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Abstract In this study, zinc oxide was immobilized on
magnetite nanoparticles by chemical method and it was
used as an adsorbent to remove reactive black 5 (RB5)
dye from aqueous solution. The removal efficiency of
RB5 was studied as the function of adsorbent dosage,
pH, initial RB5 concentration, H,O,, and ionic strength
(sodium carbonate, sodium bicarbonate, sodium sulfate,
and sodium chloride). Removal efficiency of RB5 by
ZnO-Fe;0,4 was greater than that by ZnO and Fe;0,4 in
similar conditions. Maximum adsorption of ZnO—Fe;04
was obtained at neutral pH, and adsorption capacity was
estimated to be 22.1 mg/g. Adsorption kinetic study re-
vealed that the pseudo-second-order model better de-
scribed the removal rate than the pseudo-first-order
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model. Adsorption isotherm was analyzed by both
Langmuir and Freundlich equations, and results showed
that it was better described by the Langmuir equation. The
removal efficiency of RB5 was increased with increasing
initial H,O, concentrations from 2 to 5 mM but was
decreased above 5 mM. The adsorption capacities of
RB5 was increased in the presence of NaCl but was
greatly decreased in the presence of bicarbonate, carbon-
ate, and sulfate ion. Adsorption activity of RB5 by ZnO—
Fe;0,4 composite was maintained even after five succes-
sive cycles, suggesting a promising adsorbent for
wastewater-contaminated organic dyes.

Keywords Nanocomposite - ZnO-Fe;0, - Kinetic
models - Isotherm models - Adsorption - Reactive black 5

1 Introduction

Organic dyes are widely used in several industries such
as textile, paper, cosmetic, leather, plastic, food, print-
ing, and pharmaceutical (Asgher 2012; Fagundes-Klen
etal. 2012; Ip et al. 2010). Most common types of dyes
are azo and reactive dyes (Shirzad-Siboni et al. 2014b;
Daneshvar et al. 2007a, b). When the organic dyes are
discharged into terrestrial and aquatic ecosystems, they
can cause serious environmental problem and toxicity to
organisms (Elizalde-Gonzalez and Hernandez-Montoya
2009; Elwakeel 2009). Therefore, wastewater contami-
nated with organic dyes should be treated with suitable
physicochemical and/or biological treatment processes
(Gaikwad and Kinldy 2009; Gulnaz et al. 2006; Gupta
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et al. 2003). Biodegradation of textile dyes is difficult or
impossible due to the stability and complexity of the
aromatic structure (Camp and Sturrock 1990; Sen et al.
2011; Yagub et al. 2012). As a plausible physicochem-
ical process (Chatterjee et al. 2007), reverse osmosis
(Nataraj et al. 2009), membrane filtration (Nataraj
et al. 2009; Wu et al. 1998), chemical precipitation
(Zhu et al. 2007), electro-deposition (Regan and
Schwartz 1995), electro-coagulation (Sengila and
Ozacarb 2009), advanced oxidation (Khataee et al.
2010; Khataee and Kasiri 2010; Shirzad-Siboni et al.
2011a), and ion exchange (Raghu and Ahmed Basha
2007) have been applied. Some of these processes have
several disadvantages, such as formation of hazardous
byproducts, high initial installation cost, generation of
chemical wastes, and high-energy requirement (Raghu
and Ahmed Basha 2007; Shirzad-Siboni et al. 2011a;
Zhu et al. 2007). Among several physicochemical pro-
cesses, adsorption technique has been widely used be-
cause it is simple, efficient, and requires low operating
cost in the removal of dyes and organic matters from
wastewater (Uzun 2006). Generally, carbon-based ma-
terials have been widely used as efficient adsorbents
(Al-Degs et al. 2000). However, it has a limitation in
large-scale application due to the relatively high prepa-
ration cost, especially activated carbon (Al-Degs et al.
2000). To compensate this limitation, low-cost adsor-
bents including sawdust (Ferrero 2007), agricultural
residues (Nigam et al. 2000), red mud and fly ash
(Wang et al. 2005), dolomite (Walker et al. 2003), oyster
shell (Qiu-yue et al. 2010), activated sludge (Gulnaz
et al. 2000), furnace slag (Xue et al. 2009), chitosan
(Barron-Zambrano et al. 2010), activated red mud
(Shirzad-Siboni et al. 2014a), and scallop shell
(Shirzad-Siboni et al. 2014a, b, c) have been applied to
treat wastewater. Recently, highly porous nanosized
materials, having ample active surface sites, have been
used in the treatment of wastewater (Sun et al. 2011;
Wang et al. 2012). Among various nanosized materials,
ZnO and Fe;04 have much attention because ZnO
nanoparticles exhibit an efficient photocatalytic re-
moval efficiency through adsorption and decompo-
sition of organic contaminants (Behnajady et al.
2006). In addition, super paramagnetic Fe;Oy4
nanoparticles possess a promising adsorption ca-
pacity for contaminants along with optimal magnetic
properties, showing rapid separation of the adsorbent
from solution via a magnetic field (Chen et al. 2011;
Geng et al. 2012).
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Fe;04-graphene oxide composite has been used in
the removal of organic dyes from waste water (Ai et al.
2011; Geng et al. 2012; Sun et al. 2011; Wu et al. 2013;
Xie et al. 2012). Wang et al. (2010) used magnetic
Fe;04 nanoparticles for the removal of acid dye.
Rongcheng and Jiuhui (2004) reported removal of azo
dye from water by magnetite adsorption and Fenton
oxidation. Singh et al. (2013) reported Fe;04 embedded
ZnO nanocomposites for the removal of toxic metal
ions, organic dyes, and bacterial pathogens. Wang
et al. (2010) reported removal of Rhodamine B by
H,0, activated by Fe;O, magnetic nanoparticles.
However, a limited information is available for the
removal efficiency and removal kinetics of azo dye with
ZnO-Fe;0,4 composite.

