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Abstract: The ability of Bacillus subtilis immobilized into chitosan beads (BICB) to remove Cu(I) from aqueous solution was
studied. The effects of pH, biosorbent dosage, temperature, initial Cu(Il) concentration and contact time on removal of Cu(Il) were
studied using batch adsorption experiments. The results show that the Cu(II) absorption strongly depends on pH and the optimum pH
is 6. Compared with chitosan beads (CB), the BICB has higher efficiency and capacity on Cu(Il) removal. The Langmuir isotherm
model (R’=0.994) is proved to fit the equilibrium data best. The maximum adsorption capacity determined from Langmuir model is
100.70 mg/g. The kinetic data fit well with the pseudo-second-order model and the correlation coefficient is greater than 0.999. The
biosorbents are successfully regenerated using 0.1 mol/L. NaOH solution.
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1 Introduction

Heavy metal pollution has become a serious
environmental problem in the last several decades. A
large amount of heavy metal ions exist in final industrial
effluents which are extremely undesirable due to their
toxicity even at low concentrations [1]. Copper is an
essential nutrient in trace amount but at a higher level it
is toxic to plants, animals and humans [2]. Copper
consumption in high doses might bring about serious
toxicological concerns because it can be deposited in the
brain, skin, liver, myocardium and pancreas [3]. Copper
is  widely used important  industrial
applications, so its removal and recovery from

in various

wastewater is significant for the environmental
protection and human health.
Compared with the traditional wastewater

treatments [4], biosorption process has been found to be
superior to other technologies because of its low cost,
high efficiency, convenient operation, regeneration of
biosorbent and recovery of metals [5]. Biosorption

utilizes a wide variety of microorganisms including
bacteria, yeast, algae, protozoa and fungi which could be
found everywhere. The mechanisms for removal of
heavy metals may involve adsorption, uptake,
methylation, oxidation and reduction [6]. Living, dead
and immobilized cells can be used in this process.
Immobilized cells are usually easier to handle, require
less complex separation systems, allow a high biomass
density to be maintained and provide a greater
opportunity for reuse and recovery [7].

Bacillus subtilis (B. subtilis), as an industry waste,
possesses high physiological activity. The structure of
cell wall is well-known and consists primarily of
peptidoglycan and teichoic acid. Peptidoglycan is a
polymer of acetylmuramic and acetylglucosamine acids
that display mainly carboxylic and hydroxyl functional
groups. Teichoic acid is a polymer of copyranosyl
glycerol phosphate that reveals mainly phosphate and
hydroxyl groups [8,9].

Natural polymers such as alginate, chitin, chitosan,
and cellulose derivatives have been mostly used as the
matrix for the immobilization of the microbial cells via
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entrapment [10]. Chitosan is a product of the partial
N-deacetylation of chitin, which has several desirable
properties like hydrophilicity, biodegradability and
non-toxicity [11]. Chitosan could serve as carriers for
enzymes and whole cells, and shows high ability on
metal removal. Many studies are available on removal of
metals using chitosan [12,13].

The aim of this study was to evaluate the
performance of entrapping B. subtilis into chitosan beads
for biosorption of Cu(Il) from aqueous solution. The
influences of experimental parameters such as pH,
biosorbent  dosage, temperature, initial  Cu(Il)
concentration on Cu(II) removal were studied. In order to
better understand the mechanism during the biosorption
process, some isotherm and kinetic models were
evaluated. Regeneration studies were also carried out to
determine the reusability of the biosorbent.

2 Experimental

2.1 Microorganism and materials

The B. subtilis used in this study was provided by
Hunan Normal University, China. Chitosan (90%
acetylation degree) was supplied by Sinopharm
Chemical Reagent Co., Ltd. Stock solution (1000 mg/L)
of Cu(ll) was prepared by dissolving 3.8023 g
Cu(NO;),3H,0 in 1000 mL distilled water. The
solutions of different concentrations used in various
experiments were obtained by dilution of the stock
solution. All reagents were of analytic grade and used
without further purification.

