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KEYWORDS Abstract In the present work, a simple synthesis approach was applied for the fabrication of
CoFe,0,@SiOs- CoFe,04@SiO,-polyethyleneimine magnetic nanoparticles as an effective sorbent for ultrasonic-
polyethyleneimine; assisted removal of disulfine blue dye from an aqueous solution. For identification and character-
Magnetic nanoparticles; ization of prepared sorbent, different analysis including Fourier transform infrared spectroscopy
Removal; (FT-IR), Field emission scanning electron microscopy (FE-SEM), Vibrating sample magnetometer
Disulfine blue (VSM), Energy dispersive X-ray analysis (EDX) and Transmission electron microscopy (TEM)

were applied. The effect of effective parameters on the removal of disulfine blue such as pH, sorbent
mass, ultrasonic time and disulfine blue concentration were also assessed. The optimum values for
investigated parameters were achieved to be as follows: pH of 5.0, sorbent mass of 0.015 g, ultra-
sonic time of 5.0 min and disulfine blue concentration of 10.0 mg L~'. Different isotherm and
kinetic models were used for the evaluation of isotherm and kinetic of adsorption. Results showed
that the Langmuir isotherm model was better than other isotherm models as well as the second-
order equation model was selected as a kinetic model. The maximum adsorption capacity of the
proposed magnetic sorbent was achieved to be 110.0 mg g~' which shows the applicability of pro-
posed sorbent for removal of disulfine blue dye from aqueous solution.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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. o . Water pollution is one of the most important challenges that
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the world faces. There are plenty of resources for pollution
of water. Industrial and synthetic dyes are one of the main
branches of these resources that not only can change the chem-
ical and physical property of water but also can have adverse
FLSEVIER Production and hosting by Elsevier side effects (Homem et al., 2019; Tanhaei et al., 2019). These
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dyes can cause chemical changes, consume dissolved oxygen
and also generate the carcinogenic and genotoxic problem.
So, they are harmful to both human health and the environ-
ment. Disulfine blue (DB) (Fig. 1.) is a synthetic dye that has
been widely applied in different industries including coloring
paper, temporary hair colorant, dyeing cottons, wools and so
on (Bagheri et al., 2016b). In spite of its applications and
advantages, it can cause some illnesses for humans. So, removing
it from water resources is still a vital task. Different methods
such as adsorption, membrane separation, flocculation—
coagulation and aerobic or anaerobic treatment have been
extensively used for removal of dyes from water (Bagheri
et al., 2017b; Wang et al., 2020). Compare to other methods,
the adsorption technique has been very much considered since
it is a simple, easy, low cost and more applicable without the
generation of hazardous intermediate products (Bagheri
et al., 2017a; Li et al., 2020). Different sorbents have been
applied for removal of dyes from wastewater which have main
drawbacks in terms of low specific surface area as well as low
binding capacity (Oussalah et al., 2019). In this regard, much
attention has recently been paid to the use of nano-sized mate-
rial due to their high surface area, presentation of highly por-
ous structure and high adsorption capacity which can improve
the dye adsorption efficiency (Bagheri and Ghaedi, 2020a,
2020b, 2020c; Bidgoli et al., 2019; Uoginté et al., 2019). One
of the tedious and non-interesting stages in the adsorption pro-
cess is the face separation difficulty and arrival of nano-scale
based material to different ecosystem following usage. This dif-
ficulty and domination simply and efficiently can be overcome
by using magnetic nano-scale material that can be separated by
exposure to external magnetic fields (Arabi et al., 2020;
Bagheri et al., 2019a; Bagheri et al., 2019b; Bagheri and
Ghaedi, 2019; Khani et al., 2019). Iron-based magnetic nanos-
tructures have distinguished properties which make them as a
good candidate for using in different fields such as separation
and removal of dyes from water resources (Yang et al., 2020a;
Zangeneh et al., 2019). Nano-sized magnetic compounds have
supreme physical and chemical properties due to their meso-
scopic effect, small object effect, quantum size effect and sur-
face effect (Arabi et al., 2016; Gholami et al., 2019a;

Fig. 1

Chemical structure of disulfine blue.

