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ABSTRACT

The present study was conducted to evaluate the applicability of S. cerevisiae cells modified
with nZVI (magnetic biosorbent) for the Ni(Il) ions removal from aqueous solutions. This
composite was synthesized in ethanol using a borohydride reduction method in atmo-
spheric conditions and characterized by FTIR, XRD, and SEM analyses. Batch experiments
were examined the effects of initial solution pH, magnetic biosorbent amount, contact time,
initial Ni(II) concentration, and temperature. Langmuir, Freundlich, Dubinin—-Radushkevich,
and Temkin isotherm models were applied to the equilibrium data. The maximum biosorp-
tion capacity of the magnetic biosorbent was found to be relatively high (54.23 mg/g). The
reductive power of the Fe’ and functional groups on the yeast cell surface contributed to
the removal of Ni(Il) ions. The kinetics data were best described by the pseudo-second-
order kinetics model. Thermodynamics parameters were calculated from the experimental
data. Ni(Il) removal onto magnetic biosorbent was favorable, physicochemical in nature.
Also, the Ni(Il) removal onto magnetic biosorbent decreased with increasing in Na concen-
tration in aqueous solutions. The results of this study suggest that the magnetic biosorbent
is effective for Ni(I) removal from aqueous solutions.
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1. Introduction Ni(II) concentrations can approach 2-205

Ni(I) is one of the most common pollutants in
wastewaters related to mining and metallurgy, stainless
steel, aircraft industries, nickel electroplating, battery
and manufacturing, pigments and ceramic industries,
domestic contaminants, and waste materials. Wastewa-
ters from paint-ink production and porcelain enameling
industries contain Ni(II) concentrations ranging from
040 to 0.25-67 mg/L, respectively. In plating plants,
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2-900 mg/L (rinse waters). In mine drainage, Ni(l)
concentrations can approach 0.19-0.51, 0.46-3.4 (acidic),
and 0.01-0.18 mg/L (alkaline) [1,2]. Ni(Il) ion intake
above permissible levels can cause harmful health effects
such as pulmonary fibrosis, renal oedema, skin dermati-
tis, and gastrointestinal distress (e.g. nausea, vomiting,
and diarrhea) [3]. Hence, the removal of Ni(Il) from the
wastewater is of significant impor-tance [4,5]. Some con-
ventional methods such as coagulation—flocculation,
chemical precipitation, ozonation, membrane filtration,
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sedimentation, ion exchange, and adsorption have been
used for treating water contaminated with Ni(I) ions
[4,6,7]. Of these methods, adsorption is a highly efficient
and economical technique [8].

Iron nanoparticles (nZVI) in powder or granular
form have been applied as a reactive material in per-
meable reactive barriers to remove different contami-
nants. It is effective because of its large surface area,
nanoscale dimensions, high density, and higher intrin-
sic reactivity of surface sites [5,9-12]. In recent years,
there have been a few reports of using nZVI for
removing heavy metal such as Pb**, Cu®*, Co**, Ba®*,
and Cr*® from wastewaters. The reports describe
excellent uptake capabilities for various types of heavy
metal ions [5,11,13-17]. However, nZVI use has caused
to some problems such as high reactivity rates to sur-
rounding media, floc formation, and loss of reactivity
[13,18,19]. To overcome these problems, nZVI sup-
ported on kaolinite, zeolite, or bentonite has been
effectively employed [5,6,10,11,20]. Another applica-
tion has been nanoparticle coating on microbial cells
[13,21-24]. Magnetically modified cells have been used
for the removal of metals such as mercury, copper,
cadmium, and chromium [13,21,22]. However, there is
only a very limited number of papers describing mag-
netic modification of microbial cells. For this reason,
this study investigated the potential of S. cerevisiae
cells modified with nZVI (a magnetic biosorbent) to
remove Ni(Il) ions from aqueous solutions. In the first
part of the study, S. cerevisiae cells modified with nZVI
were synthesized and characterized. In the second
part, Ni (II) removal properties were studied and pos-
sible removal mechanisms are discussed. The experi-
ments were performed by varying solution pH, Ni(II)
concentration, magnetic biosorbent amount, contact
time, and Na®* concentration. The magnetic biosorbent
samples were characterized using FTIR, XRD, and
SEM.