Hence, in this paper the adsorption of reactive black 5
(RBS) using zinc oxide immobilized on magnetite nano-
particles was considered in aqueous solutions. The ef-
fects of adsorbent dosage, pH, initial RB5 concentra-
tions, hydrogen peroxide, and ionic strength (sodium
carbonate, sodium bicarbonate, sodium sulfate, and so-
dium chloride) in different time intervals on the removal
efficiency were studied. Adsorption isotherm and kinet-
ic studies were undertaken to comprehend the adsorp-
tion mechanism and maximum adsorption capacity of
ZnO-Fe;0,4 composite.

2 Materials and Methods
2.1 Chemicals

Zinc chloride (99.5 %), sodium hydroxide, hydrogen
peroxide, sodium chloride, sodium sulfate, sodium hy-
drogen carbonate, sodium carbonate, and hydrochloric
acid, which were of analytical grade, were purchased
from Merck, Germany and used without any purifica-
tion. Nanopowder (Fe;O4) was obtained from the
Iranian Nanomaterial Pioneer Company in Mashhad
city from Iran. It has an approximately spherical shape,
is nonporous, and has greater than 99.5 % purity. The
specific surface area of the Fe;0, particles was known
as 81.98 m?/g by company. The average size of the
spherical particles was 15-20 nm. RB5 was purchased
from Alvan Sabet Co., Iran. The chemical structure of
RBS5 has been presented in Table 1. The initial pH of
solution was adjusted by the addition of 0.1 M NaOH or
HCI and measured by pH meter (Metron, Switzerland).
The experiments were carried out at room temperature
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Table 1 The structure and characteristics of reactive black 5

Color index name Reactive black 5

Chemical structure

Anionic, diazo
Ca6H21NagN5019S6

Chemical class

Molecular formula

Color index number 20505

Amax (nm) 597

M,, (g/mol) 991.8

Reactive group Sulfatoethylsulfone

Natural pH 5.8

NaO 3S

OH  NH,
e 3SO (CHz)ZO 2S© . OO N_N@SO 2(CH2)ZOSO 3Na

SO 3Na

(25+2 °C). RBS stock solution (1,000 mg/L) was pre-
pared in distilled water and kept in the dark.