Gholami et al., 2019b; Gholami et al., 2019¢c; Ostovan et al.,
2018a; Ostovan et al., 2018b; Yang et al., 2020c). Recently,
metal-oxide nanoparticles have been the subject of much inter-
est because of their unusual optical, electronic and magnetic
properties, which often differ from the bulk. Cobalt ferrite is
an efficient magnetic compound that has distinguished proper-
ties in terms of mechanical hardness, high coercively, high
cubic magneto crystalline anisotropy, high physical and chem-
ical stability (Arabi et al., 2017; Guo et al., 2020; Maaz et al.,
2007), and appropriate magnetization for separation using an
external magnetic field (Ansari et al., 2019; Pastor-Belda et al.,
2017). Cobalt (II) ions are more difficult to oxidize than the
iron (II) and that consequently, cobalt ferrite nanoparticles
are more stable over long times than Fe;O4 particles. Modifi-
cation of magnetic nanoparticles is essential that is due to
enhances their stability in different media as well as prevents
the oxidation of them which can improve their performance.
For this purpose, SiO; is a good choice that is due to excep-
tional properties of SiO, in terms of high chemical and physi-
cal properties and bio-compatibility that can modify magnetic
nanoparticles surface completely and increase the physical and
chemical stability of magnetic nanoparticles (Yang et al., 2019;
Zhang et al., 2019). In addition, to increase the surface area of
adsorbent, polyethyleneimine (PEI) is a good choice. PEI is a
positive charge polyelectrolyte supplying a large number of
nitrogen atoms corresponding to amino groups which contain
primary, secondary, and tertiary amino groups in a ratio of
approximately 1:2:1 (An and Gao, 2007; Yang et al., 2020b;
Zhong and Jia, 2019; Zhou et al., 2016). Their combination
with a number of polar groups (amino groups) in PEI affects
their adsorption capability towards organic compounds. It will
be a good method for modification of cobalt ferrite (CoFe,O4)
nanoparticles with PEI and their association can be applied as
an effective sorbent for separation and removal of DB from an
aqueous solution. In this work, CoFe,O4@SiO»-
polyethyleneimine was synthesized as an effective sorbent for
the removal of DB from an aqueous solution. It was character-
ized using different analysis such as FTIR, XRD, FE-SEM,
VSM, EDX, and TEM. Also, the effect of influential parame-
ters on DB removal including pH, sorbent mass, ultrasonic
time and DB concentration was investigated and optimum
levels were achieved. The results showed that prepared sorbent
has good magnetic strong and adsorption capacity which make
it as a good sorbent for removal of DB from an aqueous
solution.

2. Experimental section

2.1. Chemicals, reagents and instrumental

All materials and reagents including DB dye, deionized water,
ethanol, NaOH, HCI, NHj; solution, tetraethylorthosilicate,
methylbenzene, polyethyleneimine and (3-chloropropyl)
trimethoxysilane were purchased from Merck Company. A
pH-meter (Model 692, Metrohm AG, Herisau, Switzerland)
was used for the pH measurements. Ultrasonic-assisted
adsorption of DB was done in an ultrasonic bath (Tecno-
GAZ SPA Ultra Sonic System, Parma, Italy) operated at a fre-
quency of 40 kHz and 130 W of power with a useable volume
of 3.0 L. The morphology analysis of obtained CoFe,O4@-
SiO,-polyethyleneimine was carried out by scanning electron
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microscope (SEM, Hitachi S- 4160, Japan) under an accelera-
tion voltage of 26 kV and transmission electron microscope
(TEM, Hitachi H-800 at 200 kV, Japan), X-ray diffraction
(XRD, Philips PW 1800 Holland, Netherland, 40 kV and
40 mA) and Fourier transformed infrared spectroscopy
(FTIR, RX-IFTIR, Perkin Elmer). The concentration of the
DB in the solution after equilibrium adsorption was measured
by a double beam UV-Vis spectrophotometer (Shimadzu,
Model UV 1601, Japan) at 637 nm.

