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Synergistic absorbents based on SnFe,0,@Zn0O
nanoparticles decorated with reduced graphene
oxide for highly efficient dye adsorption at room
temperaturef

Pawan Kumar Singh,® Kuan-Yi Kuo,® Jui-Teng Lee,® Po-Hsuan Hsiao,?
Joon Ching Juan, ©° ®*

Hong Phan Duong‘\"J/f*’f?‘iC and Chia-Yun Chen®
Recently, adsorption techniques have emerged as practical and effective methods for removing organic
dyes, dramatically extending practical capabilities for treating deleterious pollutants in wastewater.
However, an urgent issue restricting the performance of these techniques is that no available absorbents
that can be used to treat both cationic and anionic organic dyes have been made with simple and
reliable methods until now. Herein, we report a green synthetic strategy for the preparation of SnFe,O4/
ZnO nanoparticles decorated on reduced graphene oxide (rGO), exhibiting a remarkably large surface
area (120.33 m? g~Y). Substantial adsorption efficiency for removing MB dye was achieved, with 91.3%
removal within 20 min at room temperature, and efficiencies of 79.6 to 92.8% are maintained as the pH
conditions are varied from 3 to 11. Moreover, under mixed-dye conditions, involving MB, RhB, MO, RB5,
and R6G organic materials, with dye concentrations ranging from 0.005 mM to 0.09 mM, an adsorption
efficiency of above 50% can be reliably reached within 20 min. Such striking features can be interpreted
as arising from a synergistic effect involving the hybrid composite based on a rGO matrix with negative
charge and the dispersed SnFe,04/ZnO nanoparticles with positive charge, additionally offering
abundant adsorptive sites to allow reliable dye-adsorption kinetics.

Introduction

In recent years, environmental pollution has increased enor-
mously, and this is typically related to a deterioration in the
quality of drinkable water all over the world.*® Organic effluent
containing toxic dyes may be released without undergoing
careful treatment, mainly from industry, developing urban
areas, and agricultural activities, including activities such as the
production of leather goods, cosmetics, textiles, paper, food,
plastics, consumer electronics, etc.*® Organic dyes are regarded
as serious water pollutants; they are highly soluble in aqueous
solutions and are rather harmful for human beings, and they
can even cause deleterious damage to the environment,
simultaneously. Thus, finding a solution with ecofriendly,
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reliable, and repeatable capabilities for treating pollutant dyes
via an efficient and feasible route is in high demand. Various
techniques have been investigated for the adsorption of dyes
from wastewater, such as precipitation,” adsorption,® and pho-
tocatalysis,”™ and, among these, photocatalysis techniques
seem to be the prevailing methods due to the involvement of
inexpensive and facile procedures, but these approaches may
create secondary pollutants in aqueous solutions.™

By comparison, adsorption techniques have several superior
characteristics, such as the low consumption of energy, simple
operation procedures, low cost, high efficiency, and excellent
stability for removing various dye molecules through reliable
routes.*? So far, the most common and commercial adsorbents
involve activated carbon because of its large surface area and
high adsorption efficiency."® Nevertheless, it requires compli-
cated synthetic procedures and is difficult to reuse for the cycled
removal of dyes. Recently, two-dimensional (2D) materials have
attracted extensive attention because they simultaneously
possess large surface areas and abundant active sites.™ In this
regard, reduced graphene oxide (rGO) has been considered as
a promising candidate for employment in dye removal due to its
comparably high chemical stability and good mechanical
strength, and it has also been used for many applications,
including in catalysts,'” gas sensors,'® supercapacitors,"” and
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photodetectors.*®*** Aside from that, semiconductor materials,
such as ZnO nanocrystals, possess high potential for organic
treatment because of the use of facile and inexpensive synthetic
processes and their high chemical stabilities.”* Taking all this
into account, in this study, we made the first attempt to
synthesize a magnetically recyclable SnFe,0,/ZnO@rGO hybrid
nanocomposite via a green synthetic method, enabling the
rapid removal of both cationic and anionic dyes from aqueous
media through an efficient adsorption pathway; only very few
literature studies have previously focused on the removal of
both types of dyes via an adsorption route. Systematic investi-
gations into the adsorption capabilities and mechanistic
studies have been performed to allow the practical employment
of this designed nanocomposite in dye treatment.