2.2 B. subtilis cultivation

Cultivation of B. subtilis was carried out in 250 mL
erlenmeyer flasks with 100 mL growth medium on a
rotary shaker at 150 r/min with a constant temperature of
37 °C. The growth medium contained 10 g/L peptone, 20
g/L glucose, 4 g/L yeast extract, 5 g/L NaCl and 5 mg/L
MnSO4H,0. The pH of the medium was adjusted to 7.0.

2.3 Preparation of BICB and CB

The Bacillus subtilis immobilized into chitosan
beads (BICB) were prepared using the method similar to
one described previously [2]: About 2.00 g chitosan was
dissolved in 60 mL of 1% (v/v) acetic acid. The chitosan
solution was left overnight at room temperature. Then
the chitosan solution was mixed with 40 mL B. subtilis
suspension. The mixture was slowly dripped into 400 mL
NaOH (0.25 mol/L) solution through a syringe with a
pinhead to form beads. The spore-immobilized beads

were cured for 4 h to enhance their mechanical stabilities.

Finally, the beads were filtered, rinsed with sterile water
until pH of the washing effluent was up to 7.0. The
preparation of chitosan beads (CB) was similar to the

above steps except the CB mixed with 40 mL distilled
water instead of B. subtilis suspension. The sizes of
BICB and CB were measured after the beads were
shaped, and the diameter was 2—3 mm.

2.4 Characterization

The BICB before and after biosorption were coated
with gold under reduced pressure and the surface
morphological images were observed by a scanning
electron microscope (QUANTA 200, USA). The
existences of the functional groups on BICB before and
after biosorption were confirmed by a Fourier-transform
infrared spectroscope (Nicolet Nexus 670, USA).

2.5 Batch biosorption and isotherms experiments

Each experiment was carried out in 250 mL
Erlenmeyer flask containing 100 mL Cu(II) solution.
About 3% (w/v) of BICB/CB were added into this
solution, then the solution was stirred on a rotary shaker
with 150 r/min at 37 °C for 12 h. The concentrations of
Cu(Il) before and after biosorption were measured by the
atomic absorption spectrometer. Initial pH of the solution
was adjusted to the required value by adding 0.1 mol/L
HCl and 0.1 mol/L NaOH.

Adsorption isotherm was also performed at
optimum conditions with different initial Cu(Il)
concentrations in the range of 5-300 mg/L. The system
was maintained under shaking until adsorption
equilibrium was reached. The batch kinetic studies were
carried out under three different Cu(II) concentrations
(10, 50 and 100 mg/L), and the samples were agitated for
designated time periods (0—24 h). Experiments were
conducted in triplicate and the average values were taken
as result.

The removal efficiency (#) and adsorption amount
of adsorbed metal ions (g;) were calculated as follows:

n=(pi—p)*100/p; (1)
q=(pi—p)VIim (2)

where p; and p; are the Cu(Ill) concentrations (mg/L)
initially and at a given time ¢, respectively; V is the
volume of the Cu(Il) solutions; m is the mass of dry
biosorbent. The dry masses of both BICB and CB were
determined after drying at room temperature for 24 h.

2.6 Desorption

The desorption studies were performed using 3%
(w/v) BICB with 100 mL of 50 mg/L Cu(Il) solution.
After adsorption experiments (12 h), the adsorbed metal
ions were eluted with 0.1 mol/L NaOH. The eluted
biosorbent was then washed thoroughly with distilled
water until the pH of the elute solution reached 7.0 and
placed into metal solution for the subsequent
adsorption-desorption cycle.
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3 Results and discussion

3.1 SEM analysis

The surface areas of BICB before and after Cu(II)
biosorption were observed by SEM, and the SEM images
are shown in Fig. 1. It can be clearly observed lots of
tiny interspace structure distributing on the surface of the
biosorbent from Fig. 1(a), thus provided maximum
surface area for the biosorption of Cu(ll) [14].
Figure 1(b) reveals that the surface of the biosorbent
becomes rougher and more protrusions. This may
attribute to reactions occurring on the surface of the
biosorbent which afterwards changes the structure of
BICB. Also, there is a great number of crystal and white
granular substances adhered to the surface, which could
be the adsorbed copper particles.

| o 3
Fig. 1 SEM images of BICB before (a) and after (b)
biosorption of Cu (II)