2.2. Synthesis of CoFe,0, nanoparticles

An aqueous solution of 0.2 M CoCl,-6H,0 and 0.4 M FeCls-
-6H,O were mixed under the ultrasonic irradiation for 30 min.
Then, 0.2 M oleic acid solution was added to the mixture and
subsequently, the 3 M solution of NaOH was added to adjust
pH 8. Then, the mixture was heated under 80 °C for 1 h. In the
following, the solution was cooled at room temperature, and
the obtained precipitation was separated using an external
magnetic as well as washed several times by deionized water
and ethanol and dried at 60 °C.

2.3. Preparation of CoFe,0,@SiO;

Coating of CoFe,0,4 nanoparticles with a layer of silica was
attained through the Stober method which is based on the
hydrolysis of tetraethylorthosilicate (TEOS) in the presence
of NHj3 to obtain CoFe,04@SiO, composite (Stober et al.,
1968). In this regard, 0.5 g of CoFe,O4@SiO, was reacted with
0.5 mL of (3-chloropropyl) trimethoxysilane in the presence of
100 mL methylbenzene. Then, the mixture was stirred at
110 °C for 12 h to obtain CoFe,O4@SiO,-Cl. Then, the
obtained CoFe,O4@SiO,-Cl was reacted with 25 mL of an
aqueous solution of polyethyleneimine at 90 °C for 6 h.
Finally, CoFe,O4@PEI particle was washed with deionized
water and ethanol several times and finally dried at 60 °C
for 12 h.

2.4. Ultrasound-assisted adsorption method

Ultrasound-assisted experiments were conducted to investigate
the effect of different factors on the removal of DB. The batch
sorption experiments were carried out in 100 mL Erlenmeyer
flasks, where 0.005-0.03 g of the CoFe,O4@PEI and 50 mL
of the DB solutions (10-35 mg L™') were added following
pH (2-8) adjustment (using diluted acid or base) and irradiated
by ultrasonic irradiation (2—7 min). Then, the CoFe,O4@PEI
was separated by an external magnetic field and the concentra-
tion of the DB in the solution after equilibrium adsorption was
measured at 620 nm. The removal percentage of DB at equilib-
rium was calculated by:

(CO - CE)

R(%) ===
0

x 100 (1)
where Cy and C, (mg L") are the liquid-phase concentrations
of DB at initial and equilibrium, respectively.

3. Results and discussion

3.1. Characterization of Co-Fe,0 @ PEI

Fig. 2 represents the FTIR spectra of CoFe,04, CoFe,O4@-
Si0,, Co-Fe,04@Si0,-Cl, and CoFe,04@SiO,@PEI, respec-
tively. The characteristic peak at 585 cm™" is related to Fe-O
stretching which is observed in four stages even after polymer
coating samples and chemical modification. However, the
intensity of the Fe—O peak reduced comparatively with further
modification and approximate formation of shells that show
the successful modification of CoFe,O, nanoparticles. The
characteristic peaks at 681 em™!, 1267 em™! and 1424 cm™!
are attributed to N-H, C-N and C-H bonds respectively, while
the characteristic peaks at 2977, 2925, and 2856 cm™ ! are
related to C—H vibrations peaks of C—H in CH, groups. These
characteristic absorptions denote that polyethyleneimine has
been successfully grafted onto the silica surface. Fig. 3 shows

<

0-H=3400 cm*

Transmittance (%)

(@

Si-0=800 cm!

Si-0=1100 cm!