Experimental details
Synthesis of SnFe,0, nanoparticles

SnFe,0, nanoparticles were prepared via a co-precipitation
method. In general, 88.9 mg of SnCl, and 378.8 mg of
Fe(NOj3);-9H,0 at a stoichiometric ratio of 1 : 2 were dissolved
in ethanol (99%) as a precursor solution. After that, 30 ml of
hexane and 60 ml of aqueous NaOH solution (1 M) were added
into the solution, which was kept for 4 h at room temperature.
Subsequently, the precipitate was withdrawn from the solution
and carefully washed with ethanol and deionized (DI) water
several times. Finally, the as-prepared SnFe,O, nanoparticles
were dried in air at 80 °C. In addition, the use of various
concentrations of precursors in the preparation process has
been examined, as presented in the ESIL.

Synthesis of SnFe,0,/Zn0O nanoparticles

0.0275 g of zinc acetate powder was dissolved in 30 ml of
ethanol (99%) under magnetic stirring at 300 rpm and 40 °C for
1 h. The precipitated ZnO nanoparticles were coated onto
SnFe,0, via a drop-coating method, and the obtained samples
were heated at 80 °C for 1 h, with the procedure repeated three
times. Finally, the samples were then subjected to an annealing
process at 300 °C for 1 h, and the as-synthesized nanoparticles
are denoted as SnFe,0,@Zn0O.

Synthesis of SnFe,0,/Zn0O@rGO nanocomposites

The preparation of SnFe,0,/ZnO@rGO composites was based
on successive ultrasonication and heat treatment. The rGO
sheets were synthesized via a modified Hummers' method.** To
form the nanocomposites, 1.2 M SnFe,0,/ZnO and rGO were
dispersed in ethanol (100 ml) under ultrasonication for 30 min.
The obtained precipitates were then filtered and washed with DI
water and ethanol repeatedly, and the as-prepared samples were
dried at 70 °C. rGO sheets at different weight ratios (5, 7, 10, 16,
and 20 wt%) were introduced under magnetic stirring at
300 rpm, and the obtained products were preserved in a vacuum
box (in the text, SnFe,0,/ZnO@rGO refers to 16 wt% rGO,
unless otherwise mentioned).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Characterization

The as-synthesized samples were characterized via X-ray
diffraction (XRD, Bruker AXS Gmbh) using Cu Ka (A =
0.1540598 nm) as the radiation source. The morphologies were
characterized via scanning electron microscopy (SEM, HITACHI
SU8000). Fourier-transform infrared spectra (FTIR, PerkinElmer
Frontier) were obtained to investigate the functional groups at
sample surfaces. Raman spectroscopy (Renishaw, Wotton-
under-Edge, UK) was used to further characterize the corre-
lated crystal structures. The light-emitting properties of
samples were examined via photoluminescence spectroscopy
using a light-emitting diode (LED) as the light source with
a center wavelength of 365 nm. The surface areas of samples
were analyzed via Brunauer-Emmett-Teller (BET) measure-
ments. The surface charge was evaluated with a zeta potential
analytic system, and the sizes of the particles in aqueous solu-
tion were measured with a dynamic light spectrometer (DLS,
DelsaNano C). Light-adsorption experiments were carried out
with a UV/visible spectrometer (HITCHI U-3900H).

Dye-adsorption measurements

For these measurements, the adsorption of various organic
dyes, including methylene blue (MB), rhodamine B (RhB),
methyl orange (MO), reactive black 5 (RB5), and rhodamine 6G
(R6G), was examined in the presence of the various designed
absorbents via analyzing the light-absorption spectra from 300
to 800 nm using UV-vis spectroscopy (HITACHI, U-3900H). The
preparation of dye solutions was conducted via dissolving
120 mg of adsorbent in 20 ml of aqueous dye solution, and all
adsorption tests were performed at room temperature (25 °C)
under dark conditions. The adsorption characteristics were
evaluated with the following equation:**

Adsorption (%) = [(C; — C)/Ci] x 100 (1)

where C; and C. are the initial concentration and equilibrium
concentration of the organic dye, respectively. The adsorbent
stability of the hybrid nanocomposites was examined via con-
ducting recycling tests. After each adsorption test, the nano-
composite was separated from the dye solution via an external
magnet. The adsorbent was then washed with DI water and
ethanol several times, followed by drying at 40 °C for 0.5 h.
Subsequently, the dried sample was subjected to the next cycle
of adsorption testing. All adsorption tests were performed five
times, and average values are demonstrated.

