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ABSTRACT

Batch and continuous studies were conducted to examine the adsorption and degradation of zero-va-
lent iron (nZVI) and nZVI-modified S. cerevisine (magnetic yeast) to remove crystal violet (CV) and
safranin (SF) from synthetic wastewater. The nZVI and magnetic yeast were characterized using
FTIR, SEM, EDX, and BET analysis. pH, initial dye concentration, contact time, adsorbent dosage,
temperature, ion selectivity, and the effect of ionic and cationic strength were examined. The adsorp-
tion equilibrium data are an excellent fit to the Langmuir, Freundlich, and Dubinin-Radushkevich
(D-R) isotherm models. Different adsorption kinetics were used to examine the removal process
of CV and SF, which followed a pseudo-second-order model. Adsorption was spontaneous. The
adsorption of CV and SF dyes by nZVI-alginate and magnetic biosorbent-alginate in a column was
studied. Regeneration efficiency was 76—-87% after two cycles.
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1. Introduction

Industrial effluents containing dye and toxic substances
are considered a major source of contamination because
dye residues are toxic, nondegradable, and have carcino-
genic effects in the environment [1,2]. Crystal violet (CV)
and safranin (SF) are cationic dyes. CV is generally used for
coloring cloth and in the production of paints and print-
ing inks [3,4]. SF is used to color sweets and cookies, in the
leather and paper industries, and in research on histology,
textile, cytology, and bacteriology [5].

Methods for removing dye from aqueous solution mainly
consist of conventional technologies such as biological treat-
ments [6], coagulation/flocculation [7], advanced oxidation
processes [8], electroflotation [9], electrokinetic coagulation
[10], and sorption [11]. Of all these methods, adsorption is
one of the main means of treating dye effluents.

Recently, there has been growing interest in the appli-
cation of nanoscale zero-valent iron (nZVI) as adsorbent for
dye removal due to availability, rapid reaction kinetics, and
low cost [12-14]. However, there are still some limitations
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of nZVI technology in contaminant sequestration such as
agglomeration, secondary iron pollution, oxidation by
non-target compounds, and separation and recovery prob-
lems after using nZVI particles [15,16]. To address these
problems, nZVI has been modified with materials such as
pumice [12], diatomite [15], Tween-20 [17], kaolinite [18],
bentonite [19], and microbial cells [20-23]. The present
study reports on batch and column experiments intended
to remove pollutants from water using nZVI and magnetic
yeast. This material not only possesses the magnetic charac-
ter of nZVI, but also has the good biosorption capability of
yeast. To the best of our knowledge such magnetically mod-
ified cells have not been used for the removal of CV and
SF dyes. According to the results, magnetic yeast is suitable
for the use as adsorbent for the removal of CV and SF in
wastewater. Generally, removal studies in literature are
performed in batch systems. In order to understand avail-
ability in real industrial wastewater treatment, in this study
laboratory-scale column studies were conducted.

The main objective of this study is to investigate the
effectiveness of magnetic removal (adsorption and reduc-
tion) of CV and SF by nZVI and nZVI-modified S. cerevisiae
(magnetic yeast) in batch and column systems. Magnetic
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yeast has a complex chemical and biological characteriza-
tion, which makes it very interesting theoretically. First,
nZVI and nZVI-modified S. cerevisine cells were synthe-
sized. Experimental data were examined at different operat-
ing conditions such as solution pH, contact time, initial dye
concentration, temperature, ion selectivity, and ionic (0.1-1
M NaCl) and cationic strength (0.1-1 M Cu?'). Removal
mechanisms were assessed with FTIR, SEM, and EDX anal-
yses. Kinetic models and thermodynamics parameters were
also investigated. Finally, regeneration and stability of the
nZVI-alginate and magnetic yeast-alginate hydrogel beads
were determined.

