the biosorption of nickel(II) ions. The most important
evidence for the interaction of nickel(Il) ion with the functional
groups on the biosorbent was the new peak, which appeared at
800 cm™! after Ni(II) biosorption. This peak is due to the complex-
ation of Ni(Il) with —C—S groups [40]. The formation of new peaks at
570 and 458 cm~! in the FTIR spectra of nickel(Il)-loaded biomass
also indicates the metal-sulphur interaction.

From these observations, it may be concluded that many func-
tional groups on the biosorbent surface act as binding sites for
nickel(II) ion biosorption.

3.9. Real waste water application

In order to evaluate the potential performance of the
immobilized-waste biomass for the removal of nickel(Il) from a
wastewater, an optimized biosorption procedure was tested with
model wastewater samples, with and without spikes, at described
optimum experimental conditions (pH: 7.0, biosorbent amount:
0.08g, volume of wastewater: 50mL). Some characteristics of
wastewater and biosorption results for synthetic Ni(Il) solutions
and wastewater are presented in Tables 4 and 5, respectively. As
seen in Table 4, when the pH of the wastewater is adjusted to 7.0,
the concentration of some metal ions decreased due to the pre-
cipitation of metal ions in the form of metal hydroxide, except
for sodium. Biosorption performance of immobilized biomass in
wastewater varied from 3.13 to 21.0mgg~! (Table 5). The biosorp-
tion capacity of sorbent decreased in industrial wastewater spiked

Table 4
Some chemical characteristics of wastewater sample at various pH values

Parameters (mgL-1) Effluent quality (pH 2.24) Effluent quality (pH 7.0)

Copper 46.86 28.13
Lead 12.35 1.29
Nickel 12.05 9.43
Cadmium 14.83 10.41
Iron 214.00 110.00
Zinc 393.00 188.50
Sodium? 57.50 746.50
Potassium 230.50 78.50
Calcium 112.00 111.50
Magnesium 182.00 149.00

2 Since the pH of the sample was adjusted to 7.0 with 0.1N NaOH, the concentration
of sodium increased.

Table 5

The application of the proposed method for removal of nickel(II)

Solution of nickel used Ni(Il) (mgL-1) ge (mgg™1)
Distilled water 10 2.46
Distilled water 50 19.72
Distilled water 100 46.97
Wastewater (without spiked) 9.43 3.13
Wastewater (with spiked) 50 10.88
Wastewater (with spiked) 100 21.00

with Ni(II) at high concentrations, due to the presence of other
metal ions in the wastewater along with the Ni(Il), which inter-
fere for the nickel sorption. However, in the light of these results
it is concluded that the prepared immobilized sorbent was found
to be very efficient for the removal of nickel(Il) ions from real
wastewaters.

4. Conclusion

The nickel biosorption potential of P. vulgaris waste biomass
immobilized on silica-gel matrix was examined. The best nickel
biosorption conditions were determined using batch and column
mode studies for screening the factors, such as pH, biosorbent
dosage, contact time, flow rate and column size. Isotherm anal-
ysis of equilibrium data showed that the biosorption pattern of
immobilized biomass fitted with the Langmuir model. The max-
imum monolayer biosorption capacity of the proposed sorbent
system was found to be 98.01 mgg~'. The results indicated that
the adjustment of operating conditions in batch and dynamic flow
mode is important for the effective sequester of nickel ions from
contaminated solutions. The SEM and FTIR analysis confirmed the
interactions between Ni(Il) ion and sorbent surface. Likewise, the
proposed sorbent system can be effectively used to remove the
nickel ions from industrial wastewater. Overall, it can be concluded
that the proposed biosorbent system is practical and efficient for
the removal of nickel contamination from synthetic and industrial
effluents with the advantages of low preparation cost and large
availability of the used waste biomass.
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