2.2 Immobilization of ZnO Nanoparticles on Fe;O4
Nanoparticles

Fe;0,4 was dried at 103°°C for 3 h in an oven. ZnCl, was
used as a starting agent, and NaOH was used as a
precipitant. A stock solution of 0.1 M ZnCl, was pre-
pared by dissolution of ZnCl, into deionized water.
Then an alkaline stock solution of 0.2 M NaOH was
prepared in deionized water. Fe;0, was added to the
ZnCl, solution in the volume ratio of 1:1. The synthetic
reaction was fundamentally performed with stirring for
7 h. The products in aqueous solution were centrifuged
(4,000 rpm; Sigma-301, Germany), washed with deion-
ized water, and then dried at 100 °C for 3 h (Shirzad-
Siboni et al. 2013a). The point of zero charge (pHy.c)
was determined to investigate the surface charge prop-
erties of the adsorbents. The pH,,,. of ZnO-Fe;04 com-
posite was determined using the procedure as follows
(Shirzad-Siboni et al. 2014a, b, c): a 1-L solution of
0.1 M NaNOs; was prepared and divided into ten solu-
tions with pH ranging from 2 to 11 adjusted by HCI and
NaOH with suitable molarity. Thereafter, 0.2 g of the
ZnO-TiO, composite was added to the solutions. The
mixture was shaken at 170 rpm for 48 h. Then, the
samples were centrifuged, and the pH of each solution
was measured. The final pH values versus initial pH
values were plotted to obtain pH,,.. The pH,,. can be
determined at the point where the line of final pH is
crossing the line of the initial pH.

2.3 Characterization Instruments

The X-ray diffraction (XRD) studies were performed with
a Philips XRD instrument (Siemens D-5000, Germany)
using Cu Ko radiation (A=1.5406 A) at wide-angle range
(26 value 4-70°), an accelerating voltage of 40 kV, and an
emission current of 30 mA. For characterization of the
functional groups on the surface of the samples, Fourier
transform infrared spectroscopy (FT-IR) spectra were re-
corded on a Perkin-Elmer (Germany) spectrometer under
a dry air at room temperature by the KBr pellets method.
The spectra were collected over the range from 400 to
4,000 cm . The surface morphology of ZnO, Fe;0y4, and
ZnO—Fe;0,4 composite were obtained by field emission
scanning electron microscopy (FE-SEM), which was car-
ried out by a Mira microscope (Mira3, Tescan, Czech
Republic). SEM images were further supported by energy
dispersive X-ray (EDX) microanalysis to provide direct
evidence for the purity, existence, and distribution of
specific elements in a solid sample.

2.4 Adsorption Experiments

The adsorption experiments were carried out in 1,000 mL
Erlenmeyer flask containing 30 mL of RB5 solution and
2 g of ZnO-Fe;04 powder, while the mixtures were
stirred at 150 rpm and room temperature (2542 °C) in
different time intervals (2—60 min). Then, the samples
were centrifuged (Sigma-301, Germany) at 4,000 rpm for
10 min to remove the adsorbent. The concentration of the
RBS5 in each sample was measured using a spectropho-
tometer (UV/Vis Spectrophotometer, Hach-DR 5000,
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USA) at A\,.x=597 nm by a calibration curve, which was
depicted based on Beer-Lambert law (Horwitz 2000). In
order to determine the effects of various parameters, the
experiments were conducted at different adsorbent
amounts of 0.4 to 2 g/L, initial RB5 concentrations of
10 to 200 mg/L and initial pH of 3 to 11. Removal
efficiency of RB5 dye was calculated with Eq. 1.

(Ci—Co)

Removal efficiency % = x 100 (1)

1

where, C; and C, are the initial and equilibrium
concentrations of RBS dye (mg/L), respectively.