Results and discussion

The XRD spectra of samples are presented in Fig. 1(a), including
rGO, SnFe,0,, and the SnFe,0,/ZnO@rGO nanocomposite. From
an examination of the XRD patterns, the sharp peak at a 26 value
of 26.30° can be assigned to the (002) plane of rGO.> In addition,
the peaks at 26 values of 30.2°, 35.6°, 44.09°, 53.3°, and 62.6°
correspond to the (220), (311), (400), (422), and (440) planes of
spinel SnFe,0, crystals, respectively.>® The crystalline diffraction
signals at 26 values of 32.03°, 32.9°, 38.8°,47.2°, 55.7°, 62.7°, and
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Fig.1 (a) XRD patterns of various samples. Representative SEM images
of (b) SnFe,04/ZnO nanoparticles and (c) the SnFe,04/ZnO@rGO
nanocomposite. (d) Elemental analysis and (e) EDS mapping of the
SnFe,04/Zn0@rGO nanocomposite.

74.2° represent the (100), (002), (101), (102), (110), (103), and (200)
crystallographic planes, respectively, of the wurtzite structure of
ZnO. In addition, the related lattice constants of ZnO in SnFe,0,/
ZnO@rGO samples with different amounts of rGO can be eval-
uated using the hexagonal space lattice equation:*®
i:ﬂh2+hk+k2+ﬁ @)
a3 a? c?
where d is the interplanar distance; 4, k, and [ represent the
Miller indices of the hexagonal plane; and a and c are the lattice
constants of the hexagonal structure. Furthermore, the grain
size of the related nanostructures can be evaluated with the
Scherrer equation:*”

. kA
" Bcosd

(3)

where ¢ and K are the crystal size and dimensionless shape
factor, respectively; A and ( are the wavelength of the X-ray used
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and the correlated full-width-at-half-maximum (FWHM) inten-
sity of the XRD peak, respectively; and ¢ represents the Bragg
angle of diffraction. Both the lattice constants and crystal sizes
for the components and a hybrid nanostructure are presented
in Table 1. Accordingly, it can be found that the crystallite
configurations in terms of the lattice parameters of both the
rGO and SnFe,O, components in the SnFe,0,/ZnO@rGO
nanocomposite do not show any obvious variations in
comparison with the pure rGO and SnFe,0, phases, confirming
the preserved crystallinity of the SnFe,0,/ZnO@rGO compos-
ites synthesized via a facile co-precipitation method. Moreover,
upon the combination of ZnO and SnFe,0,, the crystallite size
of the SnFe,0, lattice is increased, whereas the grain size of rGO
remains almost consistent in comparison with the precursor,
which implies that the change in crystal size from SnFe,0, can
mainly be attributed to the incorporation of ZnO nanoparticles.
From examinations of the preferential crystallographic orien-
tations of both involved crystals, the crystallites of the ZnO
nanoparticles are highly oriented with respect to the SnFe,0,
matrix due to the existence of trivial lattice mismatch between
SnFe,0, and ZnO (~6%), where stress relaxation at the
boundaries of SnFe,0, crystals can in turn cause an increase in
crystallite size, which may contribute to the sound magnetiza-
tion characteristics allowing the recycling of the absorbents for
dye removal, as shown in the ESI.}

The morphology of the SnFe,0,@Zn0O composite, obtained
via SEM, is shown in Fig. 1(b). The results suggest the rough
features of the nanocomposites, with average dimensions of 14
=+ 0.5 nm. Also, upon introducing rGO sheets as a support with
a large surface area for the formation of a hybrid adsorbent, one
can clearly find that SnFe,0,@ZnO nanoparticles are decorated
on the rGO sheets, creating a composite structure with a dense
configuration (Fig. 1(c)), which is highly beneficial for the
adsorption of organic dyes from aqueous media.*® In addition,
the corresponding chemical composition of the as-synthesized
composite is examined based on EDS mapping and spectral
analysis, as indicated in Fig. 1(d) and (e), respectively,
evidencing the uniform decoration of SnFe,0,/Zn0O on the rGO
support. The quantitative results further indicate clearly that
the atomic ratio of Sn to Fe is 1 : 2, which corresponds to the
stoichiometry of the SnFe,0, crystals, as demonstrated in the

Table 1 An evaluation of the crystal sizes and lattice parameters of
various samples

X-ray diffraction

Lattice parameter (A)