/

(a) CoFe,0,
(b) CoFe,0,@SiO, (j;oo . C-N=1700 cm”
(¢) CoFe,0,@SiO,-Cl '
(d) CoFe,0,@Si0,-PEI Fe-0=570 cm 1™
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm)

Fig. 2

FTIR spectra of CoFe,04, CoFe,04@SiO,, CoFe,0,@Si0,-Cl and CoFe,0,@SiO,@PEI.
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Fig. 3 EDX analysis of CoFe,O4@ PEI.

the EDX analysis of CoFe,O4@PEI which confirms the pres-
ence of the Fe, O, Co, C, N, and Si with an approximate mass
ratio of 35.6, 22.1, 19.8, 16.1, 2.5, and 3.8% respectively. In
should be pointed out that the presence of N and the absence
of Cl proves that PEI was formed and 3-chloropropyl removed
on the surface of CoFe,O,@Si0,. Fig. 4 represents the XRD
pattern of CoFe,O4@PEI in which diffraction peaks located
at 20 = 30.09, 35.44, 37.06, 43.06, 47.15, 53.45, 56.98, 62.59,
65.76, 70.95, 74.01, 75.01, and 78.97 could be well attributed
tothe (220),311),(222),400),(422),(511),440),
(531),(0620),(533),(622),and (4 4 4). These are related
to a cubic unit cell and approve the cubic spinel structure
(JCPDS No. 00-022-1086). The expanded XRD lines indicate
that the particles are in nano-size range and, according to
Scherer Eq., are based on a distinguished peak of (3 1 1) plane:

the calculated values of the size corresponding to CoFe,O04-NPs
were 18.0 nm. Fig. 5 indicates the FESEM image of Co-
Fe,04@PEI which shows that the spherical shapes of prepared
sorbent with a low degree of agglomeration that is corresponds
to the magnetic properties of CoFe,O4@PEI. The structure of
CoFe,O,@PEI was evaluated by TEM analysis (Fig. 6). TEM
image shows that the SiO,@PEI layer is anchored on the sur-
face of CoFe,O4 nanoparticle successfully. The thickness of
the SiO>@PEI layer leads to a fast mass transfer of DB, which
decreases removal time as well as enhances in the performance
and applicability of the proposed sorbent. To investigate the
magnetic properties of CoFe,O4, VSM was applied. As can
be seen in Fig. 7, saturation magnetization is nearly constant
at 60 emu g~ that shows the strong magnetization property
of CoFe,0,4 nanoparticles.
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Fig. 4 XRD pattern of CoFe,O4@ PEIL
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Fig. 5 FESEM image of CoFe,O4@ PEL

Fig. 6 TEM image of CoFe,O4@ PEI.

3.2. Optimization of effective parameters

The effect of four parameters on removal percentage including
pH, sorbent mass, ultrasonic time and Disulfine blue concen-
tration were evaluated individually. The solution pH is one
of the most important parameters that can affect and change
the ionic or neutrality state of DB and Fe,O4@PEI and has
a noticeable role in the removal of SY. In this regard, for find-
ing the optimum pH, the effect of pH solution was examined in

the range of 2.0-8.0 (Fig. S1). The optimum extraction recov-
ery was achieved at pH 5.0. This phenomenon is probably due
to hydrogen bonding interactions between NH™" groups of PEI
and SO3 groups of DB at pH 5.0. At pH 5, N-H groups on the
surface of Fe,O4@PEI get a positive charge and can interact
thought hydrogen bond with SO3 of DB. At pH values lower
than 5.0, the removal percentage was decrease that due to
change in stability of CoFe,O4 @PEI. On the other hand,
under strongly alkaline conditions, PEI cannot be protonated
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Fig. 7 VSM image of CoFe,O4@ PEI

