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ABSTRACT

In this study, we aimed to remove reactive yellow 160 (RY 160) dye from aqueous solutions, and
for this, collected Azolla was modified with magnetite nanoparticles. The size and structure of
magnetite modified Azolla nanocomposite were studied by scanning electron microscopy and
Fourier-transform infrared spectroscopy. The factors affecting the dye removal efficiency includ-
ing pH, ionic strength, stirring time, solution volume, and adsorbent weight were investigated
using Taguchi fractional orthogonal array design (OA, ). The results of adsorption kinetics at 50
and 100 mg L™ under optimum conditions (pH = 2, ionic strength = no salt addition, the solution
volume = 25 mL, stirring time = 10 min and adsorbent weight = 0.15 g) showed that removal of
RY 160 was performed through a pseudo-second-order kinetic model (g, = 30.2 mg g, R* = 1).
Isotherm models at three contact times of 10, 25, and 50 min showed that adsorption follows the
Freundlich model (n = 1.2, K, = 2.3). Reusability experiments under optimum conditions confirmed
the removal efficiency of more than 95% after 16 repetitive adsorption usage. The results of real
samples showed that this nanocomposite is an effective adsorbent for the rapid removal of RY 160.
Low-cost, reusability and fast elimination have made the synthesized nanocomposite as a useful

adsorbent in RY 160 removal.
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1. Introduction

Industrial wastewaters are the most important environ-
mental pollutants and finding methods for reducing their
hazards is a research priority. Dyes are chemical matters
that are used in many industries including textiles, tannery,
paper and pulp, plastic, and food. They are very considerable
because of their toxicity for living organisms, disturbance
in the performance of current treatment systems, and the
interference in water ecology. For this reason, finding cheap
and affordable methods for dyes removal from wastewa-
ters has particular importance. Most dyes applied in the
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textile industry are non-biodegradable [1]. The most seri-
ous problem is from reactive and acidic dyes [2]. Reactive
dyes are water—soluble and their removal with coagulation
and biodegradation is very difficult. These dyes are chem-
ically persistent and have very low biodegradability [3-5].
The adsorption on inexpensive adsorbents is a suitable and
economical method for colored effluent decontamination
[6-8]. Adsorption by nanoparticles is an environmentally
friendly technology that is considered as an effective factor
in the decontamination of polluted wastewater in recent
years [3,8]. Magnetic nanoparticles due to easy separation
with an external magnet attracted much attention [9,10].
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Iron nanoparticles especially superparamagnetic Fe,O,
nanoparticles (magnetite) have been more prominent due
to abundance, cheapness, non-toxicity, good biocompat-
ibility, lack of residual magnetism after external magnetic
field removal, and high efficiency in the uptake of pollutants
from contaminated waters [11-13].

Azolla is a fern with small leaves of dark green or
reddish-brown with a length of 2.5 cm. This plant was first
identified in 1873 and six species have been recorded world-
wide. Azolla is the fern floating in the freshwater that has
a symbiosis with the algae Anabaena. Azolla fern is one of
the exotic plant species introduced to Iran and has domi-
nated most of the marshes, wetlands, and paddy fields in
the north of the country in recent decades. But there are also
other countries such as Australia, New Zealand, England,
Germany, etc. Suspended roots of Azolla absorb all or most
of the water solids and spend them for growth and repro-
duction. Azolla entered Iran for nitrogen fixation and crop
growth in paddy fields, but today it itself has become
an environmental problem [14-18].

In this study, magnetite Azolla nanocomposites (MNCs)
were synthesized in a very simple and easy process and
were used to remove the reactive yellow 160 (RY 160)
anionic dye for the first time. The idea of using Azolla as
an adsorbent is due to its high adsorption capacity, low
cost, and abundance in Anzali Wetland and other ponds
of Iran. This application can help the environment because
the aquatic ecosystem gets rid of the Azolla problem. For
this purpose, the magnetite Azolla nanocomposite (Azolla@
Fe,O,) was synthesized by the chemical co-precipitation
method. Then, the effect of different variables on the adsorp-
tion process was investigated by Taguchi orthogonal array
design method. Also, isotherm and kinetic models were
evaluated to show the rate and capacity of the adsorption
process. In this study, it was tried to use Azolla ferns as a
natural and inexpensive adsorbent to remove RY 160 pol-
lutants from the aquatic environment. This research could
be a prelude to using this sorbent to remove all kinds of
organic and color pollutants from the aquatic environment.