2. Materials and methods
2.1. Production of nZV1 and magnetic yeast

The nZVI and magnetic yeast were synthesized with
reduction of FeCl,-4H,O by NaBH, [24,25]. S. cerevisiae yeast
used as a support material. 0.02 M FeCl,-4H,O solution (30
mL) and yeast (1.5 g) was placed into Erlenmeyer and then
was stirred for 1 h with an ultrasonic shaker. Subsequently,
1 M NaBH, (100 mL) was added slowly into the solution.
The synthesized materials were separated via vacuum fil-
tration and it was washed few times with ethanol. After
washing, the synthesized material was dried at 50°C for
a period of 12 h and powdered to be used in adsorption
experiments. The preparation of magnetic yeast compos-
ites had yeast to nZVI mass ratio of 1:1. The nZVI compos-
ites were obtained following the same process. The nZVI
and magnetic yeast were stored in brown, sealed bottles
for later use.

2.2. Production of nZVI-alginate and magnetic yeast-alginate
hydrogel beads

The nZVI-alginate and magnetic yeast-alginate hydro-
gel beads were prepared via mixing the nZVI and magnetic
yeast with 3 wt% alginate solution. Then small droplets into
a 20 wt% CaCl, solution using a syringe were distributed.
The preparation of nZVI-alginate and magnetic yeast-algi-
nate hydrogel beads had analginate to adsorbent mass ratio
of 3:1.

2.3. Batch studies

Effects of pH, initial dye concentration, contact time,
temperature, ion selectivity, and ionic strength and cation on
adsorption process have been investigated during the batch
adsorption study. Dye concentration of the filtrate was ana-
lyzed using a spectrophotometer (A, -, 590 nm and & _ .

517 nm). The uptake amount of dye per unit of adsorbent g,
mg/g) was calculated by the following equation:

C,-C)*V
qﬁi( - mE) ©)

where m is the mass of nZVI and magnetic yeast in g, V is
the volume of dye solutions in L, C, and C, are the initial
and equilibrium dye concentrations in mg/L, respectively.

2.4. Continuous studies

The continuous adsorption experiments were carried
out using Plexiglas materials (3 cm internal diameter and
46 cm height) in column. The column was packed with
equivalent to 10 g of nZVI-alginate and magnetic yeast-al-
ginate hydrogel beads (8 cm bed height). The flow rate
and initial dye concentration were kept constant at 2 mL/
min and 50 mg/L, respectively. After saturation of the
column, the nZVI-alginate and magnetic yeast-alginate
hydrogel beads were regenerated using 0.1 M ethylenedi-
aminetetraacetic acid (EDTA) at a flow rate of 2 mL/min.
After regeneration, the bed was studied for a second cycle
and the adsorption-regeneration study was repeated.

2.5. Adsorption isotherms

The Langmuir [Eq. (2)], Freundlich [Eq. (3)], and D-R
[Eq. (4)] isotherm models were given in below [4]:
Langmuir isotherm:

— QObCE
9= 1+bC, @)
where Q (mg/g) is the maximum adsorption capacity and
b (L/mg) is the Langmuir constant, respectively.
Freundlich isotherm:

1
qe = kFCe; (3)

where k. (L/g) is the adsorption diffusion coefficient and
represents the quantity of adsorbed dye on adsorbent sur-
face per unit equilibrium concentration, the other Freun-
dlich constant 1/n represents the adsorption intensity or
surface heterogeneity.

D-R isotherm:

q9.= qukeBEZ 4)

where g, . (mol/g) is the maximum adsorption capacity, B
(mol?/J?) is the constant. € (J/mol) is the Polanyi potential
and calculated by the following equation:

£ =RT In(1+1/Ce) ®)

The mean free energy (E (k] mol™) was calculated by:

E= (6)

1
V25

2.6. Kinetic modeling

Kinetic data were investigated with Lagergren pseudo
first order, pseudo second order, and intraparticle diffusion
model [2].

The Lagergren pseudo-first-order kinetic model was
calculated by:

kl
t 7
2.303 @

log (4, —4,)=logg, -
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The pseudo-second-order kinetic model was calcu-
lated by:

izil +lt ®)

qt kz (qe )2 qe
Intraparticle diffusion model was calculated by:

gt=kt**+C )

where g, (mg/g) values are the amounts of adsorbed ions
at considered contact times, k, (min™) is the rate constant
for Lagergren pseudo-first order kinetic, k, (g'mg™ min™)
is the rate constant for pseudo-second order kinetic, k;
(mg/g-min’?) is the rate constant for intraparticle diffusion
model, and C is the intercept.