Sample Crystal size (nm) a c
rGO 13.96 N/A 6.77
SnFe,0, 0.83 8.363 N/A
SnFe,0,4/ZnO0O@rGO

rGO 14.09 N/A 6.75
SnFe,0, 1.56 8.308 N/A
ZnO 1.66 3.224 5.44

© 2021 The Author(s). Published by the Royal Society of Chemistry
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inset figure of Fig. 1(d). In addition, the existence of Zn and C
elements also shows that the formed composite contains ZnO
decoration and supporting rGO sheets. In addition, the chem-
ical states of the nanocomposites were further analyzed via XPS
investigations, as presented in the ESL{

To further explore the crystal features of the nanocomposite,
Raman spectra of samples were obtained, as shown in Fig. 2(a).
Clearly, two dominant Raman peaks exist, located at
1332.4 cm~ ' (D band) and 1574.1 cm™* (G band), where the D
band correlates with structural defects in the hexagonal
graphitized structure and the G band represents the ordered
graphite lattices.” In SnFe,0,@rGO form, the corresponding
intensity ratio in terms of I,/I is 0.25, which is comparable with
pure rGO (Ip/Ig = 0.29). For the SnFe,0,/ZnO@rGO composite,
the lowest value of I/I; (0.14) of the three tested samples can be
found. In addition, both the D and G band values are spectrally
shifted to lower Raman shift values, which suggests a reduction
in the number of oxygen functional groups in GO and the
restoration of new graphitic domains from the amorphous
region of GO. Thus, the red shifting of the characteristic Raman
peaks and the rather low Ip/Ig value compared with pure rGO
and SnFe,0,/rGO are evidence that the structural defects of rGO
sheets are effectively negated upon the incorporation of
SnFe,0,/Zn0O, which may originate from the existence of ener-
getically favorable sites at the structural defects of rGO that
support the nucleation of SnFe,0, seeds at these locations.

The surface features are characterized via FTIR analysis, as
demonstrated in Fig. 2(b). The peak from rGO appearing at
1632 cm ™! is assigned to conjugate C=C skeletal stretching
vibrations from the sp”> bonding of carbon structures. In the
SnFe,0, sample, the broad peaks at vibration modes of both
3446.7 cm ' and 1641 cm ™' belong to the stretching vibrations
of ~OH bond. In addition, the peaks at 557 cm ™' and 440 cm ™"
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are the signals of Sn-O and Fe-O bonds, respectively, clearly
evidencing the formation of crystalline SnFe,O, lattices. In
addition, the absorption peak at 402 cm™ " is assigned to the
stretching vibrations of Zn-O bonds in tetrahedral positions.*
Moreover, a weak characteristic peak occurring at around
1623 cm ™' originates from the conjugate C=C skeletal
stretching vibrations of rGO in the SnFe,0,/ZnO@rGO
composite, and the above results indicate the successful
formation of a hybrid nanocomposite. The light-absorption
spectra were examined, as shown in Fig. 2(c). ZnO demon-
strates a single absorption band below 378 nm, which corre-
sponds well with the literature.*** Meanwhile, stronger
absorption in the visible region can be observed from SnFe,0,
powder, presenting a dark brown color, as shown in the inset of
Fig. 2(c), whereas rGO does not present absorption character-
istics in the examined wavelength range. The incorporation of
SnFe,0,/ZnO nanoparticles with rGO sheets leads to
a substantial increase in light absorption due to two possible
reasons. First, the composite structure possesses a comparably
large surface area and rough features; thus, incoming light may
undergo multiple reflection and scattering processes, facili-
tating the reabsorption of light and further enhancing the light
absorption over the entire spectral region. Moreover, rGO sheets
have a higher refractive index (2.7-3.1) in the visible region than
at UV wavelengths, thus trapping incident and unabsorbed light
inside the nanocomposite, which is reflected in the additional
absorption of light at long wavelengths (450-600 nm). In addi-
tion, the light-emitting characteristics of samples are presented
in the ESL¥

In addition, an examination of zeta potentials was carried
out to reveal the surface charge of particles dispersed in an
aqueous medium, as shown in Fig. 2(d). It can be observed that
the zeta potentials of SnFe,0,/ZnO@rGO at different environ-
mental pH values were measured, indicating that the involved
surface charge remains negative when the pH is in the range of
3 to 11, which implies that the material can reliably absorb
cationic dyes, regardless of variations of pH in aqueous media.
Furthermore, the tested nanocomposites, including SnFe,-
0,@rGO and SnFe,0,/ZnO@rGO nanocomposites, display
highly negative charge at the composite surfaces, with values of
—85.6 mV and —70.8 mV, respectively, under environmental
conditions of pH 7. In comparison with SnFe,O, nanoparticles
alone, with a relatively small negative zeta potential (—51.6 mV),
these findings explicitly show that the existence of rGO in the
nanocomposites can substantially provide negative charge at
the nanocomposite surface.