2. Materials and methods
2.1. Chemicals and instruments

All of the chemicals including iron(IIl) chloride hexa-
hydrate (FeCL-6H,O, 99.0%), iron(Il) chloride tetrahydrate
(FeClL,4H,O, 99.7%), and ammonia (NH,OH, 28% w/w)
were supplied from Merck (Darmstadt, Germany). Azolla
collected from Anzali Wetland, double distilled water, reac-
tive yellow 160 dye (C,,H,,CINNa,O S, RY 160, Fig. 1),
sieve with mesh 20 (equivalent to 0.0341-inch pore diam-
eter), filter with 200 mesh (equivalent to 0.0029-inch pore
diameter), Agate Mortar, 500 mL Pyrex three-necked flask,
6300 pc dual-beam UV-Vis spectrophotometer manufactured
by MAPADA (China), pH Meter (EDT, model GP353, UK),
magnetic stirrer (model L81, LABINCO, The Netherlands),
digital weighing scale with precision 0.0001 g (model
FA2004B, oven (Memmert, Germany), Fourier-transform
infrared spectroscopy (FT-IR) instrument (Shimadzu 8900,
Japan), and nitrogen gas (99%) for deoxygenating the
solutions were used. In order to magnetic separation, a

powerful super magnet (1 cm x 3 cm x 5 cm, 1.4 T) was used.
The surface morphology and size of MNCs were deter-
mined by scanning electron microscopy (SEM) (Philips
XL-30, The Netherlands). Energy-dispersive X-ray spectros-
copy (EDX, model LEO1430VP, England, and Germany) was
used to observe the elemental analysis.

2.2. Azolla powder preparation

Firstly, Azolla (Azolla filiculoides Lam) was collected
from Anzali Wetland and paddy fields of Gilan Province.
Then, it was washed twice with tap water and three times
with double distilled water. For the preparation of Azolla
powder, the purified Azolla was dried at 60°C and grounded
in mortar. The resulting powder was sieved through a
200 mesh to produce a powder of fewer than 74 pm diam-
eter. In order to modify the surface of these particles and
create magnetic properties to facilitate their separation,
magnetite nanoparticles were synthesized on the surface
of Azolla powder by the chemical co-precipitation method.

2.3. Synthesis of magnetite Azolla nanocomposite
(Azolla@Fe, O, MNCs)

Magnetite Azolla nanocomposites were synthesized by
the co-precipitation method from iron(III) and (II) chloride
precursors at a molar ratio of 1:2. Magnetite nanoparticles
were synthesized according to our previous studies [19-21].
First, a solution of 50 mL of iron salts (10.8 g FeCl,-6H,O,
4.0 g FeCl,-4H,0 and 1.5 mL hydrochloric acid (37%))
was prepared in a 50 mL volumetric flask and then trans-
ferred to a separatory funnel and was purged for 20 min
with nitrogen gas to deoxygenate and prevent oxidation
in the solution. An ammonia solution (4.5 M) was pre-
pared and 1 g of prepared Azolla powder was added to it.
This solution was transferred to a three-necked flask and
heated under nitrogen gas to 80°C. Then, the iron salts
were added drop by drop to the ammonia solution under
strongly mechanical stirring. Increasing the dropwise
of iron mixture leads to a decrease in the diameter and
size distribution of MNCs. After the addition of the last
drop, the solution was stirred for 10 min under the same
conditions. Finally, the black precipitates (MNCs) were col-
lected by a 1.4 Tesla super magnet and washed four times
with distilled water, and dried in an oven at 80°C for 4 h.

2.4. Removal of RY 160 dye from aqueous samples
using Azolla@Fe,O, MNCs

In order to find the working absorption wavelength, the
absorption spectra of RY 160 dye was obtained in the wave-
length range of 200-1,100 nm, and based on the spectra,
268 nm was selected as the best wavelength for dye quanti-
tative measurements. All adsorption experiments were per-
formed at room temperature and the amount of adsorbed
RY 160 dye was determined from the difference between the
initial and final dye concentrations in the solution (Eq. (1)):
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where C; and C, are initial and equilibrium concentrations
of RY 160 dye after treatment with adsorbent, respectively.
In the proposed procedure, to gain maximum adsorption
efficiency, various parameters affecting the dye removal
efficiency including pH (2, 3, 4, and 5), agitation or contact
time (5, 10, 15, and 20 min), sorbent weight (0.05, 0.15, 0.1,
and 0.3 g), ionic strength (0, 0.05, 0.1, and 0.25 mol L), and
volume of sample (25, 50, 75, and 100 mL) were studied and
optimized with Taguchi orthogonal array design using L,,
array (five factors at four levels). The main purpose of the
Taguchi design was to determine the optimal conditions.
Accordingly, 16 experiments were designed with Minitab
18 software and the experiments were performed in ran-
dom order to minimize the errors of the method. According
to the results of 16 programmed experiments and the
ANOVA calculations, the optimal conditions (for solutions
containing 50 mg L™ of RY 160 dye) were obtained.