3.2 FTIR spectroscopy analysis

The FTIR spectra of BICB before and after Cu(II)
biosorption are shown in Fig. 2. Figure 2(a) presents a
strong and broad band which appears at around 3309
cm ' corresponding to the stretching vibrations of N—H
and O—H groups. The band at 2860 cm ' can be
assigned to C—H stretching combining with hydroxyls

on methylene groups. The peak at 1629 cm ' due to the
secondary amide C=—O bond contributed by the
remaining acetamido groups. The characteristic
absorption band appears at 1579 ¢cm™' corresponding to
N—H bending vibration. The peaks at 1379 c¢cm' and
1010 cm' attribute to C—H bending and C—O
stretching vibration, respectively [10]. Figure 2(b) shows
that the FTIR spectrum for Cu(Il) loaded onto BICB has
some slight changes. The biosorption peak of O—H
stretching vibration shifts from 3309 to 3302 cm ',
which suggests the interactions between O—H groups
and Cu(II) ions. The intensities of the peaks at 1377 cm™!
and 1022 cm' increase after the biosorption process,
indicating that C—H and C—O functional groups also
play important roles in Cu(II) biosorption.
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Fig. 2 FTIR spectra of BICB before (a) and after (b)
biosorption of Cu(II)

3.3 Effects of initial pH on Cu(ll) adsorption

The pH of the aqueous solution is an important
variable during the biosorption progress, because it can
affect the protonation of functional groups such as
phosphate, carboxyl and amino in the biomass as well as
the chemical properties of the metals [15]. Figure 3
presents the effect of initial pH on the removal efficiency
of Cu(II) onto BICB and CB by varying pH from 3 to 6.5.
The lowest pH designed for this experiment was 3
because chitosan was easily dissolved in acid solution.
As can be seen, the removal efficiencies of Cu(II) onto
both adsorbents have the same trend, which increases
with increasing pH. When the initial pH was adjusted to
3, a little Cu(II) was removed by BICB and CB. On one
hand, a large number of H" and H;O" in the solution
compete with Cu(Il) ions for the binding sites on the
BICB and CB surfaces and prevent deeper progress of
reaction between Cu(lIl) ions and biosorbent [12]. On the
other hand, the electrostatic repulsion exists between the
metal cation and the protonated amino group, which
prevents the active functional groups from dissociating
and reduces the number of binding sites for adsorption of
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Cu(ll) [16,17]. The removal efficiency of Cu(Il)
increases sharply at the pH range of 3—5 while it
increases slightly after the pH is higher than 5. As the pH
increases, the negative charge density on the surface of
adsorbent increases and the ionic point of ligands such as
carboxyl, hydroxyl and amino groups are free so as to
promote interaction with the metal cations. When the
initial pH is higher than 6.5, precipitation usually occurs
with the metallic ions attached to hydroxide ions forming
Cu(OH), and could lead to inaccurate interpretation of
biosorption [2,11]. The cytoderm would dissociate more
negatively charged groups in near neutral solution,
offering more metal adsorption sites, enhancing the
combination and reaction between functional groups and
Cu(Il). Therefore, pH 6 was chosen as the optimum pH.
It is noted that the removal efficiency of Cu(Il) on BICB
is higher than that on CB at all pH ranges studied. That is
because the B. subtilis has several functional groups such
as carboxylic and hydroxyl which carry negative charges
that allow the cell wall to combine with heavy metals
[18]. Similar trend has been reported. WAN NGAH et al
[19] investigated pH on chitosan/PVA beads and used
pH 6 for further adsorption studies for Cu(Il) adsorption.
ZHAO et al [16] found that the adsorption amount of
Cu(Il) on chitosan gel beads increased as the pH
increased and pH 6 was chosen as the optimum pH.
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Fig. 3 Effects of pH for Cu(Il) uptake on removal efficiency by
BICB and CB