2. Materials and methods
2.1. Synthesis of S. cerevisiae cells modified with nZVI

S. cerevisine yeast used in this study was waste
granule yeast provided by the Turkey-Izmir Pakmaya
Factory. Before use, the yeast was washed with dis-
tilled water and dried at 60°C in oven. The synthesis
of magnetic biosorbent following the borohydride
reduction method [5,25,26]. FeCl,-4H,O and NaBH,
were used as iron and borohydride sources, respec-
tively. Magnetic biosorbent was synthesized so that
the Fe:S. cerevisiae ratio was 1:1. This was done by dis-
solving 5.34 g FeCl,-4H,0 into a 4/L ethanol/distilled
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water mixture (total 30 mL solution), adding 1.5g S.
cerevisize and mixing the solution with an ultrasonic
shaker. On the other hand, 1M NaBH,; solution
(100 mL) was prepared, which was added drop wise
to the Fe(II)-S.cerevisiae solution and then shaken in a
ultrasonic shaker. Black solid particle immediately
appeared after adding the first drop of the NaBH,
solution. The mixture was then left stirring for more
than 10 min. To separate the magnetic biosorbent from
the liquid phase, vacuum filtration was used. At this
stage, solid particles were washed at least three times
with absolute ethanol (25 mL). Finally, the synthesized
material was oven-dried overnight at 50°C [5]. The
reduction of iron ions by borohydride ions can be
represented by reaction [5].

Fe(H,0);"+ 2BH,; — Fe’ | + 2B(OH),+ 7H,

Magnetic modification of biosorbents makes them suit-
able for removing heavy metals by magnetic separa-
tion techniques. Biosorbents exhibit magnetic
properties when placed in a magnetic field, but retain
no residual magnetism when removed from the mag-
netic field. They should form stable colloidal suspen-
sions, and they should not sediment or aggregate in
the absence of magnetic fields [23].

2.2. Batch experiments

A Ni(I) stock solution (1,000 mg/L) was prepared
using NiCl,-6H,O and distilled water. The batch exper-
iments were carried out in 250 mL Erlenmeyer flasks
containing 50 mL of Ni(II) solution. pH was adjusted
with HCl and NaOH. Different amounts of magnetic
biosorbent were added to Ni(Il) solution. The suspen-
sion was shaken in temperature controlled shaker at
130 rpm and then centrifuged at 4,000 rpm for 5 min.
The supernatant solutions were transferred to clean
falcon tubes. The Ni(Il) concentration in the superna-
tant was measured using an air-acetylene flame atomic
absorption spectrometer (GBC Avanta R) at 351.5 nm
wavelengths. Effects of solution pH (4-8), magnetic
biosorbent amount (1-12 g/L), contact time (2.5-
180 min), initial Ni(Il) concentration (10-150 mg/L),
and temperature (20-50°C) on Ni(II) biosorption onto
magnetic biosorbent were investigated. The effect of
Na™ ions was investigated by changing the concentra-
tion of NaCl from 0.025 to 1 M and holding initial con-
centration of Ni(Il) constant at 50 mg/L. Batch
experimental conditions were given in Table 1. All
experiments were conducted in duplicate and average
results were reported.
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The biosorption capacity (g, mg/g) and removal
efficiency (%) were determined using Egs. (1) and (2):

C, —C)V
o (C=CV "
m
- G —Ce
Removal efficiency (%) = x 100 2

Co

where C, and C, are the initial and the equilibrium Ni
(I) concentration (mg/L), V is the volume of solution
(L), and m is the amount of magnetic biosorbent (g).

3. Results and discussion
3.1. Characterization of magnetic biosorbent

XRD patterns of nZVI (a) and magnetic biosorbent
before (b) and after Ni(II) removal (c) are presented in
Fig. 1(a)-(c). XRD peaks at 2-theta 44.9°C in nZVI and
magnetic biosorbent is indicated the presence of Fe’.
This shows that Fe’ was supported on the S. cerevisiae
[12,27-29]. Additionally, iron oxides (Fe3O4/y-Fe;Os
and FeO) are present as a thin layer on the nZVI. The
peaks at 30° and 33° are associated with Fe;Oy/y-
Fe;O; and FeO, respectively. The peak at 30° was
observed in magnetic biosorbent [11]. In XRD patterns,
different peaks of magnetic biosorbent were observed
due to the amorphous structure of S. cerevisiae [30].

