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ABSTRACT

The amino-functionalized magnetic nanoadsorbent Fe;0,@SiO,-NH, was prepared and it
was characterized by X-ray powder diffraction, transmission electron microscopy, Fourier
transform infrared (FT-IR) spectroscopy, and thermogravimetric analysis (TGA). The
adsorption of anionic dyes including Acid Orange II (AO II) and Reactive Brilliant Red
X-3B (X-3B) onto Fe;0,@SiO,-NH, was investigated. The results showed that Fe;O,@SiO,-
NH; exhibited efficient adsorption for these anionic dyes under acidic conditions, and it
was proposed to proceed via electrostatic attraction and hydrogen bonding between the
positively charged protonated amino groups (-NH;) on the adsorbent surface and the nega-
tively charged sulfonate groups (-SOj;) of the dyes. The mechanism was supported by den-
sity functional theory (DFT) calculations. The adsorption kinetics for AO II and X-3B on
Fe;0,@5i0,-NH, followed the pseudo-second-order kinetic model, and the adsorption equi-
librium data fitted well with Langmuir isotherm model. The maximum adsorption capaci-
ties for AO II and X-3B at pH 2 under room temperature were 132.2 and 233.1 mg gfl,
respectively. Desorption of dyes and regeneration of the adsorbent were carried out using
aqueous solution at pH 10. The adsorbent Fe;O,@5i0,-NH, could be easily recovered by
external magnet and it exhibited good recyclability and reusability for three cycles use.

Keywords: Anionic dye removal; Adsorption; Wastewater treatment; Magnetic silica;
Amino-functionalized nanoparticles

1. Introduction

degradation species are toxic

and potentially

Synthetic dyes are present in wastewater streams
from many industrial sectors including textile, leather,
cosmetics, paper, electronics, printing, plastic,
pharmaceutical, food, etc. [1,2]. Many dyes and their

*Corresponding authors.

carcinogenic to human beings, micro-organisms, and
aquatic life [1,3-11]. Because of their complex molecu-
lar structures and large sizes, most of the dyes are sta-
ble against photodegradation, biodegradation, and
oxidizing agents [7,8,12,13]. Various methods have
been developed for the removal of dyes in
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wastewater. Since adsorption offers effectiveness,
economy, flexibility, and simplicity in design, ease of
operation with no unwanted side products, it is much
better than other techniques like coagulation and floc-
culation, froth flotation, oxidation, biological process,
and membrane separation [11,14-16]. Therefore,
adsorption technique has found wide application in
the removal of dyes, organic pollutants, and heavy
metal ions from wastewater [3,8,9,17-23]. It is impor-
tant to develop novel and cost-effective adsorption
technologies for the treatment of wastewater. In the
past few decades, various biosorbents including agri-
cultural by-products and animal waste materials have
been exploited for the removal of dyes from aqueous
solution [8-11,18-22,24-27]. On the other hand, nano-
sized adsorbent has attracted increasing interest in
recent years as it possesses good performance due to
high specific surface area and the absence of internal
diffusion resistance [16,28]. However, the small size of
the particles makes their separation complex and the
nanoadsorbents could not be separated easily from
aqueous solution by filtration or centrifugation. This
problem can be solved using magnetic nanoadsorbents
as they can be manipulated by an external magnetic
field [16,28,29]. Coating magnetic particles with modi-
fied silica and recovering them from solution by appli-
cation of a magnetic field provide a cheap and
effective method of particle separation [29,30]. Mag-
netic separation techniques have many applications in
biochemistry, biology, analytical chemistry, mining
ores, and wastewater treatment technology, etc.
[13,29]. However, to the best of our knowledge, very
little work has been found in the literature related to
the use of amino-modified magnetic silica in removal
of dyes from their aqueous solutions. In a previous
paper, Donia and co-workers prepared magnetic silica
through precipitation of silica in the presence of mag-
netite particles (Fe;O4) using sodium silicate solution
and hydrochloric acid solution. The magnetic silica
was then functionalized with amine groups. The
adsorbent thus prepared showed a maximum adsorp-
tion capacity of 61.33 mg g ' for dye acid orange 10
[31]. We have prepared silica-coated magnetic nano-
particles Fe;0,@5i0,-NH, from a different approach
via a sol-gel process according to a modified Stober
method [32,33], and the amino-functionalized adsor-
bent showed absorption capacities of 132.2 and
233.1mg g ' for Acid Orange II (AO II) and X-3B,
respectively. Thus, the study of modified magnetic sil-
ica with higher dye removal efficiency still remains an
interesting task that should not be underestimated.
AO II and X-3B have been chosen as the model dyes
in this study since they belong to the typical class of
azo dyes, which are abundantly used in textile indus-
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tries and are common industrial pollutants [6,16,17].
They have been reported to cause mutagenesis, chro-
mosomal fractures, carcinogenesis, and respiratory
toxicity [3,34-36].