which decreases the electrostatic interaction for adsorption.
Therefore, pH 5.0 was selected as optimum pH for the next
experiments. Fig. S2 shows the effect of sorbent dosage on
removal of DB was evaluated in the range of 0.005-0.03 g.
As can be seen in Fig. S2, the maximum removal percentage
was achieved at 0.015 g of CoFe,O4@PEI. An adequate
amount of sorbent dosage can increase specific surface area
and adsorption capacity which subsequently rise the removal
percentage, while the inadequate amount of sorbent has the
opposite effect and can decrease specific surface area and mass
transfer and subsequently decrease removal percentage.
Fig. S3 represents the effect of ultrasonic time in the range
of 2.0-7.0 min. Results showed that maximum removal per-
centage was obtained at 5.0 min. Ultrasonic irradiation can
enhance the contact surface between DB molecules and CoFe,-
O,@PEI and then increase the removal of SY molecules. The
decrease of removal percentage at a time more than 5 min is
probably due to desorption of DB molecules from CoFe,O4@-
PEI. Also, the effect of DB concentration was assessed in the
concentration range of 10.0-35.0 mg L™'. The effect of initial
DB concentration on the removal percentage reveals that max-
imum removal was observed at 10.0 mg L™' of DB concentra-
tions that is due to a low ratio of solute concentrations to
adsorbent sites while in high DB concentrations it has the
opposite effect (Fig. S4). Fig. S5 shows the UV—Vis spectra
of disulfine blue before and after removal at optimum
conditions.

3.3. Adsorption isotherms assessment for removal of DB by
CoFe,0 @ PEI

The adsorption isotherm is an important aspect of adsorption
study that shows the affinity, tendency as well as adsorption
mechanism of analyte toward sorbent. Therefore, different iso-
therm models including Langmuir, Freundlich, Temkin, and
Dubinin—-Radushkevich were evaluated as listed in Table S1.
According to Table S1, q. shows the adsorbed DB at equilib-
rium, Q,, is the maximum adsorption capacity, C,. is the DB
concentration in sample solution at equilibrium, Ky, Ry, Kg,
1/n, By, K, and K are the Langmuir, Freundlich, Temkin,
and Dubinin—Radushkevich constants, respectively (Agarwal
et al., 2016). Based on Fig. S6, Q,, for was achieved to be
110.0 mg g~'. The R? for Langmuir model (0.9983) was higher
than other models which confirms that the adsorption of DB
onto CoFe,O4@PEI can be well described by Langmuir iso-

therm. The principle of Langmuir isotherm is based on the
monolayer adsorption of DB molecules onto the homogenous
surface of sorbent while the Freundlich model assumes the
multilayer adsorption of DB molecules onto the heterogeneous
surface of the sorbent. Considering the previous discussion on
the effect of pH, it is speculated that the DB molecules are
monolayer adsorbed on the surface of CoFe,O4@PEI mainly
through hydrogen interactions. Ry is a separation factor that
can take values between 0 and 1 which show desire (irre-
versible) and undesired (reversible) adsorption, respectively.
The Ry for DB adsorption onto CoFe,O4@PEI was achieved
to be 0.017-0.067 that is near to 0 and shows a desire (irre-
versible adsorption) process. 1/n shows the adsorption inten-
sity. If n take values between O and 1 show that the
adsorption process is favorable. B is the Temkin constant
related to the heat of sorption. Dubinin—Radushkevich repre-
sents the physical and/or chemical nature of adsorption. If E
values are between 8 and 16 KJ mol™' chemical mechanism
controlled the adsorption process while for E lower than
8 KJ mol ™!, the adsorption process occurs through a physical
mechanism.