Table 1
Batch experimental conditions
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FTIR spectrum for nZVI, magnetic biosorbent, and
Ni-magnetic biosorbent were scanned for 4,000
450 cm™ (Fig. 1(d)-(f)). The wide band around
3,300 cm ™' in composites is assigned to the stretching of
O-H group of macromolecular association. This is
because iron oxide surfaces are rapidly covered with
hydroxyl groups in solution [13]. For the magnetic
biosorbent, the band at 2,925 cm™! was assigned to
—CHy- stretching and the weak band at 2,843 cm ! to
alkane C-H, which can be considered to be the charac-
teristic peak of S. cerevisine structure [30,31]. Strong
bands at <900 cm™" in the nZVI may be attributable in
part to iron oxides on the surface. These bands are
weaker in the magnetic biosorbent due to reduce oxida-
tion of S. cerevisiae-supported Fe’. This may be due to
reduced Fe hydroxide formation [6]. The presence of
these peaks in FTIR spectra confirmed that S. cerevisiae
cells were successfully coated with iron particles. The
1,336-1,128 cm ™! peaks in the nZVI reflect the ethanol
used in preparing the composites. However, these
peaks were not observed in the FTIR pattern of the
magnetic biosorbent. The FTIR spectra of magnetic
biosorbent show different peaks after Ni(Il) removal.
There are some functional groups on the cell wall of the
S. cerevisiae for binding of Ni(Il) ions. The FTIR spectra
of magnetic biosorbent after Ni(Il) removal indicate
active  functional groups of O-H stretching
(3,600-3,200 cm™ ), CH, stretching (2,900-2,800 cm Y,
—-C=0, C-N (amide I) stretching (around 1,600 cm™Y),
and C-O stretching (1,300-1,000 cm™ Y [30]. In addition,

Experimental conditions

Solution  Initial Ni(II) Magnetic biosorbent ~ Contact
Set Aim of experiment pH conc. (mg/L) dosage (g/L) time (min)  Temperature
1  Effect of solution pH 4-8 50 5.0 180 Room
temperature
(20°C)
2 Effect of magnetic 5 50 1-12 180 Room
biosorbent dosage temperature
(20°0C)
3 Adsorption kinetics 5 50 3.0 2.5-180 Room
temperature
(20°C)
4  Adsorption equilibrium 5 10-150 3.0 180 Room
tests temperature
(20°C)
5  Effect of temperature 5 50 3.0 180 20-50°C
6  Effect of ionic strength 5 50 3.0 180 Room
(0.025-1.00 M NaCl) temperature

(20°C)
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Fig. 1. XRD (a,b,c) and FTIR (d,ef) patterns of nZVI (a), magnetic biosorbent (b) and Ni-magnetic biosorbent (c), nZVI

(d), magnetic biosorbent (e), and Ni-magnetic biosorbent (f).

alkynes (C=C) or nitriles (-C=N) (2,400-2,100 cm™ )
stretching is lost. The stretching at 1,000 cm ™" (carbox-
ylic acid) and <900 cm™" in the Ni(Il)-magnetic biosor-
bent is stronger than the magnetic biosorbent without
Ni(D). All these data show that the Ni(Il) uptake is
formed by functional groups of the polysaccharides on
the peptidoglycan layer on the S. cerevisiae cell surface

and surface complexation the outer shell of nZVI
[30,32].

According to SEM images, the aggregation of nZVI
resulted in less reaction activity of nZVI (Fig. 2) [3].
Magnetically modified yeast cells surfaces are quite
rough, providing a large exposed surface area for bio-
sorption of Ni(Il) ions [21].
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Fig. 1. (Continued).

In addition, the specific surface area, total pore vol-
ume, and mean pore diameter of nZVI magnetic bio-
sorbent were 10.13m?/g, 0.10cm®/g, 40.01nm and
21.01m?/g, 0.04 cm®/g, 7.81 nm, respectively. The spe-
cific surface area of magnetic biosorbent was two
times larger than nZVI alone (10.13 m?/g).

