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Abstract—Fe;0,-Si0,-NH,, Fe;0,-CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH, magnetic adsorbents were suc-
cessfully prepared and could be used effectively for the adsorption of Light Green from aqueous solutions. Unlike the
first sample, mesoporous silica coatings were created using cetyltrimethylammoniumbromide micelles as molecular
templates on superparamagnetic iron oxide in one sample, and on silica-coated iron oxide in the other sample to
improve the adsorptive properties of the nanocomposites. The characterization by FI-IR, SEM/EDX, Zeta-potential,
XRD, VSM, and N,-adsorption/desorption confirmed the production of mesoporous silica layer. Although coating pro-
cesses with both silica and mesoporous silica layers led to a vaguely decrease in saturation magnetization of the Fe;O,-
SiO,-CTABSIO,-NH,, the nanoparticles were protected with silica coatings for environment conditions and made more
suitable for subsequent amino functionalization. The results determined from Batch adsorption experiments fitted to
Langmuir isotherm model with maximum adsorption capacity (q,.,) equal to 56.18, 196.08 and 227.27 mg g, for
Fe,0,-Si0,-NH,, Fe;0,-CTABSIO,-NH, and Fe;0,-Si0,-CTABSIO,-NH,, respectively, and it was seen from the kinetic
results, the LG adsorption was identified by pseudo-second-order kinetics, revealing that LG adsorption process is
homogeneous, monolayer and based on chemical interactions. According to the results, both silica and mesoporous sil-

ica coating strategy can play crucial role in improving the adsorptive properties of nanocomposites.
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INTRODUCTION

Synthetic organic dyes are released from varied chemical indus-
tries such as cosmetics, paper, textile, food, leather, printing, phar-
maceuticals, plastics, and paint [1,2]. It is estimated that approximately
10-15% of dye used are loss during different processes as well as in
the dyeing [3] and known that 10° kg per year of synthetic organic
dyes are dumped into natural environment by the textile factories
[4]. Several of synthetic dyes used in different industries and their
degradation products are potentially teratogenic, toxic, mutagenic,
and carcinogenic [5]. In addition, these dyes not only aesthetically
pollute the water due to their color, but also disrupt some biologi-
cal processes such as the photosynthetic effect, as they also pre-
vent the penetration of sunlight [1]. Thus, the elimination of dyes
in wastewater is very essential for ecological balance, animal and
human health. Various techniques such as chemical coagulation,
flocculation, photodegradation, adsorption, trickling filters, aerobic
and anaerobic degradation, oxidation, and membrane separation
were proposed to dye removal from wastewater [5,6]. The use of
some conventional treatments is difficult in dye removal because
of large size, the complex molecular structure, and stability against
oxidizing agents, biodegradation and photodegradation of the syn-
thetic dyes [2]. Adsorption is an attractive method for dye removal
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due to its easy applicability, low cost for process, high efficiency in
removing impurities, and no harmful by-products after the opera-
tion [2,7]. Conventional adsorbents used in the adsorption process
have some drawbacks such as low removal efficiency due to the lack
or scarcity of active sites, high mass transfer resistance because of
the bulk structure of adsorbents and difficulty in separation and
recovery due to the adsorbent in powder form [8]. Therefore, design-
ing a potential adsorbent that does not have these disadvantages is
very important for removing dyes from wastewater both effectively
and quickly.

In recent years, magnetic mesoporous silica nanocomposites have
been considered as alternative adsorbents for organic dyes and metal
ions [9] because of their unique properties such as high specific
surface area, tunable pore size and easy separation under external
magnetic field [10,11]. In the past decade, various magnetic meso-
porous nanocomposites have been used for adsorption of organic
dyes and metal ions such as Malachite green [1], Reactive Brilliant
Red X-3B [2], Reactive Black 5 [3], Nylosan Blue, Acid Orange 7,
Congo Red and Methylene Blue [9], Basic Red 1, and Basic Red 2
(1], Cd(IT) [12], Cu(IT) [13] and Pb** [14].

Composed of Fe;O, core and silica shell duo, magnetic nanocom-
posites have standed out because of their peerless low cytotoxicity,
magnetic response, and chemically changeable surface properties.
Moreover, if the obtained nanocomposites have superparamagne-
tism, high magnetization, uniform accessible meso-channels and
high surface area, they can be benefit as effective adsorbents to rap-
idly remove of large contaminants [15]. Especially, great efforts have
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already been carried out to obtain Fe;O,@SiO,-R nanocomposite,
where R is usually an organic or hybrid organic-silica coating offer-
ing N or O-donor sites to coordinate the heavy metal center or
active sites to attract the opposite charges electrostatically [13]. In
2004, Wu et al. [16] declared the template assisted synthesis of the
magnetic mesoporous particles firstly. According to the synthesis,
a silica layer was loaded over the surface of the Fe;O, nanoparti-
cles to prevent the magnetic core from eroding under harsh appli-
cation conditions. The resulting silica also makes easy to assemble
of surfactant template used as structure directing agent. Cationic
surfactant molecules and a negatively charged silica surface spon-
taneously combine on the silica layer to form the framework. The
mesoporous silica construction on the magnetite core was created
by saturating the spaces around the assembled micellar templates
by sol-gel method. After calcination operation to annihilate the
surfactant from the silica network, open pores become clear. The sil-
ica surface of the mesoporous magnetic nanocomposite particles
formed in this way enables various surface functions to be obtained
with silanation chemistry that provides “molecular recognition” in
many applications. One year later, Zhao et al. [17] obtained parti-
cles including hematite core, inner and dense silica shell, and mes-
oporous outer silica shell in a two-stage process.

The sulphonated azo dyes are one of the most significant groups
of synthetic organic dyes and are largely used in the textile and
leather industries [3]. Light Green (LG) is a triarylmethane dye and
has various detrimental effects such as the potential of permeat-
ing and accumulating in the event that skin contact, carcinogenic
effects in living system and acting as irritant if inhaled or ingested,
the ability to produce sarcomas, lead to methemoglobinemia and,
the chronic toxicity [7]. Thus, LG removal from aqueous solutions
has been examined utilizing adsorption technique in some studies.
The adsorption of LG has been studied using various adsorbents;
bottom ash and deoiled soya [7], hexadecylpyridinium bromide
(CPB) modified wheat straw [18], Fe;0,@SiO,@NH, nanocompos-
ite [19], CPB modified peanut [20], Salvadora persica (Miswak)
powder [21], CPB modified peanut husk [22], polyethyleneimine-
modified carbon nanotubes [23]. However, to the best of our knowl-
edge, Fe,0,-CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH, for
LG removal from aqueous solutions have never been studied.