= : %0 . :
e E ] To examine the surface areas of the absorbents, BET inves-
é os v wop o 0 | E ) tigations are performed. The adsorption-desorption isotherm
£ o - LA
< o £ .l )
» S Table 2 The measured BET analysis results
Wavelength (nm) ‘ ;,Hmh“. 1 ' Surface area Pore volume Pore size
Sample (m>g™) (em® g™ (nm)
Fig. 2 (a) Raman spectra, (b) FTIR analysis and (c) light-absorption
spectra of various adsorbent samples. (d) Measurements of the zeta  SnFe,0,/ZnO 79.60 0.206 7.17
potential of the SnFe,04/ZnO@rGO nanocomposite in various pH  SnFe,0,@rGO 114.88 0.297 14.34
environments. The inset of (d) shows the zeta potentials of three  snFe,0,/ZnO@rGO 120.33 0.335 16.1

different samples at a pH level of 7.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(N,) of the SnFe,0,/ZnO@rGO nanocomposites, where the
measured curves all correspond to the phenomenon of capillary
agglomeration in porous adsorbents,* are presented in the
ESL Such features have been reported as being beneficial for
the substantial enhancement of dye-adsorption characteris-
tics.** Accordingly, the specific surface areas of different
samples are evaluated, as displayed in Table 2. The results
indicate that SnFe,0,/ZnO@rGO possesses the largest specific
surface area (120.33 m* g~ '), approximately 1.51 and 1.04 times
larger than those of SnFe,0,/ZnO (79.60 m> g~ ') and SnFe,-
0,@rGO (114.88 m* g "), respectively. The greatly enlarged
surface area can be attributed to the incorporation of rGO, with
two-dimensional structural features; also, ZnO decoration on
SnFe,0,4 nanoparticles initiates the formation of rough features,
further benefiting an increase in the nanocomposite surface
area. Thus, these combined effects may facilitate the creation of
more active sites for allowing the effective adsorption of dye
molecules.

To explore the adsorption characteristics toward organic
dyes, systematic investigations with different adsorbent types,
dye species and concentrations, dye mixtures, and pH values
were carried out under dark conditions at room temperature.
Fig. 3(a) shows the adsorption efficiencies toward MB dye at
room temperature in the presence of various samples, including
pure rGO, SnFe,0,, SnFe,0,/Zn0O, and the SnFe,0,/ZnO@rGO
nanocomposite. One can observe that the adsorption capabil-
ities during a 20 min process reach 91.3% in the presence of the
SnFe,0,/ZnO@rGO nanocomposite, whereas adsorption effi-
ciencies of 69.7%, 57.8%, and 46.2% are obtained for pure rGO,
the SnFe,0,@Zn0O composite, and the SnFe,0, nanoparticles,
respectively. The substantial improvement in terms of the dye
adsorption of MB molecules can be interpreted as arising from
a synergistic effect involving the hybrid composite upon incor-
porating SnFe,0,/ZnO with the rGO matrix. First, the rGO
support provides dual functionality for facilitating dye adsorp-
tion, which is not merely contributed to by strong - electron
coupling between the configured benzene rings of rGO and the
C=C groups of MB dye, but is also further promoted due to
ionic attraction between the existing highly negative charge at
the absorbent surface and cationic MB dye with a surficial
positive charge. In addition, the combined structure has
a comparably larger surface area, further providing more active
sites that are energetically favorable for dye adsorption. More-
over, ZnO decoration also contributes to dye adsorption
because of naturally occurring oxygen defects at the surface that
favor attracting anionic dyes. These findings are further sup-
ported via examining the effects of environmental pH values, as
demonstrated in the ESI{ The results show that the dye-
adsorption efficiency of the SnFe,0,/ZnO@rGO nano-
composite increases from 79.6 to 92.8% when the pH is
increased from 3 to 11. Thus, these hybrid composites are able
to potentially treat dye mixtures containing both anionic and
cationic dye groups, making them more practical for commer-
cial use.