3.2. Effect of solution pH

The pH value of the aqueous solution plays an
important role in the removal process because it affects
the different hydroxyl forms (Ni(OH)*, Ni(OH),, and
Ni(OH);) of Nidl), the surface characteristics of the
biosorbent and the chemical properties of the biosor-
bent during reaction [31,33-35]. At higher pH values
(pH 2 8), the removal mechanism is via both biosorp-
tion and metal ion precipitation as hydroxides. At
lower values of pH, the surface charge of the solid may
be too positive and nickel cation biosorption unfavor-
able, and hydrogen ions may compete strongly with
nickel ions for the active sites of magnetic biosorbent
and biosorption may be reduced [3]. In addition, the
adsorption properties of oxide and oxyhydroxide
groups on the shell of iron nanoparticles are strongly
affected by solution pH [5,36]. If the pH is basic, the
oxide surface becomes negatively charged and there-
fore surface complexation reactions increase. The pH is
important in determining the thickness of the double
layer at the interface between the oxide surface and
solution. If the pH is acidic, the double layer becomes
thicker due to repulsive forces between the positively
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charged surface and the cations, thus decreasing reac-
tion possibilities between the adsorbate and the surface
[5]. Therefore, the effect of initial pH on Ni(II) biosorp-
tion was studied by varying the pH from 4 to 8
(Fig. 3(a)). Varying the initial pH value had a small
effect on Ni(ll) removal efficiency. The removal
efficiency was 77% at initial pH 4, while the removal
efficiency was 80% at initial pH 5 and 6, 81% at initial
pH 7 and 8. Hence, different pH values have a minimal
effect on the surface charge of yeast [6,37]. Removal
efficiency was no significantly different between pH 5
and pH 8. Therefore, pH 5 was selected as the optimum
pH value for the Ni(II) solution. In subsequent experi-
ments, the predominant species was Ni(II) at pH 5.

3.3. Effect of magnetic biosorbent amount

The effect of magnetic biosorbent amount on Ni(II)
biosorption is shown in Fig. 3(b). It is clear that Ni(I)
removal increased from 69 to 83% by increasing the
amount of magnetic biosorbent from 1 to 12 g/L. The
increase of Ni(Il) removal was due to an increase in
biosorptive and active sites of the magnetic biosorbent
[10]. The optimum amount of magnetic biosorbent for
further experiments of Ni(Il) removal was selected as
3g/L.

3.4. Adsorption isotherms

Isotherm studies were carried out by varying the
initial Ni(II) ion concentrations from 10 to 150 mg/L at
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Fig. 2. SEM images of nZVI (a), magnetic biosorbent (b),
and Ni-magnetic biosorbent (c).

pH 5 and room temperature. The initial concentration
of metal ions provides an important driving force to
overcome all mass transfer resistance of metal ions
between aqueous and bulk phases. Therefore, initial Ni
(II) ion concentration was selected based on Ni(II) con-
centrations in wastewaters and literature studies. Anal-
ysis of equilibrium data is important for developing an
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equation that accurately represents the results that can
be used for design purposes [3]. The adsorption equi-
librium is described by the Langmuir, Freundlich,
Dubinin-Radushkevich (D-R), and Temkin adsorption
models, which are the most widely used isotherm
models. All isotherm models parameters were calcu-
lated using non-linear regression in the Sigmaplot 11
program.

Eq. (3) of the Langmuir model is given below
[38,391:

QubC,
fe = 1500C, ®
where Q,, is the maximum adsorption capacity (mg/g)
and b is the Langmuir constant that relates
to the energy of adsorption (L/mg). In order to find
out the feasibility of the isotherm, the essential feature
of the Langmuir isotherm can be expressed in terms of
a dimensionless constant separation factor or equilib-
rium parameter (Ry). Ry, is given by Eq. (4) [38,40]:

1

R = —
LT 110G,

4)

The value of R, indicates the type of the isotherm
to be irreversible (R;=0), favorable (0 <R;>1), linear
(R;.=1), or unfavorable (R; > 1).

The Freundlich isotherm is derived to model mul-
tilayer adsorption and adsorption on heterogeneous
surfaces. The linear form of Freundlich isotherm is
given by Eq. (5) [38,41]:

ge = ke C; ®)

where kr is the Freundlich constant related to adsorp-
tion capacity (L/g) and n is adsorption intensity. The
1/n values were between 0 and 1 indicating that
adsorption was favorable under these conditions.

