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a b s t r a c t

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 mg g−1), and biosorption equilibrium was established in a short time of operation (5 min). The
equilibrium data were followed by Langmuir, Freundlich, and Dubinin–Radushkevich isotherm models.
Scanning electron microscope analysis was used to screen the changes on the surface structure of the
aste biomass
mmobilization
eal wastewater

waste biomass after immobilization and nickel(II) 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(II) ions from synthetic and real
wastewater.

b
b

b
b
i
s
t
b
n

b
c
a
e

. Introduction

Heavy metals are a group of pollutants that disperse both natu-
ally and by human activities into the environment. Effluents from
everal industrial operations like electroplating, mining, and metal
rocessing are one of the major contributors to unnatural metal
ontamination in water sources. Uncontrolled release of heavy
etals into the environment can create toxic or inhibitory effect

n living systems. Treatment of heavy metals from contaminated
ffluents using the currently practiced technologies appears to be
nadequate and their use is often restricted because of secondary
roblems with metal-bearing sludge which are extremely difficult
o be disposed [1,2].

Therefore environmentally friendly and cost effective new tech-
ologies are required for the removal of heavy metals from these

aste streams by appropriate treatment before releasing into

eceiving water bodies. One of the promising alternatives that
re receiving more attention is application of biosorption process
ased on metal–biomass interactions. Microbial and plant origin

∗ Corresponding author. Tel.: +90 222 239 3750/2871; fax: +90 222 2393578.
E-mail address: takar@ogu.edu.tr (T. Akar).
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iomasses were successfully used as biosorbent material in many
iosorption studies [3–6].

Biosorption process can use free and immobilized forms of
iomasses. Especially, in column applications the use of immo-
ilized form of biomasses provides some advantages, such as

mproved biosorption capacity and ability to regenerate and
eparate the biomass from bulk liquid. In addition, easy opera-
ion of repeated biosorption–desorption cycles with immobilized
iomasses makes the biosorption process potentially more eco-
omic and competitive [7–10].

Therefore, some efforts have been made to develop new immo-
ilized biosorbent systems for detoxifying the heavy metals from
ontaminated waters. Some natural or synthetic polymeric materi-
ls including alginates, carrageenan, agar, polyacrylates, silica gel,
tc. [11,12] are commonly used as immobilization matrix. Silica
el is a nontoxic, inert, and efficient support and is generated by
ecreasing the pH value of alkali silicate solution to less than 10.
eactive sites of silica gel exist in large number, and therefore, the

umber of immobilized organic molecules is high, which results in
ood sorption capacity for metal ions [11,13–15].

In a recent study, we reported that the waste biomass of Phase-
lus vulgaris L. can remove a textile dye AR57 [16] from aqueous
edia as the most potent biosorbent with the high biosorp-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:takar@ogu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2008.07.084
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ion capacity (215.13 mg g−1). However, no studies have thus far
eported about the biosorption potential of this waste biomass for
eavy metal removal from contaminated solutions. In this present
tudy, we show that the waste biomass of P. vulgaris L. derived
rom canned food plant is capable of nickel(II) biosorption, and
ts nickel removal capacity was enhanced by immobilization with
ilica-gel matrix. Biosorption conditions of immobilized biomass
ere screened by varying the pH, sorbent dosage, contact time

nd initial metal ion concentration. The mechanism of the biosorp-
ion and the surface structure of the biomass were examined by
TIR and scanning electron microscope (SEM) analysis, respectively.
iosorption performance of the immobilized biomass was investi-
ated in continuous mode in addition to determination of various
sotherm parameters. Finally, its application for nickel biosorption
n real wastewater conditions was also tested in a column.