3.4 Effects of biosorbent dosage on Cu(l1) adsorption

The biosorbent dosages of BICB and CB varying
from 1.0% to 3.5% (w/v) were used in 50 mg/L Cu(Il)
solutions under pH 6 to test the effects on Cu(Il)
adsorption. As shown in Fig. 4, the removal efficiencies
of Cu(Il) using BICB and CB both increase with
increasing biosorbent dose. As the biosorbent mass
increases, the surface area of biosorbent also increases. It
can be explained that the binding sites remain
unsaturated during the adsorption reaction, thus more

binding sites are available for the heavy metal ions,
which enhances the interaction between Cu(II) ions and
the biosorbent [20]. However, the removal efficiency of
Cu(Il) retains constant when the biosorbent dose
continues to increase. This is due to the fact that higher
biosorbent dose could produce a “screening” effect on
the cell wall, protecting the binding sites, thus resulting
in lower Cu(Il) ions uptake [21]. Therefore, the optimum
biosorbent dosage was taken as 3% (w/v) for further
experiments.
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Fig. 4 Effects of biosorbent dosage for Cu(Il) uptake on
removal efficiency by BICB and CB

3.5 Effects of temperature on Cu(ll) adsorption

The effects of temperature on adsorption capacity of
BICB and CB for Cu(Il) are shown in Fig. 5. It can be
seen from the figure that the adsorption capacity of BICB
for Cu(Il) increases as the temperature increases from 28
to 37 °C. The adsorption capacity passed through a
maximum at 37 °C and then decreased with the
temperature increasing to 43 °C. This small change at
28-37 °C leads to a great change in adsorption capacity
(30.6 to 44.7 mg/g), which indicates that B. subtilis is
very sensitive to the temperature. The effect of
temperature on biosorption process mainly depends on
two aspects, the processes of bioaccumulation and the
mechanisms of cell metabolism. At lower temperatures,
the adsorption capacity is low because of the weak
activity and slow metabolism of the cells [22]. The
adsorption capacity decreases at higher temperatures,
which contributes to the damage of active binding sites
in the biomass. Moreover, the high temperatures may
reduce the ability of the cell membrane combining with
metal ions and inhibit the exchange of Cu(Il) ions with
the biosorbent. On the other hand, the adsorption
capacity of CB increases with increasing temperature,
which indicates the endothermic nature of the adsorption
process. Metal uptake using immobilized cells is more
efficient than that without cells.
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Fig. 5 Effects of temperature for Cu (II) uptake on adsorption
capacity by BICB and CB

3.6 Effect of initial Cu(ll) concentration on Cu(ll)

adsorption

Initial Cu(Il) concentration was adjusted in the
range of 5—300 mg/L for adsorption onto the BICB with
pH 6 at 37 °C for 12 h. The removal efficiency and
adsorption capacity at different Cu(Il) concentrations are
presented in Fig. 6. At a low Cu(Il) concentration of 10
mg/L, the removal efficiency of BICB reaches a
maximum of 98.4%, then reduces with the increase of
initial Cu(II) concentration. The high biosorption
efficiency (close to 99%) at low concentrations indicates
the potential application of BICB for removal of a trace
amount of Cu(ll) from wastewater. The removal
efficiency of Cu(Il) drops sharply (55.4%) with an
increase of initial Cu(Il) concentration from 50 to 300
mg/L. This is due to the fact that the saturation of
binding sites at high concentrations leads to more Cu(II)
ions unadsorbed in solution [4]. In addition, the toxicity
of Cu(Il) accumulates rapidly in B. subtilis cells at high
concentrations, which may reduce the biological activity
of BICB and affect the multiplication of B. subtilis
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Fig. 6 Effects of initial concentration for Cu(Il) uptake on
removal efficiency and adsorption capacity by BICB

during biosorption process. However, the adsorption
capacity of BICB grows up with increasing initial Cu(II)
concentration, and reaches 97.5 mg/gat the initial Cu(II)
concentration of 300 mg/L. This can be attributed to the
fact that the higher Cu(Il) concentrations increase the
overall mass transfer driving force and thus the Cu(Il)
uptakes onto the biosorbent [21].