We reported herein the preparation and character-
ization of amino-functionalized magnetic nanoadsor-
bent Fe;0,@Si0,-NH,. The dye absorption/desorption
behavior and reusability of this adsorbent were inves-
tigated. The adsorption mechanism was further clari-
fied based on experimental data and density
functional theory (DFT) calculations. The kinetic and
thermodynamic parameters of adsorption were also
analyzed.

2. Experimental
2.1. Materials and methods

Tetraethyl orthosilicate (TEOS) and 3-aminopropyl-
trimethoxysilane (APTS) were obtained from Aladdin
Reagent Co. Ltd, China. FeCl;-6H,0, FeSO,7H,0,
ammonium hydroxide (25%), sulfuric acid, sodium
hydroxide, methanol, and ethanol were purchased
from Sinopharm Chemical Reagents Co. Ltd, China.
AO 1II and Reactive Brilliant Red X-3B (X-3B) were
obtained from Sigma-Aldrich, and the chemical struc-
tures of the dyes are shown in Fig. 1. These chemicals
and reagents were used as supplied without further
purification. Dry toluene was distilled under N, from
CaH,, and dry methanol from magnesium methoxide.
All aqueous solutions were prepared using double-
distilled water, and the other reagents were of analyti-
cal grade (AR).

Fourier transform infrared (FT-IR) spectra were
recorded using an AVATAR 360 spectrometer (Nico-
let, USA), and KBr pellets were used for solid sam-
ples. Thermogravimetric analysis (TGA) of the
samples was investigated using a Mettler Toledo
TGA/DSC1 STARe System thermogravimetric ana-
lyzer. X-ray powder diffraction (XRD) patterns were
recorded on an Empyrean diffractometer (PANalytical,
B.V Company) with a Cu Ka radiation generated at
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Fig. 1. Chemical structures of dyes AO II and X-3B.
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40 kV and 40 mA. A JEM-2010 transmission electron
microscope (TEM) (Japanese Electronic Optical Co.
Ltd., Japan) was used to obtain the information about
particle size and morphology of the samples. Concen-
tration of the dye in the supernatant solution before
and after adsorption was determined using a Varian
Cary 50 Scan UV-vis spectrophotometer (Varian,
USA). pH measurements were made using a Starter-
3C digital pH meter (OHAUA Instrument (Shanghai)
Co. Ltd, China). Ultrasound irradiation was carried
out in an ultrasound clean bath (SB-5200D, Ningbo
Scientz Biotechnology Co. Ltd., China) operating at a
power of 200 W.

2.2. Synthesis

2.2.1. Preparation of magnetic nanoparticles (MNPs)
F€304

MNPs Fe;O, were synthesized via modification of
a literature method [37]. FeCl;-6H,O (2.70 g, 10 mmol)
and FeSO,7H,O (2.78 g, 10 mmol) were separately
dissolved in distilled water, and the mixed Fe**/Fe*
solution was added dropwise into 40 mL of an ammo-
nia solution (3.5molL™") at 60°C under ultrasound
irradiation. After reaction for 40 min, black Fe;Oy,
nanoparticles were collected by magnetic separation,
washed with water to neutral pH, and then redi-
spersed in ethanol for future use.

2.2.2. Preparation of magnetic silica (Fe30,@Si0,)

MNPs Fe;O4 were coated with a layer of SiO, film
according to the following procedure [32,33]. MNPs
Fe;0, (0.9 g) were dispersed in a mixture of ethanol
(60 mL) and ultrapure water (15 mL) by sonication for
approximately 10 min. Ammonium hydroxide (10 mL,
25%) and TEOS (4 mL) were then consecutively added
into the mixture. The mixture was stirred for 24 h at
RT under a nitrogen gas atmosphere. The resulting
light gray solid powder was collected by magnetic
separation, washed with ultrapure water to neutral
pH, and dried under vacuum.