In addition, the optimal amount of rGO for dye adsorption
was examined via varying the weight percentage of rGO from 5-
20 wt%, as presented in Fig. 3(b). It should be noted that the

17844 | RSC Adv, 2021, 1, 17840-17848
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excess addition of rGO for the preparation of composites (>16%)
causes significant aggregation of the adsorptive rGO sheets,
thus degrading the adsorption performances. All rGO-based
nanocomposites demonstrate sound dye adsorption capabil-
ities of over 50% within a short period (20 min), while the most
efficient sample for MB adsorption has 16 wt% rGO as
a support, with the dye removal efficiency reaching 91.3%. In
addition, various MB dye concentrations were also examined in
the presence of the SnFe,0,/ZnO@rGO nanocomposite, as
shown in the ESI.T The dye adsorption capabilities remain
higher than 80% over a wide range of dye concentrations from
0.001-0.007 mM, and no clear saturation in the presence of
high concentrations of dyes is observed, indicating potential
practical use for treating wastewater.

Next, different dye species were tested to envision the
adsorption capabilities of this hybrid nanocomposite, as shown
in Fig. 3(c). The results show the removal efficiencies of MB dye
(90.2%), RhB dye (85.6%), MO dye (75.8%), RB5 dye (71.2%),
and R6G dye (82.3%) after a 20 min adsorption process. The
explicit dependence of the dye-adsorption rate on the dye
species can mainly be attributed to the nature of the surface
ionic charge and the molecular size of the organic dye involved.
From zeta-potential measurements, it has been confirmed that
the designed SnFe,0,/ZnO@rGO adsorbent has comparably
higher negative charge at the surface out of the tested samples,
which thus allows it to readily adsorb cationic dyes, including
MB, RhB, and R6G dyes, through strong coulombic attraction,
facilitating effective adsorption dynamics. Thus, relatively

~B=5uFe,0,Z00@rGO
—@—SuFe0 Zu0
wdhr=SuFe 0,

—p=rGO

0 4 8 12 16 20 ) 4 8 12 16 20

( Time (min) d Time (min)
c) (d)
-~ 10k
RhB
&
=~ %0
>
g 08P
S
R
s oosh Mized dw:
) &) ——5x10" M
g w (8] —o—mu: M
E-} 04 210" M
% : 310" M
§ » —=5x10" M
3 02k —p=T7x10" M
* [ —e=o10" M
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Fig. 3 The measured adsorption efficiencies of (a) various absorbent
materials in the presence of MB dye, (b) SnFe;04/ZnO@rGO nano-
composite samples with different amounts of rGO as the matrix in the
presence of MB dye, (c) the SnFe;04/ZnO@rGO (16 wt% rGO) nano-
composite in the presence of various dyes, and (d) the SnFe,O,/
ZnO@rGO nanocomposite with different concentrations of mixed dye
solutions containing MB, RhB, MO, RB5, and R6G with similar
concentration ratios. The inset in (a) presents photographs of solutions
containing MB dye before (0 min) and after (20 min) conducting an
adsorption experiment using SnFe,04/ZnO@rGO as the absorbent.
The inset in (b) presents the change in adsorption performance with
pH for SnFe,04/ZnO@rGO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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larger adsorption efficiencies are realized in the presence of
cationic organic materials compared with anionic dyes,
including the MO and RB5 species tested here. In addition,
examinations of dye adsorption involving mixed cationic dyes,
including MB, RhB, and R6G dyes, and anionic dyes, including
MO and RB5 dyes, also support these findings, as presented in
the ESL.t Moreover, another dominant feature affecting the dye
adsorption efficiency is the molecular weight of the dye; small
molecules are more favorably adsorbed by the nanocomposite
due to less steric hindrance, thus presenting sequences in terms
of adsorption efficiency as follows: MB (molecular weight (M) =
319.85 g mol ') > RhB (M = 479 g mol ') > R6G (M = 479.02 ¢
mol ') in the cationic category; and MO (M = 327.33 g mol ') >
RB5 (M = 427.33 g mol ') in the anionic category.