2.7. Thermodynamics parameters

The AH®, AS°, and AG® using the equilibrium constant
(K,) were calculated [26]:

| an:AS _AH (10)
R RT
AG® = AH° —TAS® (11)

where T is the reaction temperature.

3. Results and discussion
3.1. Characterization of nZVI and magnetic yeast

FTIR spectrums of the nZVI and magnetic yeast are
presented in Fig. 1. The broad bands in the 3600-3200 cm™!
region and 1645 cm™ are O-H group vibrations [27]. For
the nZVI and CV-magnetic yeast, the peak at 2900 cm™ is
related to —-CH,- stretching. The 2100 cm™ bands can be
associated with stretching of alkynes (C=C) or nitriles (-
C=N). C-O stretching was observed in the 1300-1000 cm™
region. For the magnetic yeast, the bands at around 1900
cm™ and 1630 cm™ were assigned to C-C and -C=0, C-N
(amide I) stretching, respectively. The weaker bands at <900
cm™ are reduced Fe hydroxide formation [27]. These peaks
in the FTIR spectrum demonstrated cooperation between S.
cerevisige and iron particles.

The SEM images of the nZVI and magnetic yeast are
shown in Fig. 2. The nZVI composites were aggregated
from van der Waals and magnetic forces [13]. SEM images
of the magnetic yeast revealed the spherical shapes of S.
cerevisiae. These shapes were connected in chains of beads,
which were the result of the magnetic and van der Waals
interactions between nZVI and S. cerevisiae. In addition, the
magnetic yeast has quite rough and smooth surfaces.

The BET, total pore volume, and average pore diameter
for the nZVI were 14.98 m?/g, 0.1399 cm®/g, and 37 nm;
for the magnetic yeast they were 21.01 m?/g, 0.0411 cm®/g,
and 8 nm, respectively. The BET of magnetic yeast wasl.4
times higher than that of nZVI. At the same time, total pore
volume and average pore diameter were lower for the mag-
netic yeast.

The EDX analysis for nZVI and the magnetic yeast indi-
cated the presence of Fe, O, Na, C, and Cl (Fig. 3). The dif-
ferences in peaks confirm the binding of CV and SF to the
surface of nZVI and the magnetic yeast.

3.2. Batch studies
3.2.1. Effects of pH and contact time

The effects of initial pH (4, 6, and 8) were examined with
contact times of 5, 15, 30, 60, 120, and 180 min. The impact
of these two variables on adsorption is presented in Fig. 4.

After 180 min at pH 4, 6 and 8, the nZVI removed 58,
64, and 65% of CV and 77, 72, and 74% of SF; the magnetic
yeast removed 99, 98, and 98% of CV and 90, 93, and 92%
of SF, respectively. Hence there was no significant change
in removal efficiency with greater pH. The nZVI removal
efficiency was greater for SF than CV, and the opposite for
the magnetic yeast. This is due to the relationship between
the dye molecules and the surface of adsorbent. At these pH
levels, the removal efficiency of nZVI was low. The removal
efficiency can clearly be improved by combining nZVI with
S. cerevisiae. The result is of great significance for remov-
ing CV and SF over a wide pH range. The points of zero
charges (pH,,.) of the nZVI and magnetic yeast were 9.47
and 9.40, respectively. At pH higher than pH,, ., the adsor-
bent surface charge is negative while at lower pH values
the charge is positive [28]. CV and SF are cationic dyes and
have a pKa of 0.8 and 5.28, respectively [11]. At pH 0-2, CV
is in the form of CV3*3CI; for pH 2-9, CV is in the form
of CV*2CIl" and CV*CI; at pH > 9, CV is in the form of
CV-.OH [29]. Thus, the probable form of CV in the aqueous
solutions is CV**.2Cl- and CV*.CI". In this case, the adsorp-
tion mechanism occurs partly by ion exchange by releasing
exchangeable protons and partly via surface complexation
[30]. These results indicate that pH values were not a limit-
ing factor in high efficiency dye removal; therefore strict pH
control is unnecessary. This is an important advantage for
practical applications [28]. For these reasons, only the most
efficient pH values were used for subsequent experiments:
pH 6 for CV removal by nZVI and magnetic yeast, pH 4
for SF removal by nZVI, and pH 6 for magnetic yeast. The
removal efficiency and adsorption capacities for CV and
SF dyes of magnetic yeast increased with contact time. The
adsorption rate is related to the availability of active sites on
the adsorbent surface [28].