In our previous paper, Fe;0,@Si0,@NH, was produced and
used as an adsorbent for LG adsorption [19]. The determined maxi-
mum adsorption capacity of Fe;O,@SiO,@NH, by using Langmuir
isotherm model for the removal of LG was 402 mg g ' at 30°C
and the natural solution pH. The present adsorption study was
executed to investigate the efficiency of the newly prepared meso-
porous silica nanocomposites templated with cetyltrimethylam-
monium bromide (CTAB) and functionalized with amino groups
for LG removal from aqueous solutions. CTAB is a cationic sur-
factant with quaternary ammonium structure and often used to
produce various mesoporous silica molecular sieves under basic
conditions [24]. Additionally, the -NH, groups can be bind to the
anionic dye ions by ionic interactions due to their easily proton-
ated property in acidic medium [19]. Therefore, the expectations
from this study can be listed as follows: (i) The adsorption capaci-
ties of particularly Fe,;O,-CTABSIO,-NH, and Fe;O,-SiO,-CTAB-
SiO,-NH, for removal of LG will be higher than that of other ad-
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sorbents used for LG removal in the literature, (i) The superpara-
magnetism of Fe,O, core will facilitated the separation of the pre-
pared adsorbents from aqueous medium by implementing of an
external magnetic field and (iii) The production of the mesoporous
silica layer will shorten the process equilibrium time for LG adsorp-
tion of the adsorbents by decreasing the mass transfer resistance
and multiplying the probability of functionalization. The insight
into the role of iron oxide core and porous silica shell in the ad-
sorptive removal of LG can help in refining of the research on
nanocomposites [25]. The objective of present study is focused on
the synthesis and evaluation of structural, magnetic and adsorp-
tion properties of these magnetic silica coated and amino func-
tionalized (Fe;O,-SiO,-NH,, Fe;O,-CTABSIO,-NH, and Fe;0,-SiO,-
CTABSIO,-NH,) nanocomposites. Their structural and magnetic
features and adsorptive potentials for LG removal were compara-
tively analyzed. Adsorption isotherms, kinetic and thermodynamic
investigations were used for the comparative evaluation of the effect
of porous structured shell on the mechanism of adsorption.

MATERIALS AND METHODS

1. Preparation of Adsorbents

Inspired by Massart [26], Fe;O, nanoparticles were synthesized
as follows: A mixture of ferrous chloride (10 mL, 2 M, in 2 M HCI)
and ferric chloride (40 mL, 1 M) was poured into the ammonia
solution (38.5 mL 25% NH; plus 500 mL deionized water) infused
with nitrogen for 30 min. After being stirred for 30 min under N,,
the gelatinous precipitate was isolated from the solution with an
external magnet without washing with water, since washing the
alkaline precipitate with water does not support peptization to obtain
stable aqueous sols, which is necessary for successtul coating and/
or modification. For this purpose, 5% NH, solution was used for
washing process before drying at 50 °C under vacuum.

Silica coating and amino functionalization procedures were
adopted from the slightly modified work of Lewandowski et al.
[27]. The first adsorbent (Fe;O,-SiO,-NH,) was obtained as fol-
lows: 2 g of magnetite nanoparticles was suspended in 40 mL of a
mixture of consisting of ammonia solution, water and 2-propanol
(in a 3:5:65 volume ratio) and then sonicated for 10 min. After
being added of Tetraethoxysilane (TEOS), the reaction mixture was
sonicated at 40 °C for 2 h, and stirred overnight at the same tem-
perature. The as-prepared Fe;O,-SiO, nanoparticles were isolated
by magnetic decantation, washed with water and 2-propanol, respec-
tively, and dried at 60 °C under vacuum. The second adsorbent
(Fe;0,-CTABSIO,-NH,) was prepared as follows: 0.5 g of magne-
tite nanoparticles was suspended in a mixture of water, ethyl alco-
hol and ammonia solution (in a 3:8: 1 mass ratio) and sonicated
for 10 min. Then, 0.75 g of CTAB and 4.1 mL of TEOS both diluted
with 7.5 mL of ethanol, were simultaneously added, and the mix-
ture was stirred for another 1.5h. The as-prepared Fe,O,-CTAB-
SiO, nanoparticles were isolated by magnetic decantation, washed
with water and ethanol, dried at 60 °C under vacuum and calcined
at 450 °C for 3 h to remove the surfactant. To get the third adsor-
bent (Fe;0,-SiO,-CTABSIO,-NH,), the processes made for obtain-
ing the first and second adsorbent were combined. That is: the
third nanocomposite was prepared as the second nanocomposite
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was prepared, with the only difference being that instead of Fe;O,,
Fe,0,-SiO, was used as core. For amino functionalization, 0.3 g of
Fe;0,-Si0,, Fe;O,-CTABSIO,, and Fe;0,-SiO,-CTABSIO, were sus-
pended in 10 mL of dry toluene and sonicated for 10 min to disperse
the particles. Then, 0.63 g of 3-Aminopropyltriethoxysilane (APTES)
was added and the mixtures were refluxed for 3 h separately. Finally,
the suspensions were isolated by magnetic decantation, washed
with toluene and dichloromethane and dried at 35 °C under vac-
uum. The colors of the nanocomposites were gradually lighter in
the order of Fe;O,-SiO,-NH,, Fe;O,-CTABSIO,-NH,, and Fe,O,-
SiO,-CTABSIO,-NH,,.
2. Characterization of Adsorbents

X-ray diffractions of the prepared adsorbents were performed
in a Rigaku Ultima-IV X-ray diffractometer. Nanocomposites were
scanned in the range of 26=10-80° diffraction angles to determine
the phase structure of the nanocomposites. The elemental constit-
uents of the nanocomposites were analyzed with Scanning Elec-
tron Microscopy/Energy Dispersed X-ray spectrometer (SEM/EDX,
Quanta-Bruker AXS). Magnetic characterizations were realized
with Vibrating Sample Magnetometer (VSM, Cryogenic Limited
PPMS) with a maximum application area of 20 kOe at room tem-
perature. FT-IR measurements of the samples were realized by
using Perkin Elmer-UATR Two series infrared spectrometer. Mes-
oporosity was investigated with N,-adsorption/desorption studies
(BET/BJH method) by Quantachrome Autosorb-6 to obtain pore
size and pore size distributions. The zeta potentials of Fe;O,-SiO,-
NH,, Fe;O,-CTABSIO,-NH, and Fe;O,-SiO,-CTABSIO,-NH, mag-
netic adsorbents were measured by Malvern Nano ZS90 to evalu-
ate the pls of the magnetic adsorbents. The pH value at which the
Zeta potential was 0 mV was the pl. All measurements were per-
formed at room temperature. Before the zeta potential measure-
ments, the certain amounts of the magnetic adsorbents were first
dispersed by mixing in 50 mL of deionized water until homoge-
neous suspensions were obtained. The pH values of the suspen-
sions containing the magnetic adsorbents were initially adjusted
from 3.0 to 11.0 by using 0.1 M HCl or 0.1 M NaOH. After shak-
ing 5h, the suspensions were left for 30 min. The samples taken
from the supernatants were used to measure the zeta potentials of
the magnetic adsorbents by a zeta-sizer.
3. Stability of Adsorbents