3 Results and Discussion
3.1 Adsorbent Characterization
3.1.1 FT-IR Analysis

The functional groups on the surface of adsorbent can
play a significant role in the adsorption process because
adsorption reactions mostly occur on surface of the ad-
sorbent. Thus, FT-IR analysis of ZnO, Fe;0,4, and ZnO-
Fe;04 composite were performed in the range of 400—
4,000 cm™" (Fig. 1). The synthesized ZnO nanorods
showed significant absorption peaks at 458, 727, 913,
and 3,500 cm ', The band observed between 400 and
500 cm™' corresponds to the stretching vibration of ZnO.
The weak band near 1,590 cm ' is assigned to H-O—H
bending vibration mode due to the adsorption of moisture
when FT-IR sample disks were prepared in an open-air
atmosphere. The band at 3,500 cm ™' corresponds to the
presence of hydroxyl groups (" OH) (Shirzad-Siboni et al.
2013a). For the case of Fe;0,4 nanoparticles, a single
sharp absorption peak at 577 cm ', attributed to Fe—O
bond vibration (Sun et al. 2011; Wang et al. 2012), is
observed. FT-IR spectra of ZnO—Fe;04 composite were
quite similar with that of ZnO, indicating hybridization of
ZnO nanorods with Fe;0y,.

3.1.2 XRD Analysis

The XRD patterns of ZnO, Fe;0,4, and ZnO-Fe;04
composite are illustrated in Fig. 2. The patterns exhibit
crystalline structure of both ZnO and Fe;0, even after
the immobilization of ZnO on Fe;0,4. The main peaks at
260 values 0f31.72,34.4,36.2,47.49,56.51, 62.8, 66.28,
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Fig. 1 FT-IR spectra of three adsorbents

67.86, and 68.86 correspond to the (100), (002), (101),
(102), (110), (103), (200), (112), and (201) planes of
hexagonal wurtzite ZnO (JCPDS card no. 36-1451)
(Daneshvar et al. 2007b). The main peaks at 20 values
of 18.27, 21.16, 30.11, 30.21, 35.42, 35.53, 37.03,
37.18, 43.12, and 57.09 correspond to the (011), (002),
(112), (200), (121), (103), (022), (202), (004), and (321)
planes of the orthorhombic Fe;O04 (JCPDS card no.
031156) (Ai et al. 2011). As illustrated in Fig. 2, after
immobilization of ZnO, the peaks related to the ZnO are
still observed, which indicates growth of the ZnO crystal
on the Fe;0,4 nanoparticles.

The average crystalline size of ZnO-Fe;0,4 compos-
ite was calculated using the following Debye—Sherrer’s
equation (Patterson 1939):

0.9\

b= [cosf @)

where D is the average crystallite size (A), A is the
wavelength of the X-ray radiation (Cu Kat=1.54178 A),
(s the full width at half maximum intensity of the peak,
and 6 is the diffraction angle (18.195). According to
Eq. 2, the mean crystallite size of the ZnO—Fe;04 com-
posite was estimated to be about 40 nm
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Fig. 2 Typical XRD patterns of three adsorbents

3.1.3 SEM and EDX Analyses

SEM images of ZnO nanoparticles, Fe;O4 nanoparticles,
and ZnO—Fe;0,4 composite are shown in Fig. 3a—c, re-
spectively. ZnO was shaped as rods as shown in
Fig. 3a, c. As shown in Fig. 3b, ¢, ZnO-Fe;0, composite
was composed of spherical Fe;0,4 nanoparticles and ZnO
nanorods. EDX microanalysis was used to characterize
the elemental composition of the ZnO-Fe;0,4 composite.
EDX pattern of the ZnO-Fe;0,4 composite is depicted in
Fig. 4. According to the results of EDX analysis, the
major elements were Zn, O, and Fe, indicating good
hybridization between ZnO and Fe;0,.