3. Results and discussion
3.1. Characterization of synthesized MNCs

MNCs were studied by SEM to determine the morphol-
ogy, shape, and size estimation of MNCs (Fig. 2). As shown
in Figs. 2a-d, the comparison of SEM images of Azolla before

i SEM MAG: 100.0 kx
WD: 4.88 mm BI: 7.00
| View field: 2.08 pm | Date(m/diy): 06/16/20

Det: InBeam

EHT = 15.00 kV WD = 5mm Signal A = QBSD

and after magnetization showed the presence of magne-
tite nanoparticles with particle size less than 40 nm on the
surface of Azolla@Fe,O,.

The elemental analysis was also used to confirm the
existence of magnetite in the structure of MNCs. The atomic
composition of non-magnetic Azolla was evaluated by EDX
analysis as C (56.3% wt.), O (36.5% wt.), and other elements
including Na, K, Si, Al, Mg, and Ca lower than 9%. The
EDX analysis of Azolla@Fe,O, showed the presence of Fe
(26.3%) in the structure that equals to the presence of 0.46 g
magnetite per grams of Azolla@Fe,O,.
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Fig. 1. Chemical structure of RY 160 dye.
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Fig. 2. SEM image of (a and b) Azolla, (c and d) synthesized Azolla@Fe,O, with (c) 30 and (d) 50 kx magnification.
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FT-IR spectra of bare Fe,0, non-magnetic Azolla,
and Azolla@Fe,O, are shown in Figs. 3a—c. The absorp-
tion bands in the range of 500-600 cm™ is related to Fe-O
vibration bands that are observed in all spectra. After
examining the FT-IR results for the Azolla@Fe O, (Fig. 3c),
it was found that the strong absorption band at 580 cm™
is related to the Fe-O stretching vibration. The absorp-
tion band at 1,020 cm™ corresponds to the C-O vibration.
The absorption band observed at 1,404 cm™ is related
to bending vibrations of (CH,). The absorption bands
at 1,533 and 1,629 cm™ correspond to RCONHR' and
RCONH,, respectively. The absorption bands at 3,409 and
3,425 cm™ are related to the stretching vibrations of the O-H
bond. The results confirm the structure of the Azolla@Fe,O,.

3.2. Optimization of effective factors on the removal
efficiency of RY 160 dye

In this study, the Taguchi orthogonal array design was
used to achieve optimum conditions and increase the per-
formance of dye removal by saving time and cost. In all
optimization experiments, a constant dye concentration
of 50 mg L was considered and a magnetic stirrer with a
constant stirring rate (400 rpm) was used. The pH of the
solutions was adjusted using 0.1 and 0.01 mol L' HCl and
NaOH solutions. After the adsorption period, the solution
was placed on a 1.4 Tesla super magnet to separate the
MNCs. The supernatant was then removed and the resid-
ual concentration of RY 160 dye was determined using
a UV-Vis spectrophotometer at 268 nm. The adsorption
efficiency of the MNCs was obtained from Eq. (1) (Table 1).

After optimizing experiments according to the Taguchi
design, statistical calculations were performed and the
mean of the main effects of each factor at different lev-
els was obtained by Minitab software (version 18) (Figs. 4

Table 1
Taguchi matrix for adsorptive removal of RY 160 dye
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and 5). Based on the results of experiments and calculations
of ANOVA statistical analysis, optimal conditions were
obtained as adsorbent weight = 0.15 g, ionic strength = with-
out the addition of salt, pH = 2, sample volume =25 mL, and
contact time = 10 min.

The effect of ionic strength on RY 160 dye removal effi-
ciency was investigated by the addition of different amounts
of NaCl to 50 mg L RY 160 solutions. The results (Fig. 4a)
showed that as the concentration of NaCl increased, the rate
of dye removal decreased. Increasing the salt concentration
causes a coating form on the MNC surface and prevents
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Fig. 3. FT-IR spectra of (a) Fe,O,, (b) Azolla, and (c) Azolla@Fe,O,
MNC.