To test the stability of the adsorbents in acid solution, 5 mg por-
tions of Fe;O,-SiO,-NH,, Fe;0,-CTABSIO,-NH, and Fe;O,-SiO,-
CTABSIO,-NH, were dispersed in 10 mL of 0.01 M HNO; solution
and shaken for 12h at room temperature. Afterwards, a magnet
was used to separate the adsorbents and solutions. The concentra-
tion of Fe in supernatant was measured by Atomic Absorption Spec-
trophotometer (AAS).
4. Adsorption Studies of Adsorbents

For the adsorption of LG, the effects of chosen parameters such
as adsorbent dosage, solution pH, contact time and temperature
were tested through batch experiments. LG was procured from
BDH Chemicals Ltd and the structure and properties of LG were
given in Table 1. In a typical adsorption experiment, 7 mg of Fe;O,-
SiO,-NH,, Fe;O,-CTABSIO,-NH, and Fe;0,-SiO,-CTABSiO,-NH,
was homogeneously dispersed in 100 mL of 20 mg L™ LG solution
and then agitated by using a magnetic stirrer with temperature con-

Table 1. Chemical structure and properties of Light Green (LG)

Chemical structure ﬂ
H;C/\ ﬁi/\O/S%r?a
»
1
SR OISy
o) —
O>S\\O N | \; S\_Oli)a
) 7
HiC
Ay (M) 1631
Type : Anionic
M,, (g mol ) :792.86
Formula : C;,H;,N,Na,O,S,
Azo group 1
C.I. Number : 42095
CAS Number : 5141-20-8
Solubility :200g L™ (25°C)

troller at 500 rpm, solution pH (3.48+0.02) and 22 °C temperature
until the required adsorption equilibrium conditions. To investi-
gate the parameter effects, temperature, the pH range and adsor-
bent dosage are 22-32 °C, pH 3-10 and 5-31 mg, respectively. The
pH values of the LG solution were adjusted with the aqueous solu-
tions of 0.1 M HCI for low pH values and 0.1 M NaOH for high
pH values. The samples drawn with an injector needle by an ex-
ternally applied magnetic field to the suspension at certain time
intervals were analyzed to determine the residual dye amount by
using UV-VIS at 631 nm which is maximum absorbance wave-
length for LG. For the investigation of LG adsorption kinetics,
7 mg of Fe;0,-Si0,-NH,, Fe;O,-CTABSIO,-NH, and Fe;0,-SiO,-
CTABSIO,-NH, was added into 100 mL of LG solution with the
initial solution concentration of 20 mg L™ and then the suspension
was stirred at 500 rpm, 22 °C temperature and solution pH (3.48+
0.02). The 3 mL of suspension was withdrawn at certain time inter-
vals and the samples were filtered through a syringe filter (0.22 pm
of pore size) for determination of the concentration of LG remain-
ing in the suspension. Adsorption isotherm experiments were im-
plemented with 100 mL of 20mg L™ LG solution at solution pH
(3.48+0.02) and 22 °C temperature for 30 min after the addition of
7 mg of adsorbents.

In the adsorption process, the percent of removal efficiency (R%)
was obtained by using Eq. (1) and the adsorption capacity (q,) was
calculated with Eq. (2):

(CO — Ce)
C

0

R%= %100 1

Cc,—C)V
qe:M ©)

m

where C, and C, are ascribed to the initial and equilibrium concen-
trations for LG solution (mg L™'); m indicates the mass of the ad-
sorbents (g); and V indicates the volume (L) of LG solution.
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Fig. 1. (a) FTIR spectra, (b) SEM images and EDX, (c) zeta potential measurements of Fe;0,-SiO,-NH,, Fe;0,-CTABSiO,-NH, and Fe;O,-

$i0,-CTABSiO,-NH, nanocomposites.

RESULTS AND DISCUSSION

1. Characterization Results

FT-IR spectra for Fe;O,-SiO,-NH,, Fe;O,-CTABSIO,-NH, and
Fe;0,-Si0,-CTABSIO,-NH, are shown in Fig. 1(a). Essentially; our
expectation is that FT-IR spectra are very similar for all samples,
except for some details. That is; all samples show the characteristic
absorption of Fe-O vibration band at 560 cm™. Also, the bending
and stretching of O-H bands around 1,640 and 3,400 cm ™", associ-
ated with the adsorbed water molecules, were seen in all samples.
The absorption bands which exist for all samples at about 809 and
1,076 cm™" are relevant to the symmetric and asymmetric stretch-
ing of Si-O-Si bonds [28]. Albeit it is valid for three samples, the
bending vibration bands of Si-O-Si and Si-OH which are observed
at 439 and 965 cm ™" are more intensive for Fe;O,-CTABSIO,-NH,
and Fe;0,-SiO,-CTABSIO,-NH, samples in comparison with Fe;O-
SiO,-NH,. Because these bands are indicative for the density of
the silica layer on Fe,O, nanoparticles [29], on the contrary, for
Fe;0,-Si0,-NH, sample Fe-O vibration peak is the most intensive
among the samples, which confirms the shifting of Fe-O vibration
absorption to Fe-O-Si vibration absorption (584cm™) [30]. Also,
the absorption bands attributed to the bands of the amino groups
at 3,361, 1,575, 1,475 and 692 cm™' [31] exist for all samples, which
indicate the successful amino functionalization. Even if small absorp-
tion peaks appeared around 2,800-3,000 cm™ " indicating the vibra-
tions of -CH, of CTAB templates in the Fe;O,-CTABSIO,-NH, and
Fe;0,-Si0,-CTABSIO,-NH, samples, there are not salient peaks
suggesting the substantial removal of CTAB from the pores [32].

According to the SEM/EDX results (Fig. 1(b)), we can see that
all samples contain Fe, O, Si, C, and N elements the distributions
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of which changes from one sample to another. This graphic con-
firms the successful Fe;O, synthesis, silica covering and amino
functionalization, respectively. The SEM images displayed in insets
of Fig. 1(b) show that Fe;O,-SiO,-NH, sample seems to be aggre-
gated due to dipole-dipole interaction, while the Fe;O,-CTABSIO,-
NH, and Fe;0,-Si0,-CTABSIO,-NH, samples look good dispersal
due to the repulsion of magnetic nanoparticles [33]. The coating
with silica layer resulted in separation of the particles by sterically
and electrostatically; thereby reducing aggregation. Although the
electrostatic repulsion changes depending on the ionic strength and
solution pH, steric repulsion mainly depends upon the density of
inorganic silica polymer [34].