3.7 Effect of contact time on Cu(ll) adsorption

The effects of contact time for BICB on the
adsorption capacity with different initial concentrations
(10, 50 and 100 mg/L) are shown in Fig. 7. It is observed
that a rapid uptake occurs within the first 4 h and then
followed by a slow increase until the equilibrium state is
attained after 12 h at all the initial Cu(II) concentrations.
After this equilibrium period, the amount of Cu(II)
adsorbed does not change significantly with the time.
The fast adsorption of the Cu(Il) is probably due to the
fact that abundant active binding sites are available on
the biosorbents [23], which increases the ion exchange
reaction in the aqueous solution. The experiment results
support the assumption of two typical steps of
biosorption process, which are rapid adsorption
(physisorption) and slow accumulation (chemisorption)
of heavy metals. It is obvious that the first step plays a
major role in the biosorption process. Similar trend was
reported in the case of chemically modified chitosan,
where the adsorption capacity increased greatly with the
contact time up to 9 h and then increased slightly until
the equilibrium time was attained at 24 h [24].
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Fig. 7 Effects of contact time for Cu(Il) uptake on adsorption
capacity by BICB

3.8 Adsorption isotherms

The isotherm studies were carried out at pH 6 with
the initial concentrations from 5 to 300 mg/L at 37 °C for
12 h. Adsorption isotherms are significant for explaining
the adsorption process and optimizing the use of
adsorbent, which indicates how the adsorbate molecules
distribute between the liquid phase and the solid phase



Yun-guo LIU, et al/Trans. Nonferrous Met. Soc. China 23(2013) 1804—1814 1809

when the system reaches an equilibrium state [25]. In
order to determine the mechanism of Cu(Il) adsorption
onto the BICB, the experimental data were applied to the
Langmiur, Freundlich, Temkin and Dubinin-
Radushkevich (D-R) isotherm equations.

The Langmuir isotherm equation, which is the most
commonly used and based on the monolayer adsorption
on the active sites of the adsorbent, is represented in
linear form as follows :

pe/Qe:KL/Qm+pe/Qm (3)

where p. is the equilibrium concentration in the solution;
¢m 1s the maximum adsorption capacity; ¢. is the amount
of Cu(Il) adsorbed per unit dry mass of biosorbents at
equilibrium; K is the Langmuir adsorption equilibrium
constant.

The Langmuir isotherm experimental data were
plotted as p./q. vs p. and its linear fitting results are
shown in Fig. 8(a). The Langmuir constants ¢,, and K
were obtained by linear regression method and shown in
Table 1. The experimental data exhibited high
correlation with Langmuir model under the different
concentrations. This result supports the assumptions of
Langmuir model that the presence of a limit number
of binding sites distribute over the biosorbent surface

2.5
(a)

20

(pJg)/(gL™")

0 50 100 150 200
p/(mg-L")

lg[g./(mg-g™")]

04 | 1 1
-10 -05 0 05 10 15 20 25

lg[ p/(mg-L™")]
Fig. 8 Langmuir (a) and Freundlich (b) plots for biosorption of

Cu(II) onto BICB

Table 1 Adsorption equilibrium constants obtained from
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich
isotherms in biosorption of Cu(Il) onto BICB

Isotherm model Parameter Value
gm/(mg'g ) 100.70
_ K /(Lmg™")  1.02x107*

Langmuir 5
R 0.994
Ry 0.246
Ky/(L'mg™") 13.62
Freundlich n 2.375
R’ 0.931
B 14.08
b/(kJ-mol ™) 0.183

Temkin
Ki/(L'mg ™" 4.427
R’ 0.978
gm/(mg'g ) 61.96
Bi/(mol*kI?) 0.126
Dubinin—Radushkevich

E /(kJ-mol ™" 1.992
R’ 0.746

homogeneously, thus presenting the same affinity for
biosorption of a single molecular layer [26]. A good
biosorbent is considered to be characterized by a high ¢,
value and a steep initial isotherm slope [9]. The ¢, and
K obtained in this study represent high affinity between
the sorbent and sorbate, which also indicates that the
BICB is a good biosorbent.

The essential feature of Langmuir isotherm can be
expressed by separation factor (Rp), a dimensionless
constant, can be represented as

R =1/(1+K1py) @)

where K| is the Langmuir constant and p, is the initial
concentration of Cu(Il).

The calculated dimensionless factor Ry is included
in Table 1. The R, indicates the shape of the isotherm to
be either unfavorable (R >1), favorable (0<R <1), linear
(Ri=1) or irreversible (R;=0). The R; obtained from
Langmuir model is 0.246, which indicates that the
adsorption process is favorable for Cu(Il) removal by
BICB. It gives further support to the point that the
equilibrium isotherm can be well described by the
Langmuir model.