D-R isotherm is more general than the Langmuir
isotherm. It was applied to identify adsorption pro-
cesses as physical or chemical. The D-R isotherm Eq.
(6) is expressed as follows [42]:

ge = qp-re’™ (6)

where g, is the amount of pollution adsorbed on the
adsorbent at equilibrium (mol/g), gqpr 1is the
maximum adsorption capacity (mol/g), f is a coeffi-
cient related to the mean free energy of adsorption
(mol*/J?), and ¢ is the Polanyi potential (J/mol) given



7202

(a) 13 100

2 W @
19 4 ‘/I—!-—"‘_’
i0

H

qe (mg/g)

—0— %
0
71 - g

pH

Fig. 3. Effect of pH and biosorbent dosage on Ni(II) removal.

samples and standard deviation, respectively.

with e=RT In (1+1/C,). The mean free energy E (kJ/
mol) is then derived from (Eq. (7)):

1
E=—— )
/=2P
The Temkin isotherm is given by the following equa-
tion. Ky and br are called binding (L/mg) and Temkin
constants (g kJ/mgmol) calculated from the slope and
the intercept of the linear plot of g, vs. In C, (Eq. (8))
[43].

Je = E ln(KTCg)
br

()
The results of fitting these models are shown in
Fig. 4(a)—(c). Isotherm constants were calculated from
the isotherm models and the correlation coefficients
are given in Table 2.

Ni(I) biosorption is fitted excellently to both Lang-
muir and Freundlich isotherms (R* 0.998). The applica-
bility of both Langmuir and Freundlich isotherms to the
biosorption of Ni(Il) onto magnetic biosorbent shows
that biosorption occurred at two specific localized sites
on a homogeneous surface by the monolayer formation
of an adsorbate. Firstly, the biosorbent surface; and sec-
ondly, on a reversible heterogeneous surface consisting
of different biosorption energies in the biosorption sites
[10,44,45]). The Langmuir model shows that the maxi-
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mum biosorption capacity (Q,,) for magnetic biosorbent
was 54.23 mg/g. This value is approximately 2.5 times
higher than unmodified S. cerevisiae (21.39 mg/g) [30].
The Q,, values of various adsorbents for Ni(II) ions are
presented in Table 3 [3,4,30,35,46].

Moreover, the 1/n heterogeneity value for mag-
netic biosorbent was between 0 and 1 indicating that
the Ni(Il) biosorption was favorable under these con-
ditions. The calculated R; values also range between 0
and 1, indicating that the Ni(II) biosorption onto the
magnetic biosorbent is favorable and suitable over a
range of initial Ni(Il) concentrations [10,44]. At high
Ni(II) concentrations, the decrease in R; values indi-
cated a less significant role in biosorption. However,
the higher values of Ni(II) removal with higher Ni(II)
concentration showed that the cell associated Fe®/
Fe;0, composites played a primary role in the uptake
mechanism (Table 4).

The Freundlich constant (kr) for the unmodified
S. cerevisiae cells is reported to be 0.84L/g [30]. The
presence of nanocomposites on the S. cerevisine cell
surface increased kr values to 2.681 L/g. The high val-
ues of these coefficients for S. cerevisiae cells modified
with nZVI indicate enhanced specific uptake [47].

The mean free energy (E, kJ/mol) values calculated
from the D-R isotherm model were between 8 and
16 kJ/mol. The biosorption process was physical via
ion exchange and/or surface complexation under the
influence of coulomb forces [48,49].

According to the Temkin isotherm model, Ky and
br values were —3.93 and 308.53, respectively.
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E:]rjigerjuir, Freundlich, and D-R adsorption isotherm parameters of Ni(II) removal by magnetic biosorbent
Langmuir Freundlich

Magnetic biosorbent  Q,, (mg/g) b (L/mg) R? kr (L/g) 1/n R?
54.23 0.0256 0.998 2.681 0.62 0.998
D-R Temkin
gp-r(mol/g) E (kJ/mol) g (mol?/J?) R? br (gkJ/mg mol) Ky (L/mg) R?