3.2.2. Effect of amount

The effect of adsorbent amount was studied by varying
the amount of nZVI and magnetic yeast from 1.0 to 15 g/L
at a fixed initial concentration of 50 mg/L. The results are
given in Fig. 5. Generally, increasing the adsorbent amount
resulted in higher adsorption efficiency. This is because
there are more sites available for dye adsorption [31]. At
lower adsorbent amount, most of the active sites of adsor-
bent are utilized. At higher adsorbent amount, the active
sites are much more than the saturated threshold adsorp-
tion point, and available dye molecules were insufficient to
cover all the active sites. Both of the reasons result in the
increase in removal efficiencies [32]. For CV, the optimum
amounts of were 10 g/L of both nZVI and magnetic yeast;
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Fig. 1. Comparison of FTIR spectra of nZVI (a), CV-nZVI (al), SF-nZVI (a2), magnetic yeast (b), CV-magnetic yeast (bl), SF-magnetic

yeast (b2).
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Fig. 2. Micrographs obtained by SEM of nZVI (a), CV-nZVI (al), SE- nZVI (a2), magnetic yeast (b), CV-magnetic yeast (bl), SF-mag-

netic yeast (b2).

for SE, they were 10 g/L of nZVI and 5 g/L of magnetic
yeast.

3.2.3. Effects of initial dye concentration

The effect of initial dye concentration on adsorption
efficiency was examined for concentrations of 5-300 mg/L
at 25°C (Fig. 5). Removal efficiency decreases as initial dye
concentration increases. At lower dye concentrations, avail-
able surface area is high. At higher dye concentrations,
available adsorbent sites are fewer so removal efficiency
depends on initial dye concentration [31].

3.2.4. Effects of salt and cation concentration

Generally, wastewaters with dyes have high salt and
metal concentrations. For this reason, the effect of salt and
cation concentration was studied by adding 0.1-1 M NaCl
and Cu?* to the initial solutions (Fig. 6).

The effects of NaCl and Cu* ions on adsorption were
very similar. They enhanced the CV and SF uptake by nZVI
and magnetic yeast at pH 4. As a transitional metal cation,
Cu?* could have played a bridging role [33]. Cl- could not
have played a bridging role like Cu** but probably filled
more adsorption points, thus increasing the adsorption of
CV and SF dye onto the adsorbent [33].
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Fig. 4. Effect of initial pH and contact time on adsorption of CV and SF dye by nZVI and magnetic yeast, respectively (Experimental

conditions: C, = 50 mg/L, m = 10 g/L, 298 K).
3.3. Isotherm study

The isotherm modeling parameters and plots are pre-
sented in Table 1 and Fig. 7a—-d. Table 1 shows that the
equilibrium data fit well to both Langmuir and Freundlich
adsorption models (all R*> 0.949). Thus, adsorption occurred
under homogeneous and monolayer surfaces. The effect of
physical and chemical adsorption is combined [18,34]. The
Q,, values of nZVI and magnetic yeast for CV and SF were 98,
122, 124, and 265 mg/g, respectively. SF had a higher maxi-
mum adsorption capacity than CV because of its chemical

structure and adsorbent affinity. The value of n is related to
the distribution of bonded ions on the adsorbent surface. In
general, n < 1 suggests that adsorption is favorable; the lower
the n, the stronger the adsorption intensity [35]. According to
D-R isotherm constants for E < 8 k] /mol, physisorption con-
trols the adsorption mechanism, but when E is between 8-16
kJ/mol, chemisorptions processes are involved [36]. The E
values for nZVI and magnetic yeast were 7.97,7.93, 8.90, and
8.46 kJ/mol for CV and SF dyes, respectively. Table 2 sum-
marizes the maximum adsorption capacities for the various
materials. It is evident nZVI and magnetic yeast has higher
adsorption capacities than many other adsorbents.