. Materials and methods

.1. Preparation of the biosorbent

The biosorbent used in this study, Phaseolus vulgaris L., was pro-
ided as a waste biomass, from a canned food factory in Bartın,
urkey. It had been washed with deionized water three times, and
ried at 80 ◦C, to obtain a constant weight. Next, it was grounded
nd sieved, using an ASTM Standard sieve, to select the particle sizes
f 100 mesh and used for immobilization. An immobilization pro-
edure previously described by Lopez et al. [17] was used with some
odifications. About 10 g of silica gel was dissolved in 100 mL of 7%

w/v) aqueous solution of potassium hydroxide by heating. After
ooling to 20 ◦C, 100 mL of suspension containing 5 g of biomass
n deionized water was added and mixed. A measured amount of
hosphoric acid solution (20%) was added, enough to provide the
el formation. The resulting gel was dried at 333 K for 12 h in an
ven and subsequently used as a sorbent material in powdered
orm. Blank silica gel was prepared similarly without having waste
iomass and tested for its nickel sorption capacity.

.2. Biosorption in batch scale

The batch biosorption experiments were performed by mixing
.1 g of immobilized biomass in 50 mL of synthetic solutions at
00 mg Ni(II) L−1 for the determination of optimum pH value. The
H of the solutions was adjusted to different values with 0.1N nitric
cid (HNO3) and 0.1N sodium hydroxide (NaOH). The mixtures were
ixed on a magnetic stirrer at a rate of 200 rpm. The best amount of

iomass was determined by changing the biomass dosage between
.02 and 0.2 g in 50 mL of solution. The equilibrium time was stud-

ed within the time interval of 5–120 min, and the temperature of
he solution was controlled at 25 ± 2 ◦C. Suspended solids were sep-
rated from the biosorption medium by centrifugation at 4500 rpm
or 3 min and nickel(II) ion concentrations were then measured
sing Flame atomic absorption spectrophotometer. The equilib-
ium data were analyzed by some isotherm models by changing
he initial nickel(II) ion concentration from 75 to 500 mg L−1 for
mmobilized biosorbent.

.3. Biosorption isotherms

Analysis of equilibrium data is important for developing an

quation that can be used to compare different biosorbents
nder different operational conditions and to design and opti-
ize an operating procedure. The isotherm models are widely

sed parameters to examine the relationship between biosorp-
ion capacity and sorbate concentration at equilibrium. Among

fi
p
i
u
A
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he various sorption isotherm models, Langmuir, Freundlich, and
ubinin–Radushkevich models are widely used for fitting the
ata.

.3.1. Langmuir isotherm
The Langmuir isotherm model has been successfully applied to

any biosorption processes and the basic Langmuir theory is that
iosorption takes place at specific homogeneous sites within the
iosorbent [18]. The Langmuir equation [19] is

1
qe

= 1
qmax

+
(

1
qmaxKL

)
1
Ce

(1)

here qe and qmax are the equilibrium and monolayer biosorp-
ion capacities of the biosorbent (mol g−1), respectively, Ce is the
quilibrium Ni(II) concentration in the solution (mol L−1) and KL
s the Langmuir constant (L mol−1) related to the free energy of
iosorption.

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

L = 1
1 + KLCo

(2)

here Co is the highest initial sorbate concentration (mol L−1).

.3.2. Freundlich isothrem
The Freundlich equation is an empirical expression based on

iosorption on a heterogeneous surface. The Freundlich [21] model
s represented by the equation:

n qe = ln KF + 1
n

ln Ce (3)

here KF (L g−1) is Freundlich constant related to biosorption
apacity of biosorbent and n (dimensionless) is Freundlich expo-
ent indicating the biosorption intensity [21,22].

.3.3. Dubinin–Radushkevich isotherm
Since the Freundlich and Langmuir isotherm models do not

ive any idea about the mechanism of biosorption, the equilib-
ium data are tested with the D–R isotherm model. Dubinin and
adushkevich [23] have reported that the characteristic biosorp-
ion curve is related to the porous structure of the sorbent. The
ubinin–Radushkevich (D-R) equation is generally expressed as

ollows:

n qe = ln qm − ˇε2 (4)

here ε = RT ln(1 + 1/Ce) (Polanyi potential), qm is the biosorption
apacity (mol g−1), ˇ is the constant related to the biosorption
nergy, R is the gas constant (8.314 kJ mol−1) and T is the absolute
emperature (K).