0.0037 8.87 6.36.107° 0.999 308.53 -3.93 0.968
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Table 3
Maximum adsorption capacity (Q,,) of various adsorbents
for Ni(II)

Adsorbent Qm (mg/g) Reference
S. cerevisinenZVI 54.23 This study
Sugarcane bagasse 1.34 [3]
Spirogyra sp. 11.95 [4]

S. cerevisiae 21.39 [30]
Baker’s yeast 11.40 [35]

Dye groundnut shells 7.49 [46]

Table 4
Equilibrium biosorption capacities and R; values for
magnetic biosorbent

C, (mg/L) 9. (mg/g) Ry,

10 2.80 0.80
20 5.40 0.66
50 12.83 0.44
75 18.25 0.34
100 23.00 0.28
150 32.00 0.21

3.5. Reduction kinetics

The effect of contact time on Ni(Il) removal was
investigated for 2.5-180 min with an the initial Ni(II)
ion concentration of 50 mg/L (Fig. 5), and kinetics
were calculated. As expected, magnetic biosorbent
showed strong biosorption during the first 15 min
(external surface biosorption) and after 90 min (inter-
nal surface biosorption), then the biosorption reached
equilibrium.

The kinetics of Ni(Il) removal was analyzed using
the pseudo-first-order Lagergren, pseudo-second-order
model, and intraparticle diffusion model.

The pseudo-first-order kinetic model is expressed
as [38,50]:

log(g. — g:) = log q. — t 9)

ky
2.303
The pseudo-second-order kinetic model is given as
[51]:

1 t

—=—"+— (10)
% k() e

The initial sorption rate & (mg/g min):

h = kog? (11)
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Fig. 5. Effect of contact time on Ni(II) removal. Data points
and error bars represent the average of double samples and
standard deviation, respectively (C, 50 mg/L, X, 3 g/L, pH
5, and room temperature).

The intraparticle diffusion model plays an important
role in the extent of biosorption and can be described
by the following equation [52,53]:

qt = kdto's +1 (12)
where g, and ¢; (mg/g) are the amounts of Ni(Il) ions
adsorbed on the adsorbent at equilibrium and time ¢
(min), I is the intercept and k; (1/min), k, (g/mg min),
and k; (mg/gmin’) are the rate constant of pseudo-
first-order kinetic model, pseudo-second-order kinetic
model, and intraparticle diffusion model, respectively.
Table 5 shows the correlation coefficients (ky, k», kg
and equilibrium biosorption capacities (g, o) in these
models (pseudo-first-order kinetic model, pseudo-sec-
ond-order kinetic model, and intraparticle diffusion
model) and initial sorption rate (h).

The correlation coefficient (R?) agrees well with
experimental g, and calculated g, values. The
pseudo-second-order kinetic model is represented by
the biosorption kinetics. In this case, the biosorption
rate-limiting step may be chemisorptions because Ni
(I) removal probably occurs via surface complexation
reactions at specific biosorption sites [54-56]. The plot
of the intraparticle diffusion model can be evaluated
in two linear parts. The first part reflects rapid initial
uptake via boundary layer effects until external sur-
faces are covered, followed by the second part,
intraparticle diffusion [49].
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Table 5
Kinetic parameters of the Ni(Il) removal by magnetic biosorbent
Pseudo-first-order Pseudo-second-order Intraparticle
k1 k> h kq
Jeexp  (1/min)  goea R Gercal (g/mgmin)  (mg/gmin) R? (mg/gmin®) T R?
12.83  0.014 3.13 0.955  12.82 0.023 3.78 0.998  0.288 948  0.897

3.6. Thermodynamic parameters

The standard free energy change (AG®), standard
enthalpy change (AH®), and standard entropy change
(AS°) were calculated using the following equations
[57,58]:

AG®° = —RT In Kj (13)
AS°  AH°

In K; = R T RT (14)

AG® = AH® — TAS® (15)

where AG” is the standard free energy change (kJ/mol),
AH" is the standard enthalpy change (kJ/mol), and AS®
is the standard entropy change (kJ]/molK); R is the
universal gas constant (8.314 J/mol K), T is the temper-
ature (K), and K; (4./C,) is the equilibrium constant.
The values of AH® and AS° in the biosorption process
were determined from a slope and intercept of the plot
of In K; vs. 1/T, respectively. The calculated values of
AH®, AS°, and AG® are shown in Table 6.