U.A. Guler, O. Kundakci / Desalination and Water Treatment 106 (2018) 292-304 299

120 ll
—&— CV-fiZVI-%
(- CV-nmgretic yeast-%
—3%— CV-1lZV]-ge
100 9 e CV-mmgeetic yeastq o -0 L 10
oo
@ [=T8
saq, ]
= LA =
b i
= 60 &
: (4]
o o
g L 2
&
%o S
® o
-
F10
20 A
D T T T T T T T D
0 2 4 B 8 10 12 4 16
Adsorbent dosage (glL)
120 0
4
100 F28
"ot
@ &
R rn g
o £
5) =
= =
= 60 F18
= =
o
: E
=
g0 L0 &
= -
<5
—4— CVn7VI%
20 A 0 CV-magnetic yast 5
—%— CV-ZVlqe
-8 CV-magnetic yeastqe
D T T T T T n

0 a0 100 150 200 2490 300 340
Initial dye concentration (mg/L)

100 o
Q 0 . 0 ..... O
) F3a
80
a0 @
= &
g
: 25 :
g0 E
w
= ol
E I
(4]
:; =1
5 40 2
: 40 " E
= —— SF-nZVI-% S
) -0 §F-magnetic yeast% 0 ’;
Pl —— SFnfVlge
. - §F-magnetic yeastge
0 T T T T T . ; 0
0 2 1 B B 10 12 14 16
Adsorbent dosage (plL)
120 0
A
100 {0 = 4
"o
5 i
ool I L0 E
: Z
= (4]
- ol
E 60 o g
£ =]
: 2
: =
ni -
° 40 o0 ;
A =]
-
—— SFEVI-Y%
29 ~- $F-nmgnetic east% - 10
—¥— SF-EVI-ge
woodfe SF—ImgnEt[: watqe
0 ' T T T T 0

0 a0 100 150 200 2490 300 350
Initial dye concentration (mg/L)

Fig. 5. Effect of adsorbent amount and initial dye on adsorption of CV and SF dye by nZVI and magnetic yeast.

3.4. Adsorption kinetics

The kinetic constants and R* values are given in Table 3,
which show that the adsorption processes can be described
as pseudo-second-order equations. The theoretical g, val-
ues show good agreement with the experimental g, values,
confirming that adsorption follows the pseudo-second-or-
der kinetic model. This indicates that the rate-determining
step was surface adsorption [2]. According to Eq. (9), if a
plot of g, versus t°> shows a straight line (C = 0) that passes
through the origin, the adsorption mechanism is intra-
particle diffusion. If not (C # 0), it means that there are
intraparticle diffusion and boundary layer effects. As the

intercept value (C) increases, the effect of surface sorption
in the rate-controlling step increases (Fig. 7e) [2,43,44]. In
this study, intraparticle diffusion was involved, but it was
not the sole rate-controlling step. Both intraparticle diffu-
sion and boundary diffusion models are involved.

3.5. Thermodynamic studies

In terms of thermodynamic parameters, the positive
value of AH® indicates that adsorption was endothermic
(Table 4). The positive entropy (AS°) show that randomness
increased (adsorbat/adsorbent) during adsorption. Nega-
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Table 1
Langmuir, Freundlich and D-R isotherm model parameters for
nZVI and magnetic yeast

Model nZVI Magnetic yeast
Ccv SF Ccv SF

Langmuir

Q, (mg/g) 98 122 124 265

b (L/mg) 0.004 0.005 0.002 0.011

R? 0.953 0.969 0.998 0.998

Freundlich

k.(L/g) 0.503 0.643 2.801 3.383

1/n 0.90 093 0.85 0.88

R? 0.949 0.966 0.999 0.997

D-R

qpx (mol/g)  0.002 0.003 0.004 0.008

E (kJ]/mol) 797 793 8.90 8.46

B (mol?/J?)  7.8688 79602 6.3085 6.9878
x10~° %10~ %10~ %10~

R? 0.953 0971 0.998 0.998

tive values of AG® indicate that adsorption was thermody-
namically spontaneous and feasible [45].