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

= 1

(2ˇ)1/2
(5)

.4. Fixed-bed column studies

These experiments were performed in small-scale cylindrical

xed-bed columns. A known quantity of immobilized biomass was
acked between two layers of glass wool into the column. Ni(II)

on solution was pumped from bottom to top through the col-
mn at a desired flow rate by a peristaltic pump (Ismatec ecoline).
ll the column studies were performed at room temperature of
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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
Ni2+. In the case of 10−5 M Ni2+ only Ni2+ species are found in the
aqueous solutions upto pH 8.3. In dilute solutions (10−5 M), Ni2+
136 T. Akar et al. / Journal of Hazard

5 ± 2 ◦C. Synthetic nickel(II) ion solution at an initial concentra-
ion of 100 mg L−1 and pH of 6.5 was fed into the column at different
ow rates changing from 0.5 to 5.0 mL min−1. The effluent was then
ollected to determine the nickel(II) ion content with FAAS and opti-
um flow rate was fixed for further column studies. In order to

tudy the effect of internal diameter of column, experiments were
erformed in the column with a fixed biomass dosage of 0.08 g and
he feeding flow rate of 1 mL min−1 and different i.d. (9–19 mm).
he biomass dosage was also optimized in the continuous
ode.

.5. Application

The wastewater sample was collected from the main drain of
he casting unit of a local metal processing industry from Eskişehir,
urkey, for the investigation of the matrix effect on the biosorption
apacity of immobilized-waste biomass. The collected wastewa-
er sample was placed in a sterile container, transferred to the
aboratory, and stored at 5 ◦C. The experiments were carried out

ith and without spiked wastewater samples including the dif-
erent metal ions. The spiked samples were prepared by including
i(II) at concentrations of 50 and 100 mg L−1. The application of

he proposed biosorption method was investigated under the pre-
etermined optimum column conditions.

.6. Instrumentation

The concentration of residual nickel(II) after biosorption was
etermined by using a flame atomic absorption spectropho-
ometer (HITACHI 180-70 FAAS) at a wavelength of 232.0 nm.
he pH of the solutions was measured with a digital pHmeter
WTW INOLAB 720). FTIR spectra of free unloaded immobilized
nd nickel(II) loaded immobilized biosorbent were recorded in a
erkinElmer Spectrum 100IR infrared spectrometer in the region
f 400–4000 cm−1 with the samples prepared as KBr pellets under
igh pressure. The surface structure of the biosorbent material
efore and after immobilization and nickel(II) biosorption was
haracterized using scanning electron microscope (JEOL 560 LV
EM), with 20 kV and at 5000 times of magnification. Prior to ana-
yze, samples were sputter coated with a thin layer of gold under
rgon atmosphere to improve the electron conductivity and the
mage quality. The surface charge of the immobilized biomass was

easured using a Zeta potential analyzer (Malvern Zetasizer nano
S).

. Results and discussion

.1. Effect of immobilization on the biosorption capacity of
iomass

In order to investigate the effect of immobilization on the
ickel(II) biosorption capacity of biomass, the silica gel and free
iomass of P. vulgaris were assessed for their sorption ability at
H 6.5 and 100 mg L−1 of nickel ion concentration. The biosorp-
ion capacities were found to be 33.83 and 7.50 mg g−1 for silica gel
nd P. vulgaris, respectively, whereas the immobilized biosorbent
as a biosorption capacity of 45.48 mg g−1 at the same conditions.
ince the maximum biosorption was obtained with the immobi-
ized form of biomass, further biosorption studies were carried out
sing silica-gel-immobilized waste biomass.
.2. Effect of initial pH and surface charge of biomass