2.2.3. Preparation of amino-functionalized magnetic
silica (F€304@SiOZ-NH2)

In 20 mL of dry toluene, 0.3 g of Fe;0,@SiO, was
suspended and 0.4 mL of 3-aminopropyltrimethoxysi-
lane was added to the suspension. The reaction mix-
ture was refluxed for 24 h under mechanical stirring
and a nitrogen gas atmosphere. The brownish yellow
solid was obtained by magnetic separation, washed
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with toluene and ethanol, respectively, and dried
under vacuum.

2.3. Adsorption studies

Dye adsorption experiments were conducted at
room temperature according to batch methods. The
measurements were performed by mixing certain
amount of adsorbent with dye solution in 100 mL
flasks, and the mixture was shaken on an automatic
shaker (IKA/KS 130 basic, IKA, Germany) at 560 rpm
for a fixed period. At the end of the adsorption experi-
ments, the adsorbents were separated by external
magnet. Changes of the absorbance of AO II and X-3B
solution samples were monitored and determined at
certain time intervals by UV-vis spectroscopy at maxi-
mum wavelengths (1.x) of 484 and 538 nm, respec-
tively. Dye removal ratio (R%) was calculated
according to the initial and equilibrium dye concentra-
tions, respectively.

2.3.1. Effect of pH

The effect of pH on the adsorption of dyes on
Fe;0,@S5i0,-NH, was investigated by placing 0.05 g of
Fe;0,@Si0,-NH, in a series of flasks containing 60 mL
of AO 1II solution (200 mgL™") or X-3B solution
(350 mg L"), respectively. Solutions containing 20 mg
L™ of AO II or 50 mgL™" of X-3B, respectively, were
used for the comparison experiments using 0.05 g of
Fe;0,@Si0,. The desired pH (from 2 to 8) was
adjusted by diluted H,SO, and NaOH solutions. The
contents of the flasks were equilibrated on an auto-
matic shaker at 560 rpm for 2 h.

2.3.2. Effect of adsorbent dosage

The effect of adsorbent dosage on dye adsorption
on Fe;0,@5i0,-NH, was investigated by contacting
60 mL of AO II solution (300 mgL™") or X-3B solution
(400 mg LY with different amounts of Fe;0,@SiO,-
NH, at pH 2. The contents of the flasks were equili-
brated on an automatic shaker at 560 rpm for 2 h.
Solutions containing 30 mgL™" of AO II or 50 mg L™’
of X-3B, respectively, were used for the comparison
experiments using Fe;0,@SiO;.

2.3.3. Kinetic studies

The effect of contact time (from 0 to 120 min) on
dye adsorption was studied by placing 0.02 g of
Fe;0,@Si0,-NH, in a series of flasks with each con-
taining 30 mL of AO II solution (100 mgL™") or X-3B
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solution (200 mgL™") at pH 2. The flasks were
removed from the shaker at different time intervals
and adsorbent was separated by external magnet. The
residual concentrations of the dyes were then mea-
sured to calculate the amount of dyes adsorbed.
Pseudo-first-order and pseudo-second-order models
were applied, respectively, to analyze the adsorption
kinetics.

2.3.4. Adsorption isotherms

The effect of the initial dye concentrations on dye
removal was investigated by placing 0.03 g of Fe;0,@-
SiO,-NH; in a series of flasks containing 30 mL of dye
solutions with the desired different initial concentra-
tions (30-300 mgL™" for AO I; 100400 mgL™" for
X-3B) at pH 2. The flasks were shaken for 2h at
560 rpm. The adsorbent was then separated by mag-
net, and the residual dye concentrations were deter-
mined to calculate the amount of dyes adsorbed.
Langmuir and Freundlich models were used, respec-
tively, to analyze the adsorption isotherms.