3.4. Adsorption kinetic investigation for adsorption of SY by
COFNP

To examine the dynamics of the adsorption process in terms of
the order of rate constant, different adsorption kinetics such as
First-order-kinetic, Pseudo-second-order-kinetic, Intraparticle
diffusion, and Elovich were studied. Based on Table S2, q.
and q, are the adsorbed DB at equilibrium and time t, K,
K», Kgisr, C, B and o are the constants of models, respectively.
According to Table S2, R2 value for the Pseudo-second-order-
kinetic model (0.9972) was higher than other models which
confirms that adsorption kinetic followed by Pseudo-second-
order. Also, the theoretical qecaly value was close to the exper-
imental Qeexpy value for Pseudo-second-order-kinetic model
which implies that the second-order model is in good agree-
ment with experimental data and can be used to favorably
explain the DB adsorption on CoFe,O4@PEI.

3.5. Reusability of CoFe,04@ PEI

To investigate the practical aspect of prepared CoFe,O4@PEI,
the reusability of the sorbent was examined. In this regard, dif-
ferent adsorption-desorption cycles of CoFe,O4@PEI were
completed and results represented that the prepared CoFe,-
O4@PEI is applicable for at least five times (Fig. S7). Thus,
the proposed CoFe,O4@PEI is a good candidate for practical
application for the removal of DB from an aqueous solution.

3.6. Comparison of the presented method

The presented method was compared with some other reported
methods and results are presented in Table S3. As can be seen
from Table S3, the prepared sorbent has high adsorption
capacity (110.0 mg g~') and also short extraction time
(5.0 min). The prepared sorbent has a nano-diameter size
which has extensive properties in terms of high chemical and
physical stability, high contact surface area and also high
adsorption capacity. The magnetic property of prepared
sorbent eliminates the use of centrifuge, filtration and also
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precipitation methods for a gathering of the sorbent. In addition,
the magnetic property of sorbent decreases removal time and
also enhances repeatability of sorbent and also proposed method
(Bagheri et al., 2016a; Savari et al., 2019; Wang et al., 2018).

4. Conclusion

In the present study, a novel nano-composite namely
CoFe,O4@PEI was prepared and subsequently used as an
adsorbent for ultrasonic-assisted removal of disulfine blue
dye from aqueous solution. In this study was tried to introduce
magnetic nanoparticles for the removal of disulfine blue from
water samples. The magnetic property of sorbent accelerates
the isolation of sorbent without using filtration, centrifuge
and precipitation procedures. Also, it can decrease the removal
time and also enhances the contact surface area and repeatabil-
ity of the proposed method. It was observed that the combina-
tion of ultrasonic irradiation with CoFe,O4@PEI is an
efficient, fast and applicable adsorption method for the
removal of disulfine blue dye. The adsorption capacity of the
applied adsorbent was found to be 110.0 mg g~'. The influ-
ences of experimental parameters on the DB removal percent-
age were successfully investigated and the optimum conditions
were obtained as follows: pH of 5.0, sorbent dosage of 0.015 g,
ultrasonic time of 5.0 min and initial concentration of 10.0 mg
L~!. The isotherm models such as Langmuir, Freundlich, and
Temkin were evaluated and it was shown that the equilibrium
data were best described by the Langmuir model. Also, the
process kinetics was successfully fitted to the pseudo-second-
order kinetic model. Generally, routine synthesis approaches
are faced with main drawbacks in terms of high consumption
of organic, toxic and expensive sorbent, multi-step approaches
that are time-consuming, low mass transfer and also low
adsorption capacity. One of the main plans for future
researches is using green and sustainable synthesis approaches
for the fabrication of applicable sorbent for removal of haz-
ardous materials from the environment especially water sam-
ples without using a hazardous, toxic, organic and expensive
solvent. The other main plan is a synthesis and using hollow
porous sorbent to increase the mass transfer and also adsorp-
tion capacity. The other plan is a synthesis of a selective sor-
bent like molecularly imprinted polymers for selective
removal of one or many compounds from the environment
especially complex matrixes. Also, we will try to combinate
the molecularly imprinted polymers with excellent sorbents
like metal-organic frameworks and also covalent organic
frameworks to introduce a selective sorbents with high adsorp-
tion capacity.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.arabjc.2020.03.022.
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