The correlation between the zeta potential and pH values pro-
vides convenience in determining the subsequent process condi-
tions to obtain optimum adsorption data and characterizing the
stability of the dispersion. For example, positive or negative high
zeta potential values indicate stable systems and we can get the pl
value, which means the pH value at which the zeta potential of func-
tional nanoparticles is equal to zero. Electrostatic repulsion between
the charged nanoparticles increases dispersibility and also the sta-
bility of particles [31,35]. The results of the zeta potential analysis
of the Fe,O,-SiO,-NH,, Fe;O,-CTABSIO,-NH, and Fe;O,-SiO,-
CTABSIO,-NH, nanocomposites at varied pH are shown in Fig.
1(c). It can be concluded from the results, the isoelectric points of
Fe;0,-SiO,-NH,, Fe;O,-CTABSIO,-NH, and Fe;0O,-5i0,-CTABSIO,-
NH, were found at 9.57, 10.09 and 10.13, respectively. These high
values show that the surface of all nanocomposites is positively
charged at pH values under about 10.00, which is proper for the
anionic pollutants adsorption [28]. Compared with Fe;0,-SiO,-NH,,
Fe,O,-CTABSIO,-NH, and Fe;O,-SiO,-CTABSIO,-NH, have a
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Fig. 2. (a) XRD patterns and (b) magnetization curves of Fe;O,-SiO,-NH,, Fe;O0,-CTABSiO,-NH, and Fe,0,-SiO,-CTABSiO,-NH, nanocom-

posites.

higher isoelectric point which may be due to the more electron
donor moieties, which causes the increased the surface charge on
the Fe;O,-CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH, samples
[36]. Due to the stronger ability of combining H', Fe;O,-CTABSIO,-
NH, and Fe;0,-SiO,-CTABSIO,-NH, samples had a higher pI
than Fe;O,-SiO,-NH, nanocomposite.

The structures of the magnetic nanocomposites silica encapsu-
lated and amino functionalized were qualified by XRD (Fig. 2(a))
to characterize the samples with respect to phase structures. As
shown in Fig. 2(a), all the peak positions at 30.4° (200), 35.7° (311),
43.4° (400), 53.6° (422), 57.3° (511) and 62.9° (440) were coherent
with the standard X-ray data for Fe;O, magnetite phase. This is
evidence of the inverse spinel structure of Fe;O, and shows that
the magnetite continues to exist after being coated with silica. As
the coating process develops, the peak intensity of Fe;O, has de-
creased, which was ascribed to the silica shell wrapped on the par-
ticles surface, while there was an increasing order of amorphous
silica (at around 26=20°), which represents the increased silica
layer thickness [31,35].

High saturation magnetization (M,), mainly depends on the
chemical composition of magnetic nanoparticles, and no coerciv-
ity together with remanent magnetization are important indica-
tors of emerging superparamagnetic properties [37]. Fig. 2(b) refers
to the superparamagnetic character of Fe,O,-SiO,-NH,, Fe;O,-
CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,NH, nanocomposites
because of having zero coercivity and no remanence. The satura-
tion magnetizations of Fe;O,-SiO,-NH,, Fe,O,-CTABSIO,-NH,
and Fe,0,-SiO,-CTABSIO,-NH, are 41.7, 12.5 and 8.8emu g
respectively. In comparison to Fe;O,-SiO,-NH,, the decreased sat-
uration magnetization of the last two nanocomposites is mainly
resulted in the insulating effect of silica shells. The progressive thick-
ening of the silica layer caused to the decrease of M, [31].

The N,-sorption isotherms have been used to obtain informa-
tion about the mesoporosity of the materials. The isotherms and
the pore-size distributions of the nanocomposites are given in Fig.
3(a), (b). According to TUPAC dlassification, all of the samples
exhibited type IV isotherm with different types of hysteresis loops,
thereby indicating the mesoporosity of the materials. Because hys-
teresis appearing in the multilayer range of physisorption isotherms

(a)

e F2304-CTABSIO2-NH2
et Fe304-Si02-CTABSIO2-NH2

0.1 0.3

Ads. Vol. (cm’/g)

—e— Fe304-Si02-NH2

0.1 0.3 0.5 0.7 0.9
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-t
(3}

Fig. 3. (a) N,-adsorption/desorption isotherms and (b) pore size
distributions of Fe;0,-SiO,-NH,, Fe;0,-CTABSiO,-NH, and
Fe,0,-Si0,-CTABSIO,-NH, nanocomposites.

is usually associated with capillary condensation in mesopore struc-
ture [38]. For the Fe;O,-CTABSIO,-NH, and Fe;0,-SiO,-CTAB-
SiO,-NH, samples, the H2-type hysteresis loops at relative pressure
(p/p,) between 0.4 and 1.0 implied their regular and mesoporous
structures (inset of Fig. 3(a)) and this type of loop can be attributed
to pore-blocking/percolation in a narrow range of pore necks.
Fe,0,-Si0,-NH, showed H3-type hysteresis loop at p/p, between

Korean J. Chem. Eng.(Vol. 38, No. 7)
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0.8 and 1.0. This loop is a typical characteristic of mesoporous
materials because of the aggregation of the primary nanoparticles
[8]. Isotherms that reveal the H3 type do not exhibit any restric-
tive adsorption at the high p/p, obtained in non-rigid aggregates
consisting of plate-like particles, as in Fe;O,-SiO,-NH, [39]. The
BJH pore-size distribution (Fig. 3(b)) curves showed that only Fe;O,-
SiO,-CTABSIO,-NH, sample (inset of Fig. 3(b)) exhibited uniform
pore size with a diameter of 2.4 nm. For Fe;O,-CTABSIiO,-NH,
sample (inset of Fig. 3(b)), 1.9 and 2.4 nm, which has a bimodal
distribution, for Fe;O,-SiO,-NH, sample broad pore distribution
was obtained. The large pores for Fe;O,-SiO,-NH, samples cen-
tered around 7.8 nm were produced by the aggregation of the pri-
mary nanoparticles. Of porous materials, amorphous ones exhibit
a wide pore size distribution predominantly on the mesopore scale,
which restricts the shape selectivity and effectiveness of the materi-
als [39].
2. Adsorption Results
2-1. Effect of Adsorbent Dosage

The effect of Fe;0,-SiO,-CTABSIO,-NH, amount on the removal
of LG was studied for adsorbent amount varying from 5 to 31 mg
in 100mL of a 20 mg L™ concentration of LG solution. As can be
seen from the Fig. 4, an increase in dosage of Fe;O,-SiO,-CTAB-
SiO,-NH, causes an increase in R% of LG and after a dosage of
10.9 mg for the adsorbent, the removal percentage becomes con-
stant as the dosage of adsorbent increases. This observation is due
to the enhancement in the surface area of Fe;O,-SiO,-CTABSIO,-
NH, as well as the high availability of adsorption sites that have
become more accessible [19]. The LG adsorption capacity of Fe;O,-
SiO,-CTABSIO,-NH, increased up to the adsorbent dose of 7.3
mg and then decreased sharply with increasing the dosage of nano-
composite. The reason for this result is the tendency to agglomer-
ate of the nanocomposite particles in the aqueous phase with the
increase in adsorbent dosage, and thus a lowering in the surface
area of Fe;0,-SiO,-CTABSIO,-NH, [24]. Hence, the dosage of
Fe,0,-Si0,-CTABSIO,-NH, was selected to be 7 mg/100 mL for
LG adsorption considering the contact time, the adsorption capac-
ity and the removal percentage. In the present study, in order the
compare the adsorption capacities of the adsorbents, optimum
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200 | r 100
r 80
5 150 A X
5 ©
£ F60 5
S 100 - K
I 40
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50 it o
—e— Removal %
0 T T T T T T 0
0 5 10 15 20 25 30 35