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

inding capacity of biomass. The pH of the biosorption medium
ffects the solubility of metals and the ionization state of the func-
ional groups like carboxylate, phosphate, and amino groups on
he biomass surface. The behavior of biosorbent is mainly related
o the cell wall, which is considered as the primary sites of biosorp-
ion. The carboxylate and phosphate groups carry negative charges
hat allow the cell wall components to be able removers of metal
ons [25]. Nickel(II) uptakes were determined at various pH val-
es ranging from 1.0 to 8.0 for silica-gel-immobilized biomass.
or each pH value, the Ni(II) concentration (100 mg L−1), biosor-
ent dosage (2.0 g L−1), temperature (25 ◦C), and agitation speed
200 rpm) were kept constant. The Ni(II) biosorption capacity of
mmobilized biomass enhanced notably with raising the pH up to
.0 (Fig. 1). It is evidenced by the fact that the negative charge of
iosorbent surface measured as zeta potential (�) becomes less as
H decreases (Fig. 2). � potential value at pH 1.0 was measured
s +3.06 mV, whereas the value decreased to −24.40 mV at pH 4.0.
ince the biosorption capacity and � potential of biomass remained
early constant between pH 4.0 and 8.0, the further biosorption
tudies were carried out at pH 6.5 (original pH value of Ni(II) solu-
ion).
Fig. 2. � potentials of immobilized biomass as a function of pH.
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1.541 × 10−3 mol g−1 (90.44 mg g−1) at an initial concentration of
500 mg L−1.
ig. 3. Effect of solid to liquid ratio on the biosorption of nickel(II) by immobilized
iomass.

ons become precipitate in the form of Ni(OH)2 at higher pH values
reater than 8.3. About 10% of nickel is also found as NiOH+ form at
he same concentration and between pH 8 and 11 [26].

Since the all biosorption studies were carried out at pH value
f 6.5, the only Ni2+ species were biosorbed by the immobilized
iosorbent.

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

The biosorption of nickel(II) ions onto immobilized biomass was
xamined by changing the S/L ratio in the range of 0.4–4.0 g L−1

hile maintaining the other environmental parameters, such as
olume of the solution, initial nickel(II) concentration, agitation
peed, contact time, and pH constant. The results represented
n Fig. 3 indicated that the yield of nickel(II) removal increased

ith the S/L ratio at the beginning, and the maximum biosorp-
ion yield was obtained at 1.6 g L−1. Further increase in S/L ratio
id not cause much increase in biosorption yield for nickel(II).

ncrease in biosorption yield with S/L ratio can be attributed to
n increase in the biosorbent surface area and availability of more
iosorption sites [27]. Therefore, 1.6 g L−1 would be the optimum
/L that would be required for cost-effective treatment of nickel(II)
ons.

.4. Equilibrium time for the biosorption of nickel(II)

Fig. 4 shows the plot of Ni(II) biosorption capacity of immo-
ilized biomass against contact time. It can be seen that the
iosorption was rapid in the initial stages and increased with rise in
ontact time up to 20 min at room temperature. After this time there
as no considerable change in the biosorption capacity of biomass.

his could be attributed to a large number of vacant binding sites,
hich are available for biosorption during the initial stage, and after

n increase in contact time, the occupation of the remaining vacant
ites will be difficult due to the repulsive forces between the Ni(II)
ons on the solid and the liquid phases [28]. For instance, during
0 min, when the biosorption capacity for Ni(II) was 55.22 mg g−1,

t was observed as 54.83 mg g−1 in 120 min. Therefore, the optimum

ontact time was selected as 20 min for further experiments. This
hort contact time may also provide an advantage for the applica-
ion of proposed biosorption method to real wastewater treatment
ystems.

F
i

ig. 4. Equilibrium time profile for the biosorption of nickel(II) onto immobilized
iomass.

.5. Effect of initial Ni(II) concentration

The initial concentration of metal ion provides an important
riving force to overcome all mass transfer resistance of metal

on between the aqueous and the bulk phases [29]. Therefore,
he biosorption of Ni(II) onto immobilized biomass was studied
t different initial Ni(II) ion concentrations ranging from 75 to
00 mg L−1 at pH 6.5 and room temperature. The results are pre-
ented in Fig. 5 and obtained curve showed that the Ni(II) uptake
ncreased with an increase in the initial concentration of metal ion.
he increase in the biosorption capacity is due to the increase in
he driving forces with an increase in the initial concentration of
i(II) from 75 to 300 mg L−1. At lower concentrations, all Ni(II) ions

n the solutions could interact with the binding sites on the biosor-
ent and thus the biosorption capacity was sharply increased with

ncreasing initial metal concentration. At higher concentrations,
iosorption capacity was nearly constant due to the saturation of
he biosorption sites [18]. The maximum equilibrium biosorption
apacity of immobilized biomass for Ni(II) ions was found to be
ig. 5. Effect of initial Ni(II) ion concentration on the biosorption of Ni(II) onto
mmobilized biomass.
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Table 1
Isotherm model parameters for the biosorption of Ni(II) ions onto immobilized
biomass