The value of AH® was positive, indicating that the
biosorption of Ni(II) was endothermic in nature. Nega-
tive values of AG” indicate that Ni(Il) biosorption onto
the magnetic biosorbent was spontaneous and feasible
[10,59]. In addition, possible Ni(II) removal involving
both physical and chemical biosorption was sug-
gested. It is reported that the value of AH" for absolute
physical biosorption is less than 20 kJ/mol, while
chemisorptions are in the range of 80-200 kJ/mol
[10,60]. The positive value of AS shows the increase in

Table 6
Thermodynamic parameters obtained for adsorption of
Ni(Il) removal by magnetic biosorbent

Parameters Temperature (K)  Magnetic biosorbent
AH" (kJ/mol) 16.05
AS® (k] /mol K) 112.41
AG” (k] /mol) 298 -17.39
308 —-18.12
318 —-19.37
328 —20.67

randomness at the solid-liquid interface during the
biosorption process [61].

3.7. Effect of ionic strength on biosorption

Effect of ionic strength was investigated at differ-
ent concentrations of NaCl. Biosorption capacity
decreased with the addition of NaCl (Fig. 6).

This can be explained by the competition between
Ni(I) ions and Na* ions for biosorption to the same
sites of the magnetic biosorbent. This result also sup-
ports the general result that electrostatic attraction
decreases with increasing ionic strength [62].

3.8. Mechanism of Ni(Il) removal by S. cerevisiae cells
modified with nZV1

Ni(I) removal by the S. cerevisiae cells modified with
nZVI may be realized via five mechanisms: (a) direct
reduction of Ni(Il) with the oxidation of Fe’ to Fe’* in
the magnetic biosorbent, (b) surface complexation via
hydroxyl groups on the shell of nZVI, (c¢) biosorption of
Ni(I) ions by functional groups onto the yeast cells, (d)

100
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z .
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Fig. 6. Effect of ionic strength on Ni(Il) removal by mag-
netic biosorbent (C, 50 mg/L, pH 5, X, 3 g/L, contact time
3 h, and room temperature).
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Fig. 7. Proposed mechanism for Ni(II) removal by S. cerevi-
siae cells modified with nZVI.

translocation of nickel across the oxide shell accompa-
nied by further breaking of Ni—O bonds, and (e) diffu-
sion into the Fe” core and yeast cell wall [63,64]. A
schematic representation of these mechanisms is given
in Fig. 7.

These possible reactions can be summarized as
follows:

Fe® + Ni** 4+ 2H" — Fe** 4+ Ni’ + H,0 + 2¢~

e .1 . (16)
(oxidation in acidic solution)
Fe’ + Ni** 4+ 2H,0 — Fe*™ + Ni® + 20H™ + 2¢~ a7
(oxidation in basic solution)
Ni® 4+ Fe*™ + 2H" + 1/20, — Fe’* +Ni + H,0 (18)

xNi + (1 — x)Fe’™ + OH — Niy(OH), | + Fe(;_y)(OH);
| (reduction)
(19)
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Ni2t + S. cerevisiae cell — Ni** — S. cerevisiae cell 20)
(biosorption)

4. Conclusions

This study synthesized S. cerevisize modified with
nZVI. A variety of techniques such as XRD, FTIR, and
SEM confirmed the modification. Magnetically modi-
fied yeast cells were used as an biosorbent for Ni(II)
removal from aqueous solutions. The S. cerevisiae
modified with nZVI were 2.5 times more effective in
removing Ni(Il) ions than unmodified S. cerevisiae cells.
XRD, FTIR, and SEM analyses demonstrated that the
surface area of the magnetic biosorbent has a quite
rough surface, which is a good feature for biosorption.
The maximum biosorption capacity was found to be
5423 mg/g (pH 5.0, magnetic biosorbent amount
3 g/L, and contact time 3 h). Biosorption kinetics were a
good fit to the pseudo-second-order kinetic model. The
Ni(II) biosorption onto the magnetic biosorbent was
found to be endothermic and spontaneous.

Finally, S. cerevisine modified with nZVI showed
high removal efficiency (77%). This study contributes
to understanding the potential use of magnetically
modified cells for wastewater treatment.

Abbreviations

nZVI — nano zero-valent iron

magnetic — nZVI-modified cells of
biosorbent S. cerevisiae

D-R — Dubinin—-Radushkevich

AG® — the standard free energy change

AH® — standard enthalpy change

AS® — standard entropy change
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