Adsorbent dosage (mg)

Fig. 4. Effect of adsorbent dosage on LG adsorption with Fe;O,-SiO,-
CTABSIO,-NH, (initial concentration: 20 mg/L, solution vol-
ume: 100 mL, agitation rate: 500 rpm, temperature: 22 °C, pH:
(3.480.02)).
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Fig. 5. Effect of pH on LG adsorption with Fe;O,-SiO,-NH,, Fe;O,-
CTABSIO,-NH, and Fe;0,-Si0,-CTABSIO,-NH, (initial con-
centration: 20 mg/L, solution volume: 100 mL, agitation rate:
500 rpm, adsorbent dosage: 7 mg, temperature: 22 °C).

adsorbent dosages of Fe;0,-SiO,-NH, and Fe;0,-CTABSIO,-NH,
were also chosen as 7 mg/100 mL.
2-2. Effect of pH

Changes in the initial pH of dye solution in adsorption system
is crucial due to their effects on the change of the adsorbent sur-
face charge by protonation or deprotonation of various functional
groups on the surface and also on the ionization and speciation of
dye molecules in solution [2]. The effect of initial solution pH on
LG adsorption with Fe,0,-SiO,-NH,, Fe;0,-CTABSiO,-NH, and
Fe;0,-Si0,-CTABSIO,-NH, were shown in Fig. 5. As shown in
Fig. 5, if the initial pH of LG solution changes from 3 to 10, the
adsorption capacities of Fe;O,-SiO,-NH,, Fe;O,-CTABSIO,-NH,
and Fe;0,-SiO,-CTABSIO,-NH, decrease from 110.56, 256.91 and
256.79 to 47.78, 188.87 and 185.24 mg g ', respectively. According
to the zeta potential analysis, the surfaces of Fe;O,-SiO,-NH, (pI=
9.57), Fe;0,-CTABSIO,-NH, (pI=10.09) and Fe,O,-SiO,-CTAB-
SiO,-NH, (pI=10.13) are positively charged due to protonated of
NH, groups at pH lower than the pL. In this case, the reason for the
adsorption of LG ions is the electrostatic interaction of the anionic
dye with the positively charged surfaces of Fe;O,-SiO,-NH,, Fe;0,-
CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH, in pH<pl. When
the initial solution pH increases, the amount of dye adsorbed de-
creases since the zeta potential values of the adsorbents become
less positive. However, different from this general observation, it
was determined that the adsorption of LG increased at pH 8.70
for Fe;0,-SiO,-NH, and pH 9.06 for Fe;O,-CTABSIiO,-NH,. This
result can be explained by considering different types of interac-
tions between Fe;O,-SiO,-NH, and Fe,0,-CTABSIO,-NH, with
LG in this case [22].
2-3. Effect of Contact Time and Adsorption Kinetics

The role of contact time, one of the critical parameters affect-
ing the adsorption efficiency, was tested for LG adsorption onto
Fe,0,-Si0,-NH,, Fe;0,-CTABSIO,-NH, and Fe,0,-SiO,-CTAB-
SiO,-NH, in the range of 0-120 min at solution pH (3.48+0.02).
As can be seen from Fig. 6(a) that the rate of LG adsorption was
fairly fast in the first stage for the adsorption during the first 15 min
for Fe;O,-CTABSIO,-NH, and Fe;O,-SiO,-CTABSIO,-NH, and
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Fig. 6. (a) Effect of contact time and (b) plot of time versus t/q; for
LG adsorption on Fe;0,-SiO,-NH,, Fe;O,-CTABSiO,-NH, and
Fe;0,-Si0,-CTABSiO,-NH, (initial concentration: 20 mg L7,
solution volume: 100 mL, agitation rate: 500 rpm, adsorbent
dosage: 7 mg, temperature: 22 °C, pH: (3.48+0.02)).

the first 5 min for Fe;O,-SiO,-NH, thanks to the intensive interac-
tions between LG molecules and nanocomposites due to the effect
of the unoccupied adsorption sites of the adsorbents [2]. After the
initial stages, LG adsorption rate decreases slowly and then the
adsorption capacity attains to equilibrium at 30 min for Fe;O,-SiO,-
NH, whereas the adsorption of dye rapidly reaches equilibrium at
15 min for Fe;0,-CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH,
because of higher content of amino group grafted onto the meso-
porous sites. In addition, according to this result, thanks to the
mesoporous structure of Fe;O,-CTABSiO,-NH, and Fe;O,-SiO,-

1431

CTABSIO,-NH, prepared in this study, the availability of the active
sites of the adsorbents by LG molecules was increased and the
mass transfer resistance that occurs in the adsorption process was
also effectively reduced [8]. The short equilibrium time shows the
advantage of using Fe;O,-CTABSIO,-NH, and Fe,0,-SiO,-CTAB-
SiO,-NH, in LG removal from wastewaters.

The kinetic adsorption data, which were determined experi-
mentally, were fitted to two common kinetic models for the pur-
pose of explain the rate controller step for the mechanism of the
adsorption, the main parameters presiding the characteristics and
kinetics of adsorption. The linearized forms of pseudo first order
and pseudo second order kinetic models extensively applied to define
dye adsorption on adsorbents are given in Eqs. (3) and (4), respec-
tively [21]:

In(q,—q)=Inq,—k;t ©)

t 1t

—=—+— “@
% kq 9

where k; and k; refer to the first and the second order rate constants,
respectively. These rate constants are determined by the slopes of
the plots In(q,—q,) and t/q, versus t, respectively. The rate constants
(k; and k,), the experimental adsorption capacity (q,,.,), the cor-
relation coefficients (R?) and the calculated adsorption capacities
(qe, cat) are given in Table 2.

The results clearly indicate that the pseudo second order kinetic
model was fitted well with the experimental adsorption data (Fig.
6(b)) since its R* value was higher than that of the pseudo first order
model. Additionally, q, ., determined from the equation of the
pseudo-second-order model was very close to q, ., determined
from the experiments. According to these results, the appropriate
model to define the adsorption kinetics of LG adsorption on Fe;O,-
SiO,-NH,, Fe;O,-CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH,
is the second-order. Additionally, LG adsorption process was proba-
bly predominated with a chemical adsorption phenomenon. The
chemical adsorption could be a rate controlling step in this study
and the adsorption process occurs through chemical interactions
rather than physical forces [2,40,41]. In previously conducted stud-
ies, the conformity of the pseudo second order model for LG ad-
sorption on various adsorbents was reported [7,19,21,23].