3.6. Continuous column studies
3.6.1. Breakthrough curve modeling

A successful adsorption process requires predicting
the breakthrough curve for the effluent [45,46]. Continu-

Table 2
Comparison of maximum adsorption capacities (Q) of nZVI
and magnetic yeast with other adsorbents

Adsorbent Q, (mg/g) References
Ccv

nZVI 98 Present study
Magnetic yeast 124 Present study
Jackfruit leaf powder 43.40 [2]

Multifunctional kaolinite- 129 [18]
supported nanoscale zero-
valent iron

Magnetic calcium ferrite 0.83 [28]
nanoparticle

NaOH modified rice husk  41.5 [37]
ZVI-GAM 172.4 [38]
Bentonite-alginate 630 [39]

Peanut hull waste biomass 100 [40]

SF

nZVI 122 Present study
Magnetic yeast 265 Present study
Calcined bones 93 [1]

Kaolinite clay 16 [11]

Calcined mussel shells 154 [31]
Graphene oxide-chitosan 279 [41]
Ni:FeO(OH)-NWs 35 [42]

ous system for modeling studies were performed at the
flow rate of 2 mL/min with an influent concentration of
50 mg/L and a bed depth of 8 cm (equal to 10 g nZVI-algi-
nate and magnetic yeast-alginate hydrogel beads) at room
temperature (25°C) (Fig. 8). The time to reach C,/C was
significantly higher for SF than CV. The column adsorp-
tion capacity (g, mg/g) for CV and SF of nZVI-alginate and
magnetic yeast-alginate was calculated from the column
experiments [Eq. (15)]

qf - Q[(txct;:l_cmml] (12)

where C and C,_ are the initial and effluent concentrations
(mg/L), respectively; t is the time (h), Q is the flow rate
(L/h).

Column adsorption capacities (g,,) for CV and SF of
nZVl-alginate and magnetic biosorbent-alginate were
8.88,10.11, 19.28, and 15.31 mg/g, respectively. As shown,
the adsorption capacities of magnetic yeast-alginate were
higher than the adsorption capacities of nZVI-alginate.
This can be explained through synergy between nZVI and
S. cerevisiae yeast. This shows that these materials are quite
successful in removing dye from wastewater.
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Fig. 7. Isotherm (a,b,c,d) and intraparticle diffusion model (e) plots for adsorption of CV and SF onto nZVI and magnetic yeast.
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Table 3

Pseudo-first model, pseudo-second model and intra particle
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diffusion model parameters

Model nZVI Magnetic yeast
cv SF cv SF
T,enp (MG/8) 318 385 481 4.65
Pseudo-first order
k, (min™) 0.014 0.007 0.012 0.027
7,0 (Mg/8) 018 150 029 045
R? 0965 0714 0779  0.900
Pseudo-second order
k,(g-mg-min) 0340 0017 0210 0183
4, (Mg/8) 319 396 492 467
R? 0999 0968 0999  0.999
Intra particle diffusion
k,(mg/g-min®) 0.016 0116 0.029  0.029
C 2972 2060 4.533 4.277
R? 0941 0735 0.869 0919
Table 4

Thermodynamic parameters obtained for CV and SF adsorption
onto nZVI and magnetic yeast

nZVI Magnetic yeast
(@)% SF Cv SF
AH? (kJ/mol) 62,27 -21.08 106.92 24.78
AS° (kJ/mol.K)  0.251 0.022 0427 0.142
AG® (kJ/mol)
298 K -12.51 -14.09 -18.99 -17.44
308 K -15.09 -15.09 —27.10 -19.27
318 K -17.62 -13.56 —27.74 —20.34
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3.7. Regeneration of the nZVI-alginate and magnetic yeast-
alginate

The regeneration and reuse of materials is important
in adsorption [47]. The regeneration and reusability of
the yeast were studied. The nZVI-alginate and magnetic
yeast-alginate were tested in two cycles using 0.1 M EDTA
solution at a flow rate of 2 mL/min. Regeneration efficiency
was calculated for both cycles (Table 5) and determined
with Eq. (16) [47]:

q reg

qorg

RE(%)= x100

(13)

where ¢, is the adsorptive capacity of the regenerated col-
umnand g is the original capacity (mg/g) of the adsorbent.