3.2 Removal of Reactive Black 5

3.2.1 The Effect of Adsorbent Dosage and Contact Time
The influence of adsorbent dosage on the removal effi-
ciency for RB5 was investigated at various amounts of

adsorbents in the range of 0.4-2 g/L at pH 7 with varia-
tion of reaction time (Fig. 5). RB5 removal efficiency

was increased by increasing the adsorbent dosage from
0.4 to 2 g/L over the entire reaction time (2—120 min).
This trend can be explained by the increased active sites
for the removal of contaminants along with the increase
of the adsorbent dosage (Shirzad-Siboni et al. 2013b,
2014a, b, ¢). As shown in Fig. 5, the removal rate
of RBS5 for all dosages was rapid in the first stages
of contact time, and then it was gradually slowed
until reactions reach a near equilibrium after
60 min. The rapid adsorption at initial reaction
time may be attributed to the abundance of free
active sites on the surface of ZnO-Fe;0,4 and easy
availability of them for RB5 molecules. As the active
sites are occupied by RBS5, adsorption rates are de-
creased due to having little available active sites on the
adsorbents (Ip et al. 2010).

3.2.2 The Effect of Solution pH and Comparison of RBS
Removal by Three Adsorbents

The effect of pH on the RBS adsorption onto ZnO—
Fe;0,4 was investigated between pH 3 and 11, and the
results are depicted in Fig. 6a. According to Fig. 6a, the
solution pH is recognized as one of the important pa-
rameters that governs the adsorption process. Generally,
surface charge of the adsorbents and speciation of ionic
contaminants is variable with variation of solution pH.
Maximum removal efficiency of RB5 was observed at
pH 7. When the initial pH was increased from 7 to 11,
the RB5 removal efficiency was decreased from 87.55
t0 20.42 %. Also as the initial pH was decreased from 7
to 3, the RB5 removal efficiency was decreased from
87.55 to 78.42 %.

Removal of RB5 by three different adsorbents such
as ZnO, Fe;04, and ZnO-Fe;0,4 was investigated at pH
7. Figure 6b shows that removal of RB5 was relatively
low in the presence of ZnO and Fe;0,4. However, in the
presence of ZnO-Fe;04 composite, 87.55 % of the RB5
was eliminated after 120 min.

In order to obtain information about the surface
charge of the adsorbent, the pH of zero-point charge
(pHzpc) was determined. The plot of final pH versus
initial pH of the solutions is illustrated in Fig. 7. The
pH,,c can be determined at the point where the line of
final pH is crossing the line of initial pH. According to
the data, the pH,,,c of ZnO-Fe;04 composite is 6. This
means that at pH values below 6, the ZnO-Fe;0, sur-
face has a net positive charge, while at pH greater than 6,
the surface has a net negative charge.

@ Springer
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SEM HV: 10.0 kV WD: 10.06 mm

View field: 38.1 pm Det: SE 10 pm
SEM MAG: 5.00 kx | Date(m/dly): 07/23/13

SEMHV:10.0kV | WD: 1.48 mm
View field: 9.54 pm Det: InBeam 2 pm
SEM MAG: 13.3 kx | Date(m/dly): 04/29/14

Fig. 3 SEM image of a ZnO, b Fe;04, and ¢ ZnO-Fe;04 composite

3.2.3 The Effect of Initial RB5 Concentration

The adsorption of RB5 by ZnO-Fe;04 was inves-
tigated by varying initial concentrations of RBS5
ranging from 10 to 200 mg/L at pH 7 (Fig. 8).
When the initial RB5 concentration was increased
from 10 to 200 mg/L, the RB5 removal efficiency
was decreased from 99.99 to 17.48 %. The reason
for this result can be explained with the fact that
the adsorbent has a limited number of active sites,
which would become saturated above a certain RB5
concentration (Ip et al. 2010). Similar observations

@ Springer

SEM HV: 10.0 kV WD: 1.49 mm
View field: 1.59 pm Det: InBeam
SEM MAG: 80.0 kx | Date(m/dly): 04/29/14

were also reported for the removal of RB5 and
herbicide (Barron-Zambrano et al. 2010; Elwakeel
2009; Eren and Acar 2006).