Aside from examinations involving single dye species,
Fig. 3(d) shows the adsorption performance of the SnFe,0,/
ZnO@rGO nanocomposite in the presence of mixtures of
cationic and anionic dyes containing MB, RhB, MO, RB5, and
R6G dyes with similar relative concentrations; the total dye
concentrations were varied in the range of 0.005 mM to
0.09 mM. The adsorption efficiencies remain above 50%, while
engagement with a wide range of dye concentrations is
encountered. Specifically, a slight reduction of less than 32% is
observed in terms of adsorption efficiency as the dye concen-
tration is increased from 0.005 mM to 0.09 mM. Such striking
features imply the existence of a synergistic effect relating to the
kinetics of dye adsorption on the hybrid composites. The dye
adsorption kinetics can be limited by different factors, e.g., the
adsorption process may be ceased due to the aggregation of dye
on the absorbent surface, causing a screening effect against
ionic attraction between the dye and absorbent. Nevertheless, in
the designed hybrid nanocomposites, the uniformly distributed
SnFe,0,/Zn0O nanostructures are decorated on rGO sheets with
a high surface area; these features facilitate the inhibition of the
aggregation of highly concentrated dyes directly at specific
positions due to the existence of abundant adsorptive sites. In
turn, the surface of the absorbent stays active for the successful
and long-term effective adsorption of organic dyes.

To explore the dynamic adsorption characteristics and
elucidate the underlying kinetic mechanism, three different
adsorption-isotherm models, the Langmuir, Freundlich, and
Dubinin-Radushkevich (D-R) isotherm models, are employed.
In general, the Langmuir isotherm model expresses the
formation of a monolayer adsorbate on the outer surface of an
adsorbent, which is particularly valid when there is a finite
number of sites that are energetically capable of molecule
adsorption and the acquired energy for initiating the adsorp-
tion process is identical at all active sites on the absorbent
surface; the model is presented in eqn (4):*

Ce/Qe = (Ce/Qm) + 1/QmI<L (4)

where Q. is the adsorbed quantity of dye, C. is the equilibrium
solute concentration, Q,, is the maximum adsorption capacity,
and K;, is the equilibrium constant of the Langmuir isotherm.
The Freundlich isotherm model is adopted to interpret dye
adsorption on heterogeneous surfaces, which is applicable for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the occurrence of multilayer adsorption over heterogeneous
features; the model is described in eqn (5):*

log(Q.) = log(Ky) + 1/n log(Ce) (5)

where K; and n are the Freundlich isotherm constant and
a constant related to the heterogeneity of the adsorbent surface,
respectively. The D-R model is associated with a Gaussian
distribution of active sites for dye adsorption, which is readily
applicable for differentiating two competing kinetic processes,
including the chemical adsorption and physical adsorption of
metal ions;* the kinetic model is expressed in eqn (6):

In Q. = In Opgr + Ké? (6)

where K and e are the Polanyi potential and Dubinin-Radush-
kevich constant, respectively. Accordingly, the fitting results of
the Langmuir isotherm adsorption model (Fig. 4(a)), Freundlich
isotherm model (Fig. 4(b)) and D-R isotherm adsorption model
(Fig. 4(c)) can be quantitatively distinguished based on the
corresponding linear regression coefficient (R*) values, where
the R* value shows the best value (0.99) from the Freundlich
isotherm adsorption model in comparison with the Langmuir
and D-R models, where values of 0.55 and 0.93, respectively,
were obtained. This clearly indicates that the underlying
kinetics in the presence of the SnFe,0,/ZnO@rGO nano-
composite can mainly be attributed to the heterogeneous
adsorption of dyes, which is contributed to by synergistic effects
involving the hybrid SnFe,0,/ZnO@rGO nanocomposite.
Moreover, cycling tests to show the reuse capabilities of the
hybrid adsorbent are demonstrated in Fig. 4(d). It can be found
that the reduction in adsorption efficiency in the presence of
SnFe,0,/ZnO@rGO remains less than 6% after the repeated
utilization of the absorbent for five cycles, verifying its reliability
for wastewater treatment.