2.3.5. Desorption and reusability

With 60 mL of AO II solution (150 mgL™") or X-3B
solution (300 mg L™, 01 g of Fe;0,@5i0,-NH, was
loaded, respectively, at pH 2 (the adsorption proce-
dures described in Section 2.3.4 were used). The dye-
loaded adsorbent was collected with external magnet
and washed with distilled water to remove any unad-
sorbed dyes, and it was then shaken with 60 mL of a
NaOH solution (pH 10) for 4 h to desorb dyes from the
adsorbent. In order to test the reusability of Fe;O,@-
SiO,-NH,, the adsorption—desorption cycles were
repeated for three times to investigate the change of
adsorption ratio and desorption ratio, respectively
[28,30,31,38]. The ratio of desorption was calculated
according to the amount of dyes desorbed to the strip-
ping medium and the amount of dyes adsorbed onto
the adsorbent.

2.4. Quantum chemical calculations

Geometry optimization of AO II and X-3B mole-
cules and their interactions with the surface of
Fe;0,@Si0,-NH, were carried out using DFT calcula-
tions with ADF2013 program [39]. The ground-state
geometry of AO II and X-3B with modeled molecules
on the surface of Fe;0,@SiO,-NH, was optimized by
GGA-BLYP functional and TZVP basis set. An empiri-
cal van der Waals correction on DFT (DFT-D3) was
adopted. For the D3 term, the damping of Johnson
and Becke was employed [40].
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3. Results and discussion
3.1. Synthesis and characterization

The preparation of magnetic adsorbent Fe;O,@-
5i0,-NH; and its precursors MNPs Fe;O,4 and Fe;O,@-
SiO, is described in Fig. 2. MNPs Fe;O, were
synthesized via modification of a literature method of
reverse co-precipitation using FeCl; and FeSO, as iron
sources under ultrasonic irradiation [37]. A layer of
SiO, was coated onto Fe;O, nanoparticles using a
modified Stober method, resulting in the formation of
silica coated core-shell nanoparticles Fe;0,@SiO,
[32,33,41]. The grafting of APTS onto Fe;O0,@SiO, to
form Fe;O0,@SiO,-NH, was achieved by coupling reac-
tion between silanol groups of silica on Fe;O0,@SiO,
and methoxy groups of APTS to yield the new surface
with functional groups of amine.

TEM was applied to reveal the dimension and sur-
face morphology of nanoparticles. The nanoparticles
of Fe;0, are generally homogeneous and spherical
with the diameters mainly ranging from 15 to 20 nm.
The introduction of silica coating to the surface of
magnetic nanoparticles was concluded from TEM
images. The particle size was vividly increased after
coating with silica, due to the agglomeration of Fe;O,
inside nanospheres and surface growth of silica on the
shell [42]. Fe;0,@5SiO, nanoparticles presented roughly
spherical core-shell structure and the gray outer layer
around the magnetic Fe;O, nanoparticle was amor-
phous silica coating [43]. Amino-functionalized parti-
cles showed an aggregation which could be assigned
to the self-interaction of the surrounding layer of
amines [16,44]. No significant change was found in
the spherical shape and particle size, suggesting that
amino modification had no effect on the inner core
materials [41].

XRD patterns of Fe;O4, Fe;0,@510, and Fe;O,@-
S5i0,-NH, were investigated. Six characteristic peaks
for Fe;O; were observed at 20=230.2°, 35.5°, 43.3°,
53.6°, 57.2° and 62.7° [32,37,41]. The XRD patterns of
Fe;0,@Si0, and Fe;0,@5i0,-NH, showed good iden-
tity with that of the Fe;O, structure, suggesting that
the magnetic Fe;O4 nanospheres were successfully
encapsulated by the amorphous silica layer and fur-
ther amino-functionalization did not affect the original
crystallinity of Fe;O, structure [16,32,41,45].

FT-IR analysis was performed to elucidate the
active sites present on the surface of Fe;O4, Fe;O,@-
S5i0O,, and Fe;0,@Si0O,-NH,. The peak at 580 cm ! s
the typical absorption of Fe—O vibration in Fe;O4. The
spectrum of Fe;O,@SiO, exhibits the characteristic
peaks at 1,100, 800, and 470 cm™'!, corresponding to
the typical symmetric and bending vibrations of
Si-O-Si, respectively, in the supporting framework of
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Fig. 2. Preparation of MNPs Fe;O,, Fe;0,@SiO,, and Fe;0,@SiO,-NH,