The Freundlich isotherm equation, which is used to
explain the adsorption on a heterogeneous surface with
uniform energy, is expressed in a linear form as follows:

lg g=lg pe/ntlg K (5)

where Ky and n are the Freundlich constants indicating
the adsorption capacity and adsorption
respectively.

intensity,
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The Freundlich data were plotted as Ig g. vs 1g p.
and its linear fitting results are shown in Fig. 8(b). The
Freundlich isotherm constants and correlation coefficient
(R?) are listed in Table 1. The Freundlich exponent K
and n show facile separation of metal ions from aqueous
medium and give an indication of the favorability of
adsorption. If n is less than 1, the adsorption intensity is
favorable at all concentrations, but if the # is more than 1,
the adsorption
concentrations but much less at low concentrations [27].
The value of n obtained is greater than 1 which indicates
that the adsorption intensity is favorable at high

intensity is favorable at high

concentrations.

The Temkin isotherm assumes that the heat of
adsorption of all the molecules in the layer decreases
linearly with coverage due to adsorbent-adsorbate
interactions, and the adsorption is characterized by a
uniform distribution of the binding energies, up to the
maximum energy. It can be described as follows:

¢=[RTIn(K+p.)}/b=Bln K++Bln p. (6)

where constant B=RT/b, which is related to the heat of
adsorption; R is the mole gas constant; 7 is the
temperature; b is the variation of a adsorption energy; Kt
is the equilibrium binding constant corresponding to the
maximum binding energy.

A plot of g, vs In p. enables the determination of the
isotherm constants B and Kt from the slope and the
intercept, respectively. Temkin isotherm parameters are
listed in Table 1. The high correlation coefficient
indicates the biosorbent showing good fitness of the
isotherm. Typical bonding energy is reported to be 8—16
kJ/mol for ion-exchange mechanism and less than —40
kJ/mol for physisorption process [13]. The low value of b
(0.183 kJ/mol) obtained in the present study indicates
rather weak ionic interaction between the adsorbent and
adsorbate, and the biosorption process seems to involve
both chemisorption and physisorption.

The D-R model, which assumes the characteristic
sorption curve is related to the porous structure of the
adsorbent. The linear form of the D-R isotherm equation
is

In g=In g,—p&* (7)

where f; is the activity coefficient related to mean
biosorption energy and ¢ is the Polanyi potential which is
equal to RTIn(1+1/p,).

The mean energy of sorption can be calculated as

E=1/24))"? (3)
where E gives the physical and chemical features of

adsorption.
The curve was plotted and the values of ¢, and £,

were calculated from the intercept and slope given in
Table 1. The correlation coefficient is lower than other
three isotherm values, which indicates that the D-R
equation represents the worse fit of experimental data
than other isotherm equations.
literature, the energy ranges from 1.0 to 8.0 kJ/mol for
physical adsorption and from 9.0 to 16.0 kJ/mol for
chemical ion-exchange adsorption [24]. The energy for
the biosorbent is very low (1.992 kJ/mol), which
indicates weak interaction of Cu(II) with the BICB and
the biosorption process may be attributed to physical
adsorption. This supports the predictions from Temkin

According to the

isotherm.

From Table 1, it is found that the biosorption
process can be best represented by the Langmuir
isotherm. The biosorption process
chemisorption and physisorption, and the dominant
interaction between Cu(Il) and the BICB is physical
adsorption. The maximum adsorption capacity calculated
from the Langmuir isotherm is 100.70 mg/g and it is

involves both

higher than some other Cu(II) uptake adsorbents reported
early. WAN NGAH and FATINATHAN [2] reported the
maximum adsorption capacities of Cu(Il) were 64.62,
67.66 mg/g onto chitosan beads and Chitosan-alginate
beads, respectively. TSEKOVA et al [28] found the
maximum Cu(II) uptake was 34.13 mg/g by immobilized
Aspergillus niger. Compared with the literatures, the
BICB exhibits a good capacity for removal of Cu(II) ions
from aqueous solution.