The overall process of dye removal is schematically illustrated
in Fig. 4(e), comparing a typical rGO structure and the hybrid
nanocomposite. It is found that only cationic dyes can be effec-
tively adsorbed on the rGO surface surrounded by highly negative

(@) (b), (c)

CoQeen)
-
Sp—

@ —

=) Anionic dyes

@ Cationic dyes

Time (min)
Fig. 4 Adsorption results in the presence of the nanocomposite
adsorbent fitted using various kinetic isotherm models: (a) Langmuir,
(b) Freundlich, and (c) Dubinin—Radushkevich isotherm models. (d)
Cycling tests involving the SnFe,O,4/ZnO@rGO nanocomposite. (e) A
schematic diagram of the evolution of the adsorption mechanism
when treating mixed cationic and anionic dyes.
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Table 3 A comparison of separable absorbents for the removal of organic dyes
Adsorption
efficiency Time Concentration of

No. Adsorbent Dye (%) (min) dye Reference
1  MoS, MB 99 180 3.2 x107°M 38

rGO-Fe;0, RhB 50 360 1.5 x 10 ° M 39
3 AC MB 98.0-99.6 300 40-120 mg L 40

GO 94.8-98.8

CNTs 72.4-82.7
4 ZnO-Si@rGO MB 59 120 34%x10°°M 41
5 Magnetic graphene-Fe;O,@carbon ~ MB 97.8 120 1.5 x 107' M 42

(GFQ)
6 Fe;0, MB 7 120 31 x10°M 29

ZnFe,0, 15

Fe;0,-r1GO 60

ZnFe,0,-1GO 82

Pure rGO 83
7 SnFe,0,/ZnO@rGO MB 90.2 20 5% 10 °M This work

Mixed dyes (MB, RhB, MO, RB5, and  58.3 20 9x10°°M
R6B)

charge through ionic attraction between dyes and the rGO
absorbent; anionic dyes are coulombically repelled from the rGO
sheets and eventually remain in the aqueous medium. Never-
theless, this challenge can be effectively overcome with the
incorporation of a hybrid absorbent, where ZnO-decorated
SnFe,0, allows the separate absorption of anionic dyes, thus
allowing the beneficial and efficient separation of organic dyes.
Moreover, such incorporation of a rGO matrix, owning negative
charge, with dispersed SnFe,0,/ZnO nanoparticles, with positive
charge, additionally yields abundant adsorptive sites due to the
large surface area and, in turn, the surface of the absorbent stays
active, providing a long-term and reliable pathway for practically
treating different types of wastewater. To further demonstrate the
remarkable adsorption capabilities of the designed nano-
composite, recent reports regarding the study of magnetically
separable absorbents for dye adsorption are summarized in
Table 3; the time required for dye adsorption using the SnFe,O,/
ZnO®@rGO nanocomposite was substantially reduced to 20 min
compared with other reported adsorbent materials. The results
verify the superior efficiency and sound reliability of the designed
nanocomposite for dye adsorption, and this may potentially
allow for the practical treatment of versatile organic species.

Conclusions

Magnetically separable SnFe,0,/ZnO nanoparticles decorated
on rGO sheets with a remarkably large surface area (120.33 m>
g~ ") have been prepared via a green synthetic method. Detailed
crystallographic, morphological, surface-feature, and light-
absorption investigations reveal the successful formation of
this hybrid nanocomposite, and the red shifting of the charac-
teristic Raman peaks and the rather low Ip/I; value compared
with pure rGO and SnFe,0,/rGO evidence the fact that the
structural defects of the rGO sheets are effectively negated upon
the incorporation of SnFe,0,/ZnO nanoparticles. The adsorp-
tion efficiency toward MB dye in the presence of the designed

17846 | RSC Adv, 2021, 1, 17840-17848

SnFe,0,/ZnO@rGO nanocomposite can reach 91.3% within
20 min at room temperature, and efficiencies of 79.6 to 92.8%
are maintained when the pH value is varied from 3 to 11.
Moreover, in the presence of a mixture of dyes containing MB,
RhB, MO, RB5, and R6G organic materials, with dye concen-
trations ranging from 0.005 mM to 0.09 mM, the adsorption
efficiencies can be efficiently maintained above 50% after
treatment for 20 min. The underlying kinetics of dye adsorption
are examined, indicating that the Freundlich isotherm
adsorption model, with an R* value of 0.99, is most suitable,
suggesting a heterogeneous adsorption route. A synergistic
effect supporting the effective adsorption of organic dyes allows
such superior adsorption efficiency; the constituted rGO matrix
provides an ultra-large surface area with negative charge that
enables the trapping of cationic dyes through ionic attraction,
while the ZnO seeds decorated on SnFe,O, nanoparticles
possess positive charge, facilitating the adsorption of anionic
dyes. These combined features yield superior efficiency and
sound reliability compared with other absorbent materials, and
this material has high potential for the practical treatment of
different types of wastewater in an ecofriendly and reliable way.
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