Langmuir isotherm qmax (mol g−1) KL (L mol−1) r2
L RL

1.67 × 10−3 2.12 × 103 0.999 5.24 × 10−2

Freundlich isotherm n KF (L g−1) r2
F

3.23 8.91 × 10−3 0.932
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–R isotherm qmax (mol g−1) ˇ (mol2 kJ−2) r2
D–R E (kJ mol−1)

2.48 × 10−3 1.98 × 10−3 0.958 11.31

.6. Biosorption isotherms

The Langmuir, Freundlich, and D–R isotherm models were
sed to describe the equilibrium data in this study. The obtained

sotherm model constants and r2 values are included in Table 1. All
quations fit the data reasonably well, but the best fit was obtained
ith the Langmuir isotherm model.

The fact that the fit obtained with Langmuir model showed
he best results suggests that the binding of nickel(II) does occur
s a monolayer on the surface of the biomass. The maximum
onolayer biosorption capacity was found as 1.67 × 10−3 mol g−1

98.01 mg g−1) at room temperature and was consistent with the
xperimental data. Biosorption results and optimum pH values of
i(II) reported by other researchers in the literature by various
iosorbent materials are summarized in Table 2. Wase et al. [30]
eported that the many biosorbents have lower sorption capacity
or nickel than the other metals such as copper, cadmium, cobalt,
hromium and lead. They also stated that this observation about
ickel seems typical for many biosorbents. But in this study the
aximum biosorption capacity of immobilized biosorbent for Ni(II)
as found to be comparable and higher than that of many corre-

ponding sorbents reported in the literature.
Greater values of KL indicate the affinity of biosorbent to inves-

igated metals and imply strong bonding of metal ions. RL values
btained from Langmuir model can also be used for interpretation
f the sorption type as follows [31]:

L > 1, unfavorable
L < 0, unfavorable
L = 1, favorable (linear)
< RL < 1, favorable
L = 0, irreversible

−2
In this study RL value found as 5.24 × 10 and also the shape of
he curve (figure not shown) confirm favorable biosorption of Ni(II)
nto immobilized biomass [22].

Freundlich constants KF and n were found as 8.91 × 10−3 L g−1

nd 3.23, respectively (Table 1). The magnitudes of KF and n show

able 2
orption results of nickel ions by different sorbents from the literature

orbent material Nickel sorption
capacity (mg g−1)

pH References

nteromorpha prolifera 65.36 4.3 [41]
seudomonas aeruginosa ASU 6a 113.6 7.0 [42]
rotonated rice ban 106.8 6.0 [43]
acillus thuringensis (vegetative cells) 21.5 6.0 [44]
acillus thuringensis (spore crystal mixture) 34.3 6.0 [44]
lva reticulata 62.3 4.5 [45]
ine processing waste sludge 3.9 5.5 [46]

aker’s yeast 11.4 6.75 [47]
treptomyces coelicolor 11.1 8.0 [48]
huja orientalis cones 12.42 4.0 [49]
naerobic granular biomass 26 5.5 [50]
ilica-gel-immobilized P. vulgaris 98.01 6.5 This study
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asy biosorption of metal ions from aqueous medium and indicate
avorable biosorption. These values were found high enough for the
iosorbent material to be used for the removal of Ni(II) ions from
queous solutions.

The D–R isotherm model constants were included in Table 1. The
agnitude of E is useful for estimating the mechanism of biosorp-

ion process and it was found to be 11.31 kJ mol−1. This value is
ithin the energy range of biosorption reactions 8–16 kJ mol−1. If

he interval of (8–16 kJ mol−1) is taken into consideration [32], the
ype of biosorption of Ni(II) onto immobilized biomass is chemical
on-exchange.