3.3 Kinetic and Isotherm Studies

Adsorption kinetic experiments were carried out by
agitating RB5 solutions (10-200 mg/L) containing
2 g/L of ZnO-Fe;04 composite for various contact
times (2—120 min) at pH 7 and room temperature
(25+2 °C). The pseudo-first- and pseudo-second-
order models were applied in order to find an
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Fig. 4 EDX image of ZnO-Fe;0,4 composite

efficient model for the description of adsorption.
The relevant equations for the pseudo-first- and pseudo-
second-order models were Eqs. 3 and 4, respectively
(Shirzad-Siboni et al. 2011b; Samarghandi et al. 2011;
Azizian 2004).

k
log (g~ ¢,) = logg.— (ﬁ)t (3)

v~ () (@) ®

where ¢, and ¢, are the amounts of the RB5 adsorbed
by ZnO-Fe;0, (mg/g) at equilibrium and after reaction
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<
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g
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E
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Fig. 5 Effect of adsorbent dose on the removal of RBS5 dye by

ZnO-Fe;0; (initial dye concentration=30 mg/L, pH=7)

time ¢, respectively, and k; (1/min) and £, (g mg ' min ")
are the pseudo-first- and pseudo-second-order rate con-
stants, respectively. The estimated kinetic parameters for
RBS are summarized in Table 2. The kinetic data for RBS
adsorption showed the best fitting (R“=0.9986) with the
pseudo-second-order model. Moreover, when the initial
RBS5 concentration increased from 10 to 200 mg/L, the
value of R* for the pseudo-second-order model was de-
creased and the value of ¢. increased, indicating that
adsorption data were in agreement with this model. The
results are consistent with previous literatures in which
the adsorption kinetic data of RB5 by different adsorbents
were fitted with the pseudo-second-order model. Also,

100
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=

Removal efficiency (%)
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Fig. 6 a Effect of pH on the removal of RB5 dye by ZnO-Fe;0,

at different time intervals (initial dye concentration=30 mg/L,

adsorbent dose=2 g/L) and b comparison of RB5 removal by

three adsorbents (pH=7, initial dye concentration=30 mg/L, ad-

sorbent dose=2 g/L)
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Fig. 7 Determination of the pH of point of zero charge (PZC)

the kinetic data were fitted with the linear regression
statistics method. The estimated P values for RB5 are
summarized in Table 2. From these results, kinetic data
for RBS adsorption was fitted well with the pseudo-
second-order model (P<0.05) compared with pseudo-
first-order model.

To investigate the adsorption equilibrium isotherm,
experiments were performed with 30 mg/L RBS5 as an
initial concentration using various adsorbent dosages
(0.01-0.2 g/L) at pH 7 for 24 h. All experiments were
repeated three times, and the average values were re-
ported. Langmuir and Freundlich equations were ap-
plied to fit experimental adsorption data, and the related
equations are described by Eqgs. 5 and 6, respectively

100

80

10 njg/L 1 -M-30 mg/L
—4—60 mg/L
——120 mg/L
200 mg/L

60

40

Removal efficiency (%)

20

0 15 30 45 60 75 90 105 120
Time (min)

Fig. 8 Effect of initial dye concentration on the removal of RB5
dye by ZnO—Fe;0,4 (pH=7, adsorbent dose=2 g/L)

@ Springer

(Azizian 2004; Samarghandi et al. 2011; Shirzad-Siboni
etal. 2011Db).

KLque
— tdm>—e 5
9= T1 K. C. (5)
1
logg, = logKr + ;logCe (6)

where ¢, (mg/g) is the maximum monolayer adsorp-
tion capacity, C, is the sorbate concentration in solution
at equilibrium (mg/L), K; (L/mg) and Ky (mg'""L""
g ') are the Langmuir and Freundlich constants, respec-
tively, and # is the intensity of adsorption. The estimated
Freundlich and Langmuir constants as well as related
correlation coefficients are summarized in Table 3. The
high correlation coefficient (R°=0.992) confirmed the
plausible applicability of the Langmuir model for the
RBS adsorption process onto ZnO—Fe;0,4 composite. It
means that the adsorption of RB5 onto ZnO-Fe;0,
composite occurred as homogeneous and monolayer
adsorption.