3.9 Kinetics studies

In order to determine the controlling mechanisms of
biosorption process, such as mass transfer and chemical
reaction, four kinetic models were used to interpret the
experimental data. The kinetics studies were carried out
at pH 6 and 37 °C using three different initial Cu(II)
concentrations (10, 50 and 100 mg/L). The linear form of
pseudo-first-order kinetic model is given as

lg(ge—q.)-lg g—k1/2.303 9)

where ¢. and ¢, are the amounts of adsorbed Cu(Il) on
the biosorbent at equilibrium and at time ¢, respectively,
and k; is the first-order adsorption rate constant.

On the other hand, the linear form of pseudo-
second-order model is expressed as

1q=qlks+tlq. (10)

where k, is the pseudo-second-order adsorption rate
constant.

The pseudo-first-order experimental data were
plotted as lg(g.—q;) vs t while the pseudo-second-order
data were plotted as #/g, vs ¢ and the linear fitting results
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are shown in Fig. 9. The calculated results of these two
kinetic equations are given in Table 2. It is found that the
pseudo-first-order plot does not adequately describe the
adsorption results with a low correlation coefficient.
Generally, the pseudo-first-order model is applicable for
the initial stage of the biosorption processes and does not
fit well to the whole range of contact time [29]. It is
observed from Fig. 9(b) and Table 2 that the pseudo-
second-order plots are all linear with correlation
coefficients higher than 0.999, which indicates that the
pseudo-second-order kinetic model fits well with the
experimental data. The pseudo-second-order kinetic
model assumes that the adsorption capacity of adsorbent
is proportional to the number of active sites on its surface,
and the rate-limiting step may be chemical adsorption
involving valency forces through sharing or exchange of
electrons between adsorbent and adsorbate [30] The
pseudo-second-order kinetic rate constants (k,) decrease
with the increase of initial Cu(II) concentration. This
may attribute to more Cu(Il) ions existing in solution at
high concentrations. They compete against each other
and induce a delay in the attainment of equilibrium and

2.0

a(a)
o

o)
T

= — 10 mg/L
o — 50 mg/L
4 — 100 mg/L

Ig[(g.~g)/(mg-g™")]

3.0
(b)

2.5F
o = — [0 mg/L
o 20T o — 50 mg/L
E 4 — 100 mg/L
=11]
15}
T 10F

0.5+ .

L L

0 4 8 12 16 20 24
t/h
Fig. 9 Pseudo-first-order (a) and pseudo-second-order (b)
kinetic plots of Cu(Il) onto BICB at various initial
concentrations
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lower k, values. The high applicability of the pseudo-
second-order equation of Cu(ll) ions onto various
adsorbents was also observed [21,24].

The biosorption data were further analyzed using
the Elovich and intraparticle diffusion models. The
Elovich equation is suitable to describe the nature of
chemical adsorption in the biosorption process and the
linear form is given as

q~(1/)In(af)+(1/p)In ¢ (11

where o is the initial sorption rate constant, and S is
related to the extent of surface coverage and activation
energy for chemisorption.

The parameters of the Elovich equation were
obtained by plotting ¢, vs In ¢ and shown in Table 2. The
correlation coefficients obtained from this model are
lower compared with those of the pseudo-second-order
equation, but it can also describe the kinetics of Cu(II)
biosorption onto BICB. The value of f increases from
16.710 to 2.9x10%, which shows the correspondingly
increasing trend of biosorption rate for Cu(Il) ions at
higher concentrations. This may be due to the increasing
surface coverage on the biosorbent. Similar trend has
been found in other studies. ILLANES et al [31] reported
that the higher initial sorption rates give smaller a and
the parameter S reaches the maximum when it is
represented in a Ig—I1g plot vs the metallic ion
concentration with PSf-MS and SAN-MS.