.7. Column studies

Although batch biosorption results give the fundamental infor-
ation related to the biosorbent behavior and metal biosorption

erformance [33] a continuous mode of operation was preferred
n large scale water treatment applications with the some advan-
ages such as simple operation, high yield, easily scaled up from a
aboratory-scaled procedure and easy regeneration of packed bed
34]. Therefore, the investigated immobilized biomass was also
tudied in continuous mode for the biosorption of Ni(II).

In order to investigate the effect of column size (bed height)
n the biosorption performance, column i.d. was changed from
to 19 mm and the results were included in Table 3. The Ni(II)

iosorption capacity of immobilized biomass increased from 40.26
o 50.03 mg g−1 when the column identical diameter was increased
rom 9 to 19 mm. The higher the column size the higher the surface
rea of biosorbent because the amount of loading biomass into
olumn was kept constant. Therefore, the maximum biosorption
apacity was obtained in column with highest i.d. of 19 mm.

In order to investigate the influence of flow rate through the
olumn on the biosorption performance of immobilized biomass,
ow rates ranging of 0.5–5.0 mL min−1 were used and the results
re shown in Table 3. This table shows that lower flow rates resulted
n higher removal capacity, and therefore, biomass was treated with
i(II) solution at a flow rate of 1.0 mL min−1. However, above this
alue of flow rate, the nickel(II) removal capacity starts to decrease.
he higher the flow rate the lesser the nickel(II) residence time
long the column. Vieira et al. [35] stated that there are two com-
eting effects. If high flow rates favor the mass transfer between the
etal and the biomass, then high flow rates reduce the contact time

etween them by reducing the solute residence time. Therefore, the
hoice of the best flow rate should be a compromise between these
wo opposing factors.

The biosorption efficiencies at different amount of biomass
oaded into the column (bed depths) were also shown in Table 3.

t was seen that as the biomass amount increased, Ni(II) ions
ad more time to contact with the biosorbent which resulted in
igher biosorption efficiency of immobilized biomass. Because of
n increase in the surface area of the biosorbent, which provided
ore binding sites for the biosorption, higher removal performance

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

olumn i.d. (mm) 9 11 13 19

(mg g−1) 40.26 43.36 44.22 50.03

low rate (mL min−1) 0.5 1.0 2.0 3.0 4.0 5.0

(mg g−1) 47.90 46.50 32.69 21.00 19.06 20.41

/L ratio (g L−1) 0.4 0.8 1.2 1.6 2.0 3.0 4.0

iosorption yield (%) 21.18 48.81 65.10 76.80 79.84 79.67 76.80
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ig. 6. Column breakthrough behavior of the immobilized biomass for Ni(II) ions.

as observed in the higher loaded column [36]. The biosorp-
ion efficiency did not significantly change above definite biomass
mount due to the saturation of binding sites on the biosorbent.
ence, optimum amount of biosorbent for column biosorption of
i(II) was selected as 0.08 g. This result was also consistent with

he data obtained from batch procedure.
In order to investigate the breakthrough behavior of column,

00 mg L−1 Ni(II) solution was fed at 1.0 mL min−1 into a glass
olumn with an internal diameter of 19 mm. The results are pre-
ented in Fig. 6. The typical S-shaped curve that is favorable
or a continuous system was observed for the biosorption of
i(II) by immobilized biomass. Before the breakthrough point, the
oncentration of nickel ion in effluent was too low and the break-
hrough point emerged around 90 min. Biosorption column was
aturated rapidly after breakthrough point. A sharply increase in
reakthrough curve suggests the good biosorption performance of
iomass [33] for nickel ions. Consequently, nickel ions were effec-
ively removed in column operations by immobilized biosorbent
eveloped in this study.

.8. Biomass characterization and mechanism of biosorption

In order to analyze the morphology of the biosorbent sur-
ace before and after immobilization and Ni(II) biosorption, SEM

icrographs were used. As seen in Fig. 7(a), before immobilization
rocess, biosorbent was characterized as spherical shape, smooth
urface and inner fullness, whereas after immobilization with sil-
ca gel (Fig. 7(b)), cavity and granular substances attached to rough
iomass surface were observed. With the aid of SEM micrograph
f Ni(II)-loaded biomass (Fig. 7(c)), some traps were observed
n the pores, resulting in the irregular textures. The surface of
i(II)-loaded immobilized biomass appeared to be vague and some
articles were found on the surface of the biosorbent.