silica [30,31,33,41]. The absorption peaks of 3,450 and
1,650 cm ™" are observed in all the spectra correspond-
ing to the stretching vibration and bending vibration
of O-H group of water, respectively. The spectrum of
amino-modified magnetic silica Fe;O,@SiO,-NH, dis-
plays mainly the same characteristic bands of Fe;O,@-
SiO, with decreased absorption intensity of the free
silanol group at 980 cm™' [6,46]. New bands at about
2,900 cm™! in the spectra of Fe;O,@S5i0,-NH, are the
characteristic absorption of aliphatic C-H stretching
vibrations. The new peak around 1,570 cm™ in the
spectra of Fe;0,@5i0,-NH, is attributed to the absorp-
tion of NH, group [47]. FI-IR spectra not only con-
firmed the silica coating onto the surface of magnetic
Fe;0, particles but also verified the surface modifica-
tion of Fe304@SiOZ to yleld Fe304@Si()2-NH2 [41]

To have an insight into the thermal degradation
behaviors of the prepared adsorbents, TGA analysis
was carried out and the results are shown in Fig. 3.
The weight loss in the 50-200°C interval is assigned to
physisorbed water molecules released from samples,
while the weight loss above 500°C for Fe;O, and
Fe;0,@Si0O; is associated with the release of hydroxyl
ions from the particles or condensation of silanol
groups bonded to the silica surface [30,47]. As
expected, the functional surfaces of Fe;O,@SiO,-NH,
presented different stages of mass loss. The first mass
losses in the 50-250°C range are assigned to adsorbed
water and the second losses at 250-600°C are

100
954
& 904
=
Sn
]
85
= s N
—(Fe;0,) g
— (Fe,0,@Si0,) ' e
804 ——(Fey0,@SI0,+ AC Il
(Fe;0,@Si0,-NH,)
(Feq0,@S10,-NH, + A II)
75

T T T T T T T T T
100 200 300 400 500 600 700 @800 900 1000
3 B

attributed to the organic groups immobilized on silica
surfaces. The mass losses at 600-1,000°C are related to
the decomposition of aminopropyl groups immobi-
lized on the surfaces and the condensation of the
remaining silanols to yield siloxane groups, resulting
in water loss and breaking of organic groups. The
increase in mass losses of Fe;0,@Si0,-NH, relative to
Fe;0,@Si0, is in agreement with the aminopropyl
chains covalently attached to the surface of Fe;O,@-
SiO,-NH,. This observation is in well agreement with
FT-IR results, clearly illustrating the introduction of
amino moieties onto Fe;O0,@Si0,-NH,. It is also of
note that the total weight loss of dye-loaded Fe;O,@-
SiO,-NH, is obviously higher than that of pristine
Fe;0,@S5i0,-NH,, and this is caused by extra organic
components of dyes loaded onto Fe;O,@5i0,-NH,.
The weight loss of dye-loaded Fe;O,@SiO, is similar
to that of untreated Fe;0,@SiO,, suggesting that the
dye adsorption ability of Fe;O0,@S5iO, was very small
(also see experimental adsorption results in the
following parts).

3.2. Adsorption studies
3.2.1. Effect of pH on dye adsorption

pH of the aqueous solution is an important opera-
tional parameter in the adsorption process, since pH
values affect not only protonation of the functional

100
95+ N e
2 904
=
K=
2 854
—(Fe,0,) .
(Fe40,)
—— (Fe40,@5i0,) N —
804 | ——(Fe,0,@5i10,+X-38) i
:Fe304@S|OE-NH2:
(Fe,0, @S510,-NH,+X-38)
75
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T/IC

Fig. 3. TGA curves of Fe;0,@5i0,-NH; and its precursors before and after dye adsorption.



Z. Xu et al. | Desalination and Water Treatment 57 (2016) 7054-7065

groups of the adsorbent, but also the speciation of dye
molecules in solution [30,45]. The effect of pH on the
adsorption of AO-II and X-3B on Fe;O,@SiO,-NH, is
shown in Fig. 4. The adsorption capacity increased
when the pH was decreased and the maximum
adsorption was observed at pH 2. The efficient
adsorption of AO-II and X-3B at acidic conditions may
be due to electrostatic attraction and hydrogen bond-
ing between the positively charged protonated amino
groups on the silica surface (-NHJ) and the negatively
charged sulfonate groups (-503) of the dyes. The pre-
liminary mechanism is described as following
[1,2,6,31,46]:

Fe;0,@SiO, — NH, + H,SO,
~ Fe;0,@Si0; — NH; - - - HSO;

Fe;0,@Si0, — NHj - - - HSO; + D — SO;Na*
— Fe30,@Si0, — NHY - - -~ 035 — D + NaHSO,

It may be proposed that a significantly high electro-
static attraction existed at pH 2. The adsorption
decreased as the pH of the medium increased, and
this may be attributed to the deprotonation of amino
groups along with the formation of negatively charged
silanolate groups (=5i07) that repel the sulfonate
groups (—SOj3) of the dye from interaction with the
surface [6,31]. The experiments were not conducted at
pH smaller than 2, as the anchored aminopropyl moi-
ety on the silica surface may be removed in such con-
ditions [2,48]. The effective pH of 2 was used in
further studies. The results in Fig. 4 also indicate that
magnetic silica Fe;0,@SiO, without surface amino-
functionalization showed very low ability for dye
removal. These results clearly confirm that the amino

100 | —=—Fe,0,@Si0,-NH,
| —*—Fe;0,@8i0,
80
9 A
=~ &0 for AO 11 (200mgL™’)
g o
g ™,
2 404 k"
-
2 \
a X, for AO Il (20 mg L)
204 \..____x__ P
R,
0 T T T T T T
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groups worked as efficient sites for dye adsorption
under the performed conditions.

The geometry-optimized DFT models of the inter-
action between the modeled surface of Fe;0,@SiO,-
NH; and the dyes are shown in Fig. 5. DFT calculated
models indicate that AO-II or X-3B interacts with the
adsorbent surface through electrostatic attraction as
well as hydrogen bond formation through the nega-
tively charged sulfonate groups (—SO;3) and positively
charged ammonium groups (-NH3) [2,6,31].

3.2.2. Effect of adsorbent dosage

The effect of adsorbent dosage on dye removal is
shown in Fig. 6. The increase of dye adsorption along
with increased adsorbent dosage may be due to the
increased adsorbent surface and availability of more
adsorption sites [7,46]. The results in Fig. 6 also show
that dye removal ability of Fe;O0,@5i0,-NH; is much
higher than that of Fe;O4@SiO,, confirming that the
amino groups worked as efficient sites for dye adsorp-
tion under the performed conditions.

3.2.3. Kinetic studies

Fast adsorption is important for wastewater treat-
ment. The removal of dyes by Fe;0,@SiO,-NH, was
rapid in the initial stages of adsorption and gradually
decreased with time until equilibrium reached at
about 45 min. The rapid adsorption observed during
the initial stages may be due to the abundant avail-
ability of active sites on the adsorbent surface,
whereas the adsorption becomes less efficient with the
gradual occupancy of these sites. The fast adsorption
rate may mainly be attributed to the electrostatic inter-
actions [14].

100 | —=—Fe,0,@8i0,-NH,
—+— Fe,0,@Si0,
80
g .1
< 60 for X-38 (350 mg L)
2
3 /
£
2 40
@
-l
O -
20 = i
\\ for X-38 (50 mg L")
'
Y e e
2 3 4 5 6 7 8 9 10 11

pH

Fig. 4. Effect of pH on dye removal by Fe;0,@SiO,-NH; and Fe;O,@SiOs.
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Fig. 5. Proposed mechanism of interactions between dyes and the modeled surface of Fe;O0,@SiO,-NH, (with numbers
showing the distance between the (N)H--O(S) part of hydrogen bond). (a) and (b) chemical structure diagrams showing
the interaction for AO II or X-3B, respectively; (c) DFT model showing the interaction for AO II; (d) DFT model showing
the interaction for X-3B; (e) wireframe drawing of (d) for clarity.

100 - .
—a— Fe,0,@Si0,-NH,
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g
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20 e
-
0.02 0.04 0.06 0.08

Absorbent dosage (g)

Fig. 6. Effect of adsorbent dosage on the adsorption of dyes on Fe;0,@SiO,-NH; or Fe;0,@SiO..

In order to investigate the mechanism of adsorp-
tion and the main parameters governing adsorption
kinetics, empirically obtained kinetic adsorption data
were fitted to the pseudo-first-order and pseudo-
second-order models shown in Egs. (1) and (2),
respectively. Each of these models has been widely
used to describe metal and organic adsorption on
adsorbents [46,49,50].