After two cycles, regeneration efficiency was 76-87%
and breakthrough time, breakthrough uptake capacity, and
exhaustion time decreased. Decline of breakthrough time
shows decreased adsorption performance. This may be due
to the dissolution of some soluble constituents such as iron
oxide, S. cerevisine and alginate in nZVI, and magnetic yeast
during regeneration [48].

3.8. Mechanisms of adsorption

The role of nZVI particles in the dye adsorption mech-
anism is proposed as follows: (i) strong reductive with
the oxidation of Fe® to Fe*, (ii) micro-electrolysis, and (iii)
surface complexation via hydroxyl groups on the shell of
nZVI and flocculation process [49]. nZVI particles with
high surface activity can directly react with dye molecules.
The reaction between Fe’ and H,0 or H* ions can induce
destroying the chromophore group. During the reaction
formed iron oxides could also adsorb dye molecules via
the sulfonic group [49]. In addition to the above, a fur-
ther mechanism may be added for the dye removal pro-
cess of the magnetic yeast: (iv) biosorption by functional
groups on the yeast cells, (v) diffusion into the Fe® core and
yeast cell wall [20,24]. The reason for the higher adsorp-
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Fig. 8. Breakthrough curves for CV and SF adsorption onto nZVI-alginate and magnetic yeast-alginate.
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ties of nZVI because of the synergistic effects of functional
groups from S. cerevisiae yeast. The adsorption-regeneration
studies confirmed the reusability potential of the compos-
ites for the removal of CV and SF from aqueous solution.
Therefore, nZVI and magnetic yeast composites are efficient
and practical to be an economical and effective adsorbents
for the rapidly removal of toxic dyes from the effluents of

Table 5
Regeneration-reusability parameters for two cycles
Cycle Parameter nZVl-alginate Magnetic yeast-
alginate
cv SF cv SF

1 Breakthrough  7.64 5.08 1719 12.39
uptake (mg/g)
Breakthrough 1140 660 2220 1320
time (min)
Bed exhaustion 1680 930 2820 3360
time (min)
e (M/8) 8.88 10.11 19.28 15.31
Regeneration  Original Original Original Original
efficiency (%)

2 Breakthrough 4.11 2.02 13.61 9.17
uptake (mg/g)
Breakthrough 240 210 720 720
time (min)
Bed exhaustion 600 750 900 1380
time (min)
q,, (mg/g) 6.84 8.18 1469 1333
Regeneration 77 81 76 87
efficiency (%)

Breakthrough time: 50% of initial concentration C.

tion capacity of magnetic yeast was synergistic effect of
between iron particles and functional groups of S. cerevi-
sige yeast.

4. Conclusion

In this study, nZVI and nZVI-modified S. cerevisine com-
posite nanoparticles with average diameters of 37 nm and
8 nm, respectively had successfully prepared and applied to
remove organic dyes. The composites obtained were char-
acterized using FI-IR, SEM and EDX. Initial solution pH,
contact time, initial dye concentration, adsorbent amount
and adsorption temperature played important roles on
dyes adsorption onto the composites. The Q, values for CV
and SF dyes at optimum conditions were 98, 122, 124, and
265 mg/g, respectively. The maximum adsorption capac-
ities of nZVI and magnetic yeast were higher than many
other materials under similar conditions. The kinetics
study showed that the adsorption follows a pseudo-sec-
ond order model better than a pseudo-first order model.
The application of an intraparticle diffusion model further
confirms that the rate-determining step of the adsorption
was probably not mass transfer diffusion. Furthermore, the
results indicate that there is chemisorption and electrostatic
attraction in the dye adsorption process, and that the dye
adsorption processes on nZVI and magnetic yeast are fea-
sible and spontaneous. The positive entropy (AS°) suggests
that randomness increased. The dye removal in the contin-
uous mode was studied. The column adsorption capacities
of magnetic yeast were higher than the adsorption capaci-

textile and other industries.
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