The removal capacity of RBS by ZnO-Fe;0,4 com-
posite was compared with that by other adsorbents in
Table 3. ZnO—Fe;04 composite has greater adsorption
capacity than other adsorbents. Maximum adsorption
capacity was obtained 22.1 mg/g at pH 7. Based on
the obtained results, the ZnO—Fe;0,4 composite can be
regarded as an efficient and low-cost adsorbent.

3.4 Effect of Ionic Strength

To assess the effect of the presence of different ionic
strengths on the removal efficiency of RBS5, constant
amounts of sodium chloride, sodium sulfate, sodium
bicarbonate, and sodium carbonate were added to the
batch system before beginning the adsorption. The con-
centration of each ionic strength was adjusted to 30 mg/
L, while the initial RB5 concentration, ZnO-Fe;0y4
dosage, initial pH were constant at 30 mg/L, 2 g/L,
and 7, respectively. Figure 9 shows that order of removal
efficiency of RBS is sodium chloride>control>sodium
sulfate>sodium bicarbonate>sodium carbonate. The re-
moval efficiency of RBS was greatly decreased in the
presence of background electrolytes having sulfate, bi-
carbonate, and carbonate anions compared with control
test without background electrolytes. On the other hand,
removal percentage of RB5 in the presence of sodium
chloride was greater than control test. This removal
trend can be explained by the fact that CO3 ", HCO;3,
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Table 2 The calculated kinetic parameters for the pseudo-first- and pseudo-second-order models for the removal of RB5 dye by ZnO—

Fe304

(RBS)o (mg/L) g. (exp) (mg/g) Pseudo-first-order model

Pseudo-second-order model

ki (1/min) g, (cal) (mg/g) R? Pvalue k, (gmg ' min") g (cal) (mg/g) R* P value
10 4.99 0.0955 5.00 0.8855 0.0001  6.66 5.00 0.9999 0.033
30 13.1 0.0384  13.1 0.7905 0.024  3.49x102 13.1 0.9986 0.03
60 20.1 0.0444  20.1 0.8943 0941  0.99x1072 20.9 0.9923  0.0001
90 20.9 0.0411 20.1 0.8426 0933  0.42x1072 22.1 0.9890 0.0001
120 19.1 0.0384 192 09714 0680 0.41x107> 20.9 0.9875 0.0001
150 20.1 0.0411 20.1 0.6682 0484  0.26x107> 20.9 0.9379  0.001
200 17.5 0.0543 175 0.7214 0443  0.38x1072 18.8 0.9761 0.0001

and SO3 may interfere or compete the electrostatic
attraction between SOj3 ions in RBS5 species and surface
of ZnO-Fe;0,4 composite (Elwakeel 2009; Eren and
Acar 2000).

3.5 Effect of the Hydrogen Peroxide
(H,0,—ZnO-Fe;0,4 or Fenton Process)

Effect of the H,O, concentration on the removal of RB5
by ZnO-Fe;0,4 composite was studied at different H,O,
concentrations from 2 to 50 mM at 30 mg/L dye con-
centration, 2 g/l ZnO-Fe;0,4, and pH 7. As shown in
Fig. 10, the removal efficiency of RB5 was increased
with increasing initial H,O, concentrations from 2 to
5 mM but was decreased above 5 mM. Removal per-
centage of RB5 without presence of H,O, increased
from 68.15 % at 2 min to 87.55 % at 120 min.
Removal percentage of RBS5 in the presence of 2 and

5 mM H,0, was increased from 74.64 to 99.99 % and
from 93.75 to 99 % by increasing time from 2 to
120 min, respectively. The increased removal efficiency
of RB5 after addition of H,O, was attributed to the
increased reaction between H,O, and electron in the
conduction band of ZnO-Fe;0,4. According to Egs. 7
and 8, H,O, can effectively inhibit the electron—hole
recombination. Since H,O, is a better electron acceptor
than dissolved oxygen, it could act as an alternative
electron acceptor to oxygen. At a low concentration of
H,0,, inhibition of the electron—hole recombination is
effectively contributed to an enhanced removal
RB5. But at high dosage, H,O, is a powerful
scavenger of electron and -OH. Therefore, high
concentration of H,O, might inhibit the reaction
between RBS and positive holes or ‘OH in the valence
band of ZnO-Fe;04 (Wang et al. 2010; Rongcheng and
Jiuhui 2004).