In(ge — q:) = Ing, — kqt 1)

100 — -
—=—Fe,0,@Si0,-NH,
—e— Fe,0,@Si0,
804
9
% 60 l R
z for X-3B (400 mgL"')
£
[
o 40+ for X-3B (50 mgL") el
(=] i ‘_J’__.-“"
__-—.-—‘__'__./-'-
204
002 004 0.06 0.08
Absorbent dosage (g)
t 1 t
LA S )
q kg ge

where g, and g, (mg g™') are the adsorption capacities
at equilibrium and at time t, respectively; k; (min™")
and k, (gmg 'min ") are the rate constants of the
pseudo-first-order adsorption and the pseudo-second-
order adsorption, respectively. The calculated kinetics
parameters and the correlation coefficients (R?) are
given in Table 1.
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Table 1
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Kinetic model parameters for the adsorption of AO II and X-3B on Fe;0,@5i0,-NH,

Pseudo-first-order model

Pseudo-second-order model

Dyes . xpy (mgg ) ki (min™) g, cay (mgg ) R ko (gmg 'min) g (cay (mgg ) R
AOII 101.01 0.03479 28.98 0.8199 0.004825 99.50 0.9950
X-3B 24038 0.03315 128.09 09634  0.000999 240.96 0.9910

The pseudo-second-order model equation provides
an excellent fit between the predicted curves and the
experimental values, whereas the pseudo-first-order
kinetics does not fit well to the experimental data. The
correlation coefficients (R?) of the pseudo-second-order
kinetic model (R* > 0.99) are much higher than that of
the pseudo-first-order model. In addition, the experi-
mental values of ge (gxp) are very similar to the values
calculated by the pseudo-second-order equation (g
(cay)- Thus, the adsorption can be better described by
the pseudo-second-order kinetic model rather than the
pseudo-first-order kinetic model [38]. The best fit of
the second-order expression suggests that the chemi-
sorption mechanism is involved in the adsorption
[51,52].

3.2.4. Adsorption isotherm

The adsorption isotherms of AO II and X-3B,
respectively, are shown in Fig. 7. Adsorption iso-
therms of AO II and X-3B are of very similar pattern
and they indicate that the equilibrium adsorption
amount increases rapidly with the increase of equilib-
rium concentrations of dye species. This implies that
Fe;0,@SiO,-NH, possesses very strong adsorption
ability and high affinity for AO II and X-3B [53,54]. In
order to evaluate the adsorption characteristics of AO
II and X-3B on Fe;O0,@SiO0,-NH,, experimental data

1204 =

100 4 /m

-

80+

9e (Mg/g)
"

o] /
a0{
| / (AO 1I)

20 od T T T T
0 20 40 60 80

C,(mg/L)

100 120 140 160

were fitted to the two well-known adsorption iso-
therm models of Langmuir and Freundlich as repre-
sented in Eqgs. (3) and (4), respectively [1,6,31,46].

C_GC, 1 3)

InC,
n

Ing, = Inkr + @

where g, is the amount of dye adsorbed on the adsor-
bent (mg g™ "), C, is the equilibrium dye concentration
in the solution (mgL™"), g is the maximum adsorption
capacity at monolayer coverage, k; is the Langmuir
adsorption constant (L mg™"), kr is the binding energy
constant reflecting affinity of adsorbents to dye spe-
cies, and n is the Freundlich exponent related to
adsorption intensity.

Table 2 lists the parameters of the Langmuir and
Freundlich models along with the regression coeffi-
cients (R?. The R* values in Table 2 reveal that the
Langmuir isotherm fits the experimental results better
than Freundlich model, implying that the adsorption
of AO II and X-3B onto Fe;0,@SiO,-NH, follows the
mechanism of monolayer adsorption (chemisorption)
on a homogenous surface [1,4-6,31,38,46,55]. Table 2
shows that the maximum adsorption capacity of

220 - e
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Fig. 7. Adsorption isotherms for AO II and X-3B on Fe;0,@SiO,-NH,,
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Table 2
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The isotherm parameters for the adsorption of AO II and X-3B on Fe;0,@5i0,-NH,

Langmuir model

Freundlich model

Dyes q (mg g_l) kr (L mg_l) R? ke (mg g_l) n R?
AOII 132.2 0.0051 0.9754 13.07 2.027 0.8967
X-3B 233.1 0.093 0.9967 67.427 4.118 0.9543
18
p —— A0 [l (15 mg/L) before adsorption 154 —— X-3B (15mg/L) before adsorption
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Fig. 8. UV-vis spectra for the solutions containing pristine dyes or the desorbed dyes.