2-4. Adsorption Isotherms
In an adsorption study, adsorption isotherms are very practical

Table 2. Kinetic results of pseudo first order and pseudo second order for the adsorption of LG onto Fe;0,-SiO,-NH,, Fe;0,-CTABSiO,-NH,

and Fe;0,-Si0,-CTABSiO,-NH, nanocomposites

Adsorbents
Kinetic model Kinetic parameters
Fe;0,-Si0,-CTABSiO,-NH, Fe;O,-CTABSIO,-NH, Fe;0,-Si0,-NH,

Qe ep (g g7 256.79 256.91 110.56

k; (min™) 0.37 0.28 0.07
Pseudo-first-order Quca (Mg g™ 495.71 251.24 40.96

R? 0.8620 0.8778 0.8529

k, (g mg' min™") 1.52x107° 2.89x10°° 521x107°
Pseudo-second-order Qe ca (Mg g’l) 263.16 263.16 112.36

R? 0.9958 0.9985 0.9999

Korean J. Chem. Eng.(Vol. 38, No. 7)
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Fig. 7. Isotherms plots for the adsorption of LG onto (a) Fe;O,-SiO,-
NH,, (b) Fe;0,-CTABSiO,-NH, and (c) Fe;0,-SiO,-CTAB-
SiO,-NH,.

to explain the adsorption mechanisms, the relation between the
amount of adsorbed dye per unit mass of adsorbent (g, mg g') at
a given temperature under equilibrium conditions and the dye
concentration in the liquid phase (C, mg L™') and affinity of an
adsorbent for a dye and surface properties [1]. The range of solu-
tion initial concentration was chosen as 5-20mg L' for the iso-
therm study. The adsorption isotherms for LG adsorption on Fe;O,-
SiO,-NH,, Fe;O,-CTABSIO,-NH, and Fe;0,-SiO,-CTABSiO,-NH,
were demonstrated in Fig. 7(a)-(c). As can be seen from Fig. 7(a)-
(c) that, when the equilibrium concentrations of LG, C, (mg L),
increases, the equilibrium adsorption capacities, q, (mg g '), in-
creases. This result showed that the adsorbents possess high affin-
ity and very strong adsorption ability for LG [2].

The adsorption isotherms for LG adsorption on Fe;0,-SiO,-NH,,
Fe;O,-CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH, were car-
ried out at 22 °C. In determine to the adsorption mechanism, the
equilibrium data which were obtained from adsorption experiments
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were tested by Langmuir, Freundlich, Temkin and Dubinin-Radu-
shkevich isotherm models and these mentioned models can be
expressed by the following equations, respectively [18,21,24]:

C, 1 C,
+

—= ®)

9. KLqe, max qe, max

lnqezanF-krlllnCe (6)

q.=BIn(K;)+BIn(C,) 7)
1 2

Inq,=1nq,, .~ KDfR[RTln(H 6—)} ®)

where q, . (Mg g ) is the maximum adsorption capacity of LG,
q. (mg g") is the amount of adsorbed onto the adsorbents at equi-
librium conditions, C, is the LG equilibrium concentration (mg L™),
K; (Lmg"), K ((mgg™) (L mg™")"), K; (Lmg™) and Kp., (moF )
are the Langmuir, the Freundlich, the Temkin and the Dubinin-
Radushkevich constants, respectively. n is the Freundlich constant,
and By (J mol ) is a constant relevant to the heat of adsorption.

The correlation coefficients determined for the isotherm mod-
els and the calculated isotherm parameters were given in Table 3.
Depending on the R* values given in Table 3, the experimental
results of the adsorption process showed the best fit to the Lang-
muir isotherm among all isotherm models. The result implies that
LG adsorption onto Fe;O,-SiO,-NH,, Fe;O,-CTABSIO,-NH, and
Fe;0,-Si0,-CTABSIO,-NH, follows monolayer adsorption (chem-
isorption) on energetically uniform adsorbent surface [2]. Similar
results to those obtained in this study for testing the adsorption
isotherm were reported in the literature for LG adsorption [18,19,
22]. It was shown from Table 3, the maximum adsorption capaci-
ties of Fe;0,-SiO,-NH,, Fe;0,-CTABSiIO,-NH, and Fe;O,-SiO,-
CTABSIO,-NH, for LG are 56.18, 196.08 and 227.27 mg g, respec-
tively. q,, uqc Values for LG adsorption with Fe;O,-CTABSIO,-NH,
and Fe;O,-Si0,-CTABSIO,-NH, were found to be larger than that
with Fe;O,-SiO,-NHS,. The higher LG adsorption capacities observed
for Fe;O,-CTABSIO,-NH, and Fe;O,-SiO,-CTABSiO,-NH, can
be ascribed to higher porosity of the adsorbents and the different
binding strength between LG and amine groups on the surfaces of
the adsorbents [4]. The n values obtained by the Freundlich iso-
therm model for all adsorbents were larger than unity (n>1). This
observation indicated that the interaction forces between LG and
the adsorbents are strong and confirm favorable adsorption pro-
cess for synthesized nanocomposites [1,22].

The Dubinin-Radushkevich isotherm model was implemented
to the adsorption equilibrium data to determine whether the ad-
sorption of LG onto the Fe;O,-SiO,-NH,, Fe;O,-CTABSIO,-NH,
and Fe;O,-Si0,-CTABSIO,-NH, is inherently physical or chemi-
cal. The sorption energy, E can be calculated from Kj, ; provides
information about the mechanism of adsorption as chemical ion
exchange or physical [21]:

1
N2Kp_g

The E values calculated by using Eq. (9) are given in Table 3. Ac-
cording to the Table 3, the chemical jon exchange is dominant in

E= ©)
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Table 3. Parameters of adsorption models for the adsorption of LG onto Fe;0,-SiO,-NH,, Fe;0,-CTABSIO,-NH, and Fe,0,-SiO,-CTAB-

SiO,-NH, nanocomposites

Adsorbents
Isotherm model Isotherm parameters
Fe,0,-Si0,-CTABSIO,-NH, Fe,0,-CTABSIiO,-NH, Fe,0,-SiO,-NH,
Qax (Mg &™) 22727 196.08 56.18
Langmuir K; (L mg™) 146.67 10.20 2.28
R? 0.9999 0.9969 0.9996
n 7.82 10.29 13.19
Freundlich K (mg™"" 1" g 233.41 161.37 44.74
R? 0.8872 0.9104 0.9992
B, 16.85 11.29 3.81
Temkin Ky (L mg ") 5.37x10° 2.43x10° 1.20x10°
R? 0.8771 0.8322 0.9992
Qax (Mg &™) 207.97 165.65 53.57
Kp_x (mol’ T2 2x107° 2x107° 1x1077
Dubinin-Radushkevich >R
ubiin-Radusicevic R 0.9033 0.8338 0.9078
E (k] mol") 15.81 15.81 224

Table 4. Comparison of the adsorption capacities determined from Langmuir isotherm of various adsorbents for the adsorption of LG

Max. adsorption capacities

Adsorbents 1 Refs.
(mgg)

Bottom ash 8.40 [7]
Deoiled soya 7.29 [7]
CPB modified wheat straw 70.01 [18]
CPB modified peanut 60.5 [20]
Salvadora persica (Miswak) powder 252.0 [21]
CPB modified peanut husk 146.2 [22]
Kohlrabi peel 36.1 [22]
Rice husk 326 [22]
PEI-modified carbon nanotubes 469 [23]
Fe;0,-SiO,-NH, 56.18 In this study
Fe;O,-CTABSIO,-NH, 196.08 In this study
Fe;0,-Si0,-CTABSIO,-NH, 227.27 In this study

the adsorption of LG onto the adsorbents except Fe;0,-SiO,-NH,
since the E values were determined between 8 and 16 k] mol™, and
these values refer the role of chemisorption in the adsorption [7].