Table 2 Kinetic parameters for adsorption of Cu(IT) onto BICB
based on different models

Kinetics

Initial Cu(II) concentration

Parameter
model 10mg/L 50 mg/L 100 mg/L
Pseudo. ky/(min™") 0.004 0.006 0.005
first- g./(mggl) 3373 26.758  26.407
order R 0.725 0942 0823
ko/ -3 —4 —4
Pscudo-  (gmg lmin) 5.70x107° 7.41x107* 7.92x10
second- [ ooty 9441 50201  66.711
order
R? 0.999 0.999 0.999
ff‘/ . 099 0.151 0.141
Elovich (Mgg min ")
equation  Al(gmg) 16710 3.0x10"7  2.9x10%
R? 0.915 0.954 0.948
Intraparticle /
diffusion (g ,1}min,,/2) 0.133 0.989 0.922
equation £e

In order to investigate whether the biosorption of

Cu(Il) onto BICB involves multi-step process or not,
intraparticle diffusion model is exploited to analyze the
experimental data. The intraparticle diffusion equation is
expressed as
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gk +C (13)

where £; is the intra-particle diffusion rate and constant C
is the intercept.

The plots of ¢, vs ¢ at different initial Cu(Il)
concentrations are shown in Fig. 10 and the values of k;
are listed in Table 2. It can be seen from Fig. 10 that the
plots present a multilinearity, indicating that two or more
steps take place during the biosorption process. It is
observed that all the plots have an initial curve portion,
following by a linear portion and an equilibrium region.
The first sharper portion of the plots is due to the
external surface biosorption onto BICB, which assumes
instantaneous adsorption of this stage. The second linear
portion of curves indicates the gradual adsorption stage,
where the intraparticle diffusion is rate-controlled. After
this space of time, the systems penetrate into the final
equilibrium state and the saturation of the biosorbents is
observed. Based on the results it may be concluded that
the intraparticle diffusion is not only the rate-limiting
step for the whole biosorption process [32].
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Fig. 10 Intraparticle diffusion kinetic plots of Cu(II) onto BICB

at various initial concentrations

3.10 Desorption study

The desorption study is also important because it is
useful in the recycling of the adsorbent and recovery of
heavy metals. Desorption experiments were conducted
with EDTA, HCl, and NaOH. It was observed that the
desorption ratio of Cu(Il) with EDTA and HC] was much
lower than that with NaOH in the first cycle. Perhaps due
to the speciation of copper, the surface charge of the
adsorbent has changed into the alkaline medium which
would weaken the electrostatic interaction between the
BICB and the Cu(Il) ions, promoting desorption. Hence,
further experiments were carried out only with 0.1 mol/L
NaOH solution. Table 3 lists the adsorption capacity and
desorption ratio of Cu(ll) on the BICB in
5 adsorption—desorption cycles. Complete desorption is

not possible, perhaps due to the involvement of
non-electrostatic forces between the BICB and the Cu(II)
ions [13]. It is found that the adsorption capacity and
desorption ratio of BICB only decrease by 4.35 mg/gand
3.97% after the first cycle and could still be maintained
at 36.14 mg/gand 76.02% at the 5th cycle. The results
indicate that the BICB can be successfully regenerate
and repeatedly use in Cu(Il) ions adsorption study
without appreciable losses in their adsorption capacities.

Table 3 Desorption ratio of adsorbed Cu(I) onto BICB

Cycle  Adsorbed capacity/(mg-g ") Desorption ratio/%
1 45.65 96.03
2 42.89 90.22
3 39.60 83.30
4 38.19 80.33
5 36.14 76.02

4 Conclusions

1) Cu(ll) ions could be effectively adsorbed by
Bacillus subtilis immobilized into chitosan beads.

2) FTIR analyses suggest that O—H, C—H and
C—oO are involved in the removal mechanism of Cu(II).

3) The pH, biosorbent dose, temperature, initial
Cu(Il) concentration and contact time highly affect the
Cu(II) biosorption, and the Cu(Il) uptake using BICB is
more efficient compared with CB.

4) The equilibrium studies were described by four
isotherm models. Among these models, the Langmuir
isotherm illustrates the best description of the metal
adsorption mechanism and the maximum adsorption
capacity of Cu(II) is 100.70 mg/g.

5) The kinetic results show that the pseudo-second-
order model agrees best with correlation coefficients
higher than 0.999. The mechanism involves both
chemisorption and physisorption, and the dominant
interaction between Cu(Il) and the BICB is physical
adsorption.

6) The desorption rate is maintained at 76.02% after
5 cycles. It suggests that the novel BICB is a great
potential and low-cost heavy metal biosorbent.
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