In order to ascertain P. vulgaris has been successfully immo-
ilized with silica gel, FTIR analysis was used for free and
ilica-gel-immobilized biomass. In Fig. 8(a), the broad peak at
420 cm−1 can be attributed to the OH stretching vibrations for P.
ulgaris. The peaks at 2955 and 2929 cm−1 are due to C H stretch-
ng vibrations of CH, CH2, and CH3 groups. The peaks at 1646
nd 1448 cm−1 can be assigned to stretching vibrations of car-

oxylic and carboxylate groups, respectively. In the FTIR spectra
f immobilized biomass (Fig. 8(b)), the absorption bands around
100 (stretching frequency of Si O Si), 3401, and 1652 cm−1 (�OH
ibrations) indicate that P. vulgaris has been successfully immobi-
ized with silica gel. These absorption bands were not included in

t
a
n
n
1

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

he FTIR spectra of free biomass. The stretching vibrations of P O
nd P OH groups were observed at 1159 and 1080 cm−1, respec-
ively, for only FTIR spectrum of P. vulgaris [37]. The band between
11 and 520 cm−1 for the free biomass represents C N C scis-
oring found only in protein structures, [38] which disappeared
fter immobilization of biosorbent. Fig. 8(c) shows the FTIR spec-

ra of nickel(II)-loaded immobilized biomass. Since the intensity is
function of the electric dipole moment change and also the total
umber of functional groups on the biosorbent surface [39], the sig-
ificant intensity decrease was observed for the peaks at 3401 and
652 cm−1 after nickel(II) biosorption. Also for unloaded immobi-
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Table 5
The application of the proposed method for removal of nickel(II)

Solution of nickel used Ni(II) (mg L−1) qe (mg g−1)

Distilled water 10 2.46
Distilled water 50 19.72
Distilled water 100 46.97
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ig. 8. FTIR spectra for (a) P. vulgaris, (b) silica-gel immobilized P. vulgaris and (c)
i(II) loaded silica-gel immobilized P. vulgaris.

ized biomass the peak observed at 1065 cm−1 which assigned to
C O stretching of alcoholic groups shifted to higher wavenum-
ers after the biosorption of nickel(II) ions. The most important
vidence for the interaction of nickel(II) ion with the functional
roups on the biosorbent was the new peak, which appeared at
00 cm−1 after Ni(II) biosorption. This peak is due to the complex-
tion of Ni(II) with C S groups [40]. The formation of new peaks at
70 and 458 cm−1 in the FTIR spectra of nickel(II)-loaded biomass
lso indicates the metal–sulphur interaction.

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

.9. Real waste water application

In order to evaluate the potential performance of the
mmobilized-waste biomass for the removal of nickel(II) from a
astewater, an optimized biosorption procedure was tested with
odel wastewater samples, with and without spikes, at described

ptimum experimental conditions (pH: 7.0, biosorbent amount:
.08 g, volume of wastewater: 50 mL). Some characteristics of
astewater and biosorption results for synthetic Ni(II) solutions

nd wastewater are presented in Tables 4 and 5, respectively. As
een in Table 4, when the pH of the wastewater is adjusted to 7.0,

he concentration of some metal ions decreased due to the pre-
ipitation of metal ions in the form of metal hydroxide, except
or sodium. Biosorption performance of immobilized biomass in
astewater varied from 3.13 to 21.0 mg g−1 (Table 5). The biosorp-

ion capacity of sorbent decreased in industrial wastewater spiked

able 4
ome chemical characteristics of wastewater sample at various pH values

arameters (mg L−1) Effluent quality (pH 2.24) Effluent quality (pH 7.0)

opper 46.86 28.13
ead 12.35 1.29
ickel 12.05 9.43
admium 14.83 10.41

ron 214.00 110.00
inc 393.00 188.50
odiuma 57.50 746.50
otassium 230.50 78.50
alcium 112.00 111.50
agnesium 182.00 149.00

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

[

[

astewater (without spiked) 9.43 3.13
astewater (with spiked) 50 10.88
astewater (with spiked) 100 21.00

ith Ni(II) at high concentrations, due to the presence of other
etal ions in the wastewater along with the Ni(II), which inter-

ere for the nickel sorption. However, in the light of these results
t is concluded that the prepared immobilized sorbent was found
o be very efficient for the removal of nickel(II) ions from real
astewaters.