The adsorption performances of Fe;O,-SiO,-NH,, Fe;O,-CTAB-
SiO,-NH, and Fe;0,-SiO,-CTABSIO,-NH, were compared with
the various adsorbents preferred in previous studies for LG ad-
sorption. The comparing of the maximum adsorption capacities
estimated by using Langmuir isotherm model for LG adsorption
of different adsorbents was given in Table 4.

According to the results given in Table 4, the adsorption capaci-
ties determined from Langmuir isotherm of the adsorbents pre-
pared in this study are comparable or higher than the adsorption
capacities of other adsorbents previously used for LG adsorption.
The adsorption capacity of Fe,O,-SiO,-NH, determined by using
Langmuir isotherm model for LG adsorption is very similar to the
adsorption capacity of CPB modified wheat straw [18], CPB mod-
ified peanut [20], Kohlrabi peel and Rice husk [22], whereas the
maximum adsorption capacities of Fe;O,-CTABSIO,-NH, and

Fe;O,-SiO,-CTABSIO,-NH, are better than those of different adsor-
bents given in Table 4 except Salvadora persica (Miswak) powder
[21] and PEI-modified carbon nanotubes [23]. This result can be
explained by the large number of pores, in the structure of the
mesoporous adsorbents prepared, the imposition of a large num-
ber of amino groups on the surface and the high affinity of LG for
these amino groups [3]. As a result, the good adsorption capaci-
ties of Fe;0,-SiO,-NH,, Fe;O,-CTABSIO,-NH, and Fe;O,-SiO,-
CTABSIO,-NH, studied for LG removal showed that they can be
used as potential adsorbents for the adsorption process.
2-5. Effect of Temperature and Adsorption Thermodynamics

In order to investigate the effect of temperature, the adsorption
experiments were performed at 22, 27 and 32°C. The results
determined from the experiments are displayed in Fig. 8(a). It was
observed that LG adsorption onto Fe;O,-SiO,-NH,, Fe;O,-CTAB-
SiO,-NH, and Fe;O,-SiO,-CTABSIO,-NH, increases with increas-
ing the dye solution temperature. This finding can be explained by
the formation of bonds between the active sites used for adsorp-

Korean J. Chem. Eng.(Vol. 38, No. 7)
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° 100 where C,,, is LG concentration adsorbed on the adsorbent at
equilibrium condition (mg L™"). The values of AS° and AH’ were
50{ @ e obtained from the intercept and the slope of the plot of InK, vs. 1/
T (Fig. 8(b)), respectively. The AG” for LG adsorption was calcu-
0 - - . - - lated from Eq. (12).
294 29 298 : (:2) %02 %04 309 The thermodynamic parameters determined for LG adsorp-
7 tion were given in Table 5. It was found that the adsorption of LG
. (b) was spontaneous due to the negative AG’ values determined for
Fe,0,-CTABSIO,-NH, and Fe,0,-5i0,-CTABSIO,-NH,. The in-
5 * a crease of the AG’ value as temperature rises implied that the affin-
4 ity of Fe;O,-CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH, to
N LG increased at high solution temperature. However, the positive
<3 values of AG’ determined for Fe;O,-SiO,-NH, implied that LG
2 o Fo300Si00NHD adsorption was non-spontaneous and there was an energy barrier
S FeST A T ARSI and the hydration of the ions in the solution phase may be partly
1 & Fe304-5i02-CTABSIO2-NH2 responsible for the energy barrier in the active state [42,43]. The
0 LAR L, positive values of AH’ and AS’ for all adsorbents implied that LG
0.00326 0.00328 0.0033 0.00332 0.00334 0.00336 0.00338 0.0p34 adsorption is endothermic progression and the randomness raised
= ~— . — at the solution/solid interface in the process. In physisorption, AH’
2 is generally below 80 k] mol ™', whereas AH’ is in the range of 80-

Fig. 8. (a) Effect of temperature on LG adsorption and (b) plot of 1/T
vs. InK, for the adsorption of LG onto Fe;0,-SiO,-NH,, Fe,O,-
CTABSiO,-NH, and Fe;0,-SiO,-CTABSiO,-NH, (initial con-
centration: 20 mg/L, solution volume: 100 mL, agitation rate:
500 rpm, adsorbent dosage: 7 mg, pH: (3.48+0.02)).

tion on the surfaces of nanocomposites and the LG molecules,
and as a result, the increase in adsorption forces also.

The thermodynamic parameters for LG adsorption onto Fe,O,-
SiO,-NH,, Fe;0,-CTABSIO,-NH, and Fe;0,-5i0,-CTABSIO,-NH,
were calculated from equilibrium data obtained at 22, 27 and 32 °C.
The values of the change in enthalpy (AH’), entropy (AS’) and Gibbs
free energy (AG’), were obtained from Egs. (10)-(12) [22]:

420kJ mol ™" in chemisorption [44]. The high values of AH’ calcu-
lated for Fe;O,-CTABSIiO,-NH, and Fe;O,-SiO,-CTABSIO,-NH,
except Fe;O,-Si0,-NH, reflected that LG adsorption process involves
strong forces of attraction due to the chemical nature.
2-6. Adsorption Mechanism

According to the results, the values of q, determined for Fe,O,-
CTABSIO,-NH, and Fe;0,-SiO,-CTABSiO,-NH, are bigger than
that of Fe;O,-SiO,-NH, under the same experimental conditions.
This observation showed that adsorption capacities of Fe;O,-
CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH, for LG increased
significantly after their modification with CTAB. The different ad-
sorbents modified with cationic surfactant are used for LG adsorp-
tion from aqueous solutions in recent years [18,20,22]. CTAB is a
cationic surfactant with quaternary ammonium structure and often

Table 5. Thermodynamic parameters of LG adsorption onto Fe;O,-SiO,-NH,, Fe;0,-CTABSiO,-NH, and Fe,0,-Si0,-CTABSiO,-NH,