Table 3 Comparison of isotherm data obtained in this work with other previous works

Adsorbents Freundlich constants Langmuir constants Reference
K (mglg) Wmg)™) n R gu(mgly) Ki(Lmg) R

Activated sludge 16.1 2.69 0878 116 5.741 0.993  Gulnaz et al. (2006)
Furnace slag 3.00 1.85 0981 744 0.011 0.995  Xue et al. (2009)
Chitosan 21.9 7.08 0924 345 34.84 0.999  Barron-Zambrano et al. (2010)
Activated red mud 0.130 0.58 0982 356 0.002 0.798  Shirzad-Siboni et al. (2014a)
Fly ash 2.05 712 0987 438 0.349 0.997  Sun et al. (2010)
Scallop shell 9.50 2.07 0981 90.9 0.064 0.996  Shirzad-Siboni et al. (2014a, b, ¢)
Surfactant-modified 400 493 0.770 100 217.6 0.860  Choi et al. (2008)

activated carbon
ZnO-Fe;04 13.1 6.84 0.863 22.1 0.695 0.992  Present study
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Fig. 9 Effect of ionic strength on the removal of RBS dye by

ZnO-Fe;0,4 (pH=7, initial dye concentration=30 mg/L, adsorbent
dose=2 g/L, initial ionic strength concentration=30 mg/L)

Hy0; + ecg—OH + HO' (7)
Hy0, + hv —2HO' (8)
H,0, + HO —HO; + H,0 (9)
HO, + HO" —H,0 + 0, (10)
Hy0y+h'{y —H" + HO, (11)

3.6 Reusability of Adsorbent

Reusability of adsorbent is an important factor for the
application of developed adsorbent in the treatment of

100

80

60 ¥

40

Removal efficiency (%)

—+—2mM —=—5 mM

10 mM —e—15 mM
20 ——20 mM 50 mM
—o—Without H,0; ——H:0; alone
0
0 15 30 45 60 75 920 105 120
Time (min)

Fig. 10 Effect of H,O, concentration on the removal of RB5 dye
by ZnO-Fe;0, (pH=7, initial dye concentration=30 mg/L, adsor-
bent dose=2 g/L)

@ Springer

wastewater. Hence, the adsorption of RB5 was per-
formed by ZnO-Fe;04 composite for five repeated
runs. As can be seen in Fig. 11, adsorption capac-
ity of RB5 by the synthesized ZnO-Fe;0, com-
posite was maintained up to five consecutive runs,
suggesting a plausible adsorbent in the treatment of
organic dyes.

4 Conclusions

In this research, application of ZnO immobilized on
Fe;0, for the adsorption of the RBS in aqueous solu-
tions was studied. The prepared sample was character-
ized by of FT-IR, XRD, SEM, and EDX. Analysis of
Zn0O-Fe;0,4 by FT-IR, XRD, SEM, and EDX revealed
functional groups, porous surface, and essential ele-
ments, which contribute to the RB5 adsorption. The
removal efficiency depended on experimental parame-
ters like the amount of ZnO-Fe;0,, contact time, pH,
and initial RB5 concentration. The removal efficiency
was maximum at pH 7 and was increased with increase
in contact time and adsorption dosage but was decreased
with increase in initial dye concentration. Pseudo-
second-order model better described the adsorption ki-
netics of RB5 onto adsorbent than the pseudo-first-order
model. The high value of correlation coefficient
(R?=0.992) for the Langmuir isotherm suggests that
adsorption occurs through homogeneous and monolayer
adsorption. According to the obtained results, the

100
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80 1 [
_ First ?
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Z L
s 60
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o
=
2 40 Fourth
£
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20
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Fig. 11 Reusability test for the removal RB5 dye by ZnO-Fe;0,
(dosage=2 g/L, pH=7, initial dye concentration=30 mg/L)
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maximum adsorption capacity of RB5 by for
ZnO-Fe;0,4 composite was 22.1 mg/g.
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