. Conclusion

The nickel biosorption potential of P. vulgaris waste biomass
mmobilized on silica-gel matrix was examined. The best nickel
iosorption conditions were determined using batch and column
ode studies for screening the factors, such as pH, biosorbent

osage, contact time, flow rate and column size. Isotherm anal-
sis of equilibrium data showed that the biosorption pattern of
mmobilized biomass fitted with the Langmuir model. The max-
mum monolayer biosorption capacity of the proposed sorbent
ystem was found to be 98.01 mg g−1. The results indicated that
he adjustment of operating conditions in batch and dynamic flow

ode is important for the effective sequester of nickel ions from
ontaminated solutions. The SEM and FTIR analysis confirmed the
nteractions between Ni(II) ion and sorbent surface. Likewise, the
roposed sorbent system can be effectively used to remove the
ickel ions from industrial wastewater. Overall, it can be concluded
hat the proposed biosorbent system is practical and efficient for
he removal of nickel contamination from synthetic and industrial
ffluents with the advantages of low preparation cost and large
vailability of the used waste biomass.

eferences

[1] B. Volesky, Detoxification of metal-bearing effluents: biosorption for the next
century, Hydrometallurgy 59 (2001) 203–216.

[2] C.F. Forster, D.A.J. Wase, Biosorption of heavy metals: an introduction, in: D.A.J.
Wase, C.F. Forster (Eds.), Biosorbents for Metal Ions, Taylor & Francis, London,
UK, 1997, pp. 1–10.

[3] S.S. Ahluwalia, D. Goyal, Microbial and plant derived biomass for removal of
heavy metals from wastewater, Bioresour. Technol. 98 (2007) 2243–2257.

[4] C.E. Borba, R. Guirardello, E.A. Silva, M.T. Veit, C.R.G. Tavares, Removal of
nickel(II) ions from aqueous solution by biosorption in a fixed bed column:
experimental and theoretical breakthrough curves, Biochem. Eng. J. 30 (2006)
184–191.

[5] T. Akar, A. Cabuk, S. Tunali, M. Yamac, Biosorption potential of macrofungus
Ganoderma carnosum for removal of lead(II) ions from aqueous solutions, J.
Environ. Sci. Heal. A 41 (2006) 2587–2606.

[6] A. Cabuk, T. Akar, S. Tunali, S. Gedikli, Biosorption of Pb(II) by industrial strain of
Saccharomyces cerevisiae immobilized on the biomatrix of cone biomass of Pinus
nigra: equilibrium and mechanism analysis, Chem. Eng. J. 131 (2007) 293–300.

[7] R.S. Prakasham, J. Sheno Merrie, R. Sheela, N. Saswathi, S.V. Ramakrishna,
Biosorption of chromium VI by free and immobilized Rhizopus arrhizus, Environ.
Pollut. 104 (1999) 421–427.

[8] Paula Marques, Helena Maria Pinheiro, Maria Fernanda Rosa, Cd(II) removal
from aqueous solution by immobilised waste brewery yeast in fixed-bed and
airlift reactors, Desalination 214 (2007) 343–351.

[9] T. Akar, S. Tunali, A. Cabuk, Study on the characterization of lead (II) biosorp-
tion by fungus Aspergillus parasiticus, Appl. Biochem. Biotechnol. 136 (2007)

389–406.

10] M.Z.-C. Hu, M. Reeves, Biosorption of uranium by Pseudomonas aeruginosa strain
CSU immobilized in a novel matrix, Biotech. Prog. 13 (1997) 60–70.

11] N. Rangsayatorn, P. Pokethitiyook, E.S. Upatham, G.R. Lanza, Cadmium biosorp-
tion by cells of Spirulina platensis TISTR 8217 immobilized in alginate and silica
gel, Environ. Int. 30 (2004) 57–63.



ous M

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

T. Akar et al. / Journal of Hazard
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