Temperature AG’ AH’ AS° )
Adsorbents (K) (kJ/mol) (kJ/mol) (J/molK) R

295 +3.32 13.00 32.84 0.9941
Fe,0,-5i0,-NH, 300 +3.15

305 +2.99

295 -2.56 271.18 927.93 0.9976
Fe,0,-CTABSIO,-NH, 300 ~7.20

305 —-11.84

295 597 24650 855.84 0.8600
Fe,0,-Si0,-CTABSIO,-NH, 300 ~10.25

305 —14.53
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used to produce various mesoporous silica molecular sieves under
basic situations [8]. In this study, the produced mesoporous struc-
ture decreased the adsorption equilibrium time and increased the
adsorption capacity due to by decreasing the diffusion resistance
and enhancing the number of accessible active sites for LG mole-
cules [45]. Similar results were reported in previously studies for
adsorption of various pollutants onto mesoporous CTAB-func-
tionalized magnetic adsorbents [8,24,45]. The functional groups
on the silica-coated core-shell magnetite nanoparticles interact
with dye molecules in aqueous solution, increasing the adsorption
capacity, selectivity and effectiveness of them. The use of amino
group as a functional group in these nanoparticles allows the
anionic dye to be adsorbed by protonation of amino group at low
pH [3]. Therefore, both CTAB and -NH, should be held responsi-
ble for the adsorptive interactions in explaining the adsorption
mechanism.

The mechanisms for LG adsorption on Fe;O,-SiO,-NH,, Fe;O,-
CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH, are ascribed to
hydrogen bonding, surface complexation, ion exchange, and elec-
trostatic attraction. The high adsorption capacities of Fe;O,-CTAB-
SiO,-NH, and Fe;0,-SiO,-CTABSIO,-NH, compared to the many
adsorbents (Table 4) may be due to hydrogen bonding between N,
S or O atoms of LG and O-H groups on the surface of the nano-
composites where LG molecules are bonded to the surfaces of
Fe,0,-CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH,. The driv-
ing force for the LG adsorption with Fe;O,-SiO,-NH, is the elec-
trostatic attraction between the negative charged LG ions and
positively charged nanocomposite surface because of protonation
of amino groups. It should be noted that the electrostatic interac-
tion is not the dominated factor for the adsorption of LG on
Fe,0,-CTABSIO,-NH, and Fe;O,-SiO,-CTABSIO,-NH, but it con-
tributes. Another mechanism to be considered for the adsorption
process is the ion exchange reaction between the proton of -OH
or -COOH functional groups and LG ions due to releasing the
proton of -OH or -COOH into the solution during the process. It
should be reported that the main driving force for LG adsorption

on Fe;O,-CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH, could
be this ion exchange reaction. Surface complexation between LG
ions and functional groups on the surfaces of the nanocomposites
may be assumed a crucial role in the adsorption. The similar
adsorption mechanisms for adsorption of various pollutants on
mesoporous CTAB-functionalized magnetic adsorbents were re-
ported in literature [3,8,24,45].

2-7. Structural Stability

As the nanocomposites were prepared via different routes, Fe
leaching from the nanocomposites during the adsorption process
was determined to figure out the difference in the stability of three
nanocomposites by collecting the supernatant and analyzing using
AAS. However, as the quantity of iron in the undiluted samples
was below the detection limit of instrument, hence it could be
assumed that the nanocomposites were highly stable under the
adsorption experimental conditions and did not leach out or released
any iron in the system.

To further assess the stability of the nanocomposites, FT-IR spec-
tra of Fe;O,-SiO,-NH,, Fe;0,-CTABSiO,-NH, and Fe;O,-SiO,-
CTABSIO,-NH, nanocomposites were recorded after adsorption
for LG and the results are given in Fig. 9, respectively. FT-IR spec-
tra revealed that all adsorbents retained their innate structures
after adsorption whereas the bands in the post adsorption FT-IR
spectra of Fe;O,-CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH,
adsorbents got sharper around 1,100 cm™, which justifies the more
successful adsorption of LG in comparison with Fe;O,-SiO,-NH,.
Meanwhile, the characteristic peaks of LG appeared with notice-
ably around 720 cm™ and 620 cm™" especially in the spectra of Fe,O,-
CTABSIO,-NH, and Fe;O,-SiO,-CTABSIO,-NH, adsorbents, indi-
cating that the LG does interact more intense with Fe;O,-CTAB-
SiO,-NH, and Fe;O,-SiO,-CTABSIO,-NH, adsorbents than Fe,O,-
SiO,-NH,. In addition, the absorption peaks around 690 and 1,500
cm', which were ascribed to the bending vibration of -NH and -
NH,, almost disappeared after LG adsorption especially for Fe;O,-
CTABSIO,-NH, and Fe;0,-SiO,-CTABSIO,-NH,, which demon-
strated that the amine groups on the surface of Fe;O,-CTABSIO,-

Fe3O4—SiOg—NH3/LG
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Fe304-SiOg-NH3

Fe;04-CTABSiO,-NH./LG

FC304-CTABSi03-NH3
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FC304-SiO:-CTABSiO:-NH3
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Wavenumber (cm™)

Fig. 9. Comparison of the FT-IR spectra of fresh (shown in black) and used (shown in red) nanocomposites.
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NH, and Fe,0,-SiO,-CTABSIO,-NH, formed hydrogen bond with
LG and this result could have also contributed to the higher adsorp-
tion properties [46].

CONCLUSIONS

In this study, the efficient and stable mesoporous Fe;O,-SiO,-
NH,, Fe;O,-CTABSiO,-NH, and Fe;0,-SiO,-CTABSIO,-NH, mag-
netic adsorbents were successfully produced and used as the new
adsorbents for the adsorption of LG from aqueous solutions. In
consideration of the lower density and higher porosity, a better LG
removal capacity of CTAB templated Fe,O,-CTABSIiO,-NH, and
Fe;0,-Si0,-CTABSIO,-NH, than Fe;O,-SiO,-NH, nanocompos-
ite was reasonable. Moreover, the quicker adsorption can be attri-
buted to the higher affinity between the LG and CTAB modified
samples than the one between LG and Fe;O,-SiO,-NH,. The ad-
sorption data determined from batch experiments fits well with
the pseudo second order kinetic model and the Langmuir isotherm,
revealing that the adsorption process is homogeneous and mono-
layer and based on chemical interactions. The maximum adsorp-
tion capacities determined for LG adsorption of Fe;O,-SiO,-NH,,
Fe,0,-CTABSIO,-NH, and Fe;O,-SiO,-CTABSIO,-NH, are 56.18,
196.08 and 227.27 mg g, respectively, which exhibit that both sil-
ica and mesoporous silica coating strategy can play very import-
ant role in improving the adsorptive properties of the adsorbents.
Thermodynamic parameters determined for the adsorption pro-
cess reveal that the adsorption of LG is an endothermic for all ad-
sorbents and spontaneous process for other adsorbents except
Fe;0,-SiO,-NH,. Fe;O,-SiO,-NH,, Fe;O,-CTABSIO,-NH, and Fe;O,-
SiO,-CTABSIO,-NH, are expected to be widely used in LG removal
and may also be applied in selective separation, enrichment, and
purification.
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