Fe;0,@Si0,-NH, for AO II and X-3B is 132 and
233 mg g, respectively. These values are comparable
or higher than that of other synthetic or natural inor-
ganic and agricultural by-products adsorbents
reported in literature for the adsorption of dyes with
similar structure to AO II and X-3B, respectively.
These adsorbents include, for example, functionalized
amorphous and mesoporous silica gel [6,15], activated
carbon, multi-walled carbon nanotubes, anion
exchange membrane [13], amine-functionalized silica
nanoparticles [46], zeolites, clay [4,15], agricultural
products, chitosan [3,15], and nanoporous silica SBA-3
[6,15,38,56]. It is of note that the adsorption capacity
of Fe;0,@Si0,-NH, for X-3B is similar to that of nano-
porous silica SBA-3 (294 mg g™") [56], while ammo-
nium-functionalized MCM-41 displayed an adsorption
capacity of 209 mg g~ for X-3B. Fe;0, MNPs coated
by aminoguanidine showed an adsorption capacity of
119 mg g ' for AO 20, which is a structural isomer of
AO II [38], whereas amine-modified silica only had an
adsorption capacity of 143 mgg ' for AO 12 at RT
[6].

3.3. Desorption and reusability

The regeneration and reuses of the adsorbent are
important for potential practical applications [57].
From the study of pH effect, it was found that the

adsorption of AO II and X-3B on Fe;0,@SiO,-NH,
decreased when the solution pH was increased. This
result suggested that desorption of dyes and regenera-
tion of the adsorbent were possible by adjusting the
pH of the regenerating media.

Desorption of the adsorbed dyes was carried out
with diluted NaOH solution at pH 10. The solution
containing desorbed dyes showed essentially the same
UV-vis spectra as the untreated dye solution (Fig. 8),
and this was attributed to the deprotonation of the
amine groups under basic conditions [31]. It also con-
firmed that the electrostatic interaction was involved
in the adsorption of anionic dyes onto the adsorbent
Fe;0,@Si0,-NH, [38].

The recyclable use of adsorbent and dyes (desorp-
tion) can be accomplished using external magnet and
adjusting pH of the media. The regeneration and reus-
ability of the adsorbent was evaluated after the first
desorption/regeneration process. The reusability was
checked by following the adsorption-desorption pro-
cesses as described in Section 2.3.5 for three cycles
and the adsorption/desorption efficiency in each cycle
was determined. The results showed that the adsorp-
tion and desorption efficiency of Fe;0,@SiO,-NH, for
both AO II and X-3B in the third cycle still retained a
ratio of 89-91%, indicating that Fe;O,@SiO,-NH, pos-
sesses a good reusability and may be used for further
dye adsorption [28].
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4. Conclusion

Magnetic nanoadsorbent Fe;O,@S5i0,-NH, was
prepared by surface modification of Fe;0,@SiO, with
APTS to immobilize the amino-functionalized groups.
The maximum adsorption capacities of Fe;O,@SiO,-
NH, for AO II and X-3B at pH 2 were 132.2 and
233.1 mg g ', respectively. Experimental results and
DFT calculations confirmed that the mechanism of
high adsorption capacity for anionic dyes in acidic
solution was attributed to the electrostatic attraction
and hydrogen bonding between the positively charged
protonated amino groups on the adsorbent surface
(-NHj3) and the negatively charged sulfonate groups
(-S0O3) of the dyes. The kinetics for the adsorption of
AO II and X-3B on Fe;0,@SiO,-NH, followed the
pseudo-second-order kinetic model, and the adsorp-
tion of AO II and X-3B on Fe;0,@SiO,-NH, fitted well
with Langmuir isotherm model. The good reusability
and convenient magnetic separability make Fe;O,@-
SiO,-NH, an efficient and recyclable adsorbent for
removal of anionic dyes from polluted water. Current
work is continuing in our laboratory to investigate the
applications of adsorbent Fe;O,@SiO,-NH, and its
analogs for more complex dye solutions.
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