Run Contact time Sample Sorbent pH Ionic strength Removal
(min) volume (mL) mass (g) (mol L) (%)
1 5 25 0.05 2 0 88.7
2 5 50 0.1 3 0.05 443
3 5 75 0.15 4 0.1 22.0
4 5 100 0.3 5 0.25 239
5 10 25 0.1 5 0.25 359
6 10 50 0.05 4 0.1 19.0
7 10 75 0.3 2 0.05 88.3
8 10 100 0.15 3 0 65.8
9 15 25 0.15 4 0.05 20.5
10 15 50 0.3 5 0 9.9
11 15 75 0.05 3 0.25 28.0
12 15 100 0.1 2 0.1 61.9
13 20 25 0.3 3 0.1 439
14 20 50 0.15 2 0.25 73.8
15 20 75 0.1 4 0 6.3
16 20 100 0.05 5 0.05 14.6
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Fig. 4. Curves of an average of the main effects of ionic strength, contact time, and pH at different levels on the removal

efficiency of RY 160 dye.

electrostatic interaction between the adsorbent surface and
the dye. The results showed the best results are obtained
without salt addition. Also, with increasing contact time
(Fig. 4b), not only there was no increase in the removal effi-
ciency, but also due to the relative desorption of dye in the
solution, there was a slight increase in the absorbance value
of the remaining solution, resulting in removal reduction.
Therefore, the optimal contact time for removal was 10 min.
Dye adsorption in aquatic solutions depends entirely
on the pH of the solution, as pH affects the surface
charge of adsorbent and changes the ionization degree of
RY 160. Changes in solution pH affect the process of sur-
face adsorption and dissociation of dependent groups at
the active surfaces of the adsorbent. As a result, this leads
to a change in the kinetics of the adsorption process and
the equilibrium properties between the adsorbent and the
adsorbate (RY 160 dye). Fig. 4c shows that in acidic pHs,
due to the high concentration of H' ions in the solution,
the active groups at the surface of the MNCs have a par-
tial positive charge and are more prone to the binding of
RY 160 anionic dye via electrostatic interactions. A large
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reduction in RY 160 dye adsorption efficiency at pHs higher
than 2 is explained by the reduction of protonated sites in
the surface of Azolla@Fe,O, MNCs. This result is in agree-
ment with our previous study in the removal of RY 160
with magnetite CMK-8 ordered mesoporous carbon [19].

The effect of adsorbent weight on the RY 160 dye
removal is shown in Fig. 5a. The adsorbent weight plays a
significant role in the adsorption process due to its relation-
ship with the adsorbent capacity. At an adsorbent weight
of 0.15 g, a significant amount of RY 160 dye was adsorbed,
so the weight of 0.15 g of the adsorbent was selected as the
optimal value. No significant change in the removal effi-
ciency was observed with increasing adsorbent weight,
despite there was an expectation of an increase in the
removal efficiency with an increase in the area of active and
effective surface area.

To investigate the effect of sample volume, dye solutions
with a concentration of 50 mg L™ were prepared in volumes
of 25-100 mL. According to the obtained results (Fig. 5b),
in smaller volumes, due to less space for particle motion,
the possibility of collision of the dye with the proposed

b
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60 —

The average removal (%) A=)

25 50 75
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Fig. 5. Curves of an average of the main effects of adsorbent weight (a) and sample volume (b) at different levels on the

removal efficiency of RY 160 dye.
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adsorbent increases, and the removal efficiency increases.
Therefore, the volume of 25 mL was selected as the optimal
sample volume for the next steps.

3.3. Confirmation of the optimum conditions

To investigate the reliability of the obtained optimum
values, five repetitive adsorption experiments were done
on the 50 mg L™ of RY 160 dye solutions at the optimum
conditions (sample volume: 25 mL, pH = 2, adsorbent dos-
age: 0.15 g, contact time: 10 min, and ionic strength: with-
out salt addition). After the adsorption process, the dye
residual concentration was determined spectrophotomet-
rically and the removal efficiencies were obtained using
Eq. (1). The results exhibited a mean removal efficiency
of 97.8% + 0.5.

3.4. Kinetic studies

Adsorption kinetic models are used to understand the
mechanism of the sorption process, such as adsorption,
chemical reaction, or penetration mechanism. In order to
determine the controlling mechanism of the adsorption
process, four kinetic models including pseudo-first-order,
pseudo-second-order, Elovich, and intraparticle diffusion
models were investigated (Table 2).

Parameters and correlation coefficients of these models
were calculated at a constant temperature of 25°C + 2°C in
the time intervals of 30 s, 1, 2, 3, 4, 5, 10, 15, 25, 45, 60, and
90 min at two conditions including (a) 25 mL RY 160 dye
sample (50 mg L™), using 0.15 g MNCs and (b) 100 mL RY
160 dye sample (100 mg L) using 0.3 g MNCs. The results
are shown in Table 2, where g, and g, indicate adsorption
capacities at equilibrium and time t (mg g™), respectively.
On the other hand, K, (min™) and K, (g mg™ min™) show
the rate constant of pseudo-first-order and second-order
adsorption, respectively. In the pseudo-second-order kinetic
model, it is assumed that the adsorption process is con-
trolled by chemical sorption.

As shown in Table 2, the correlation coefficient (R?) of
the second-order kinetic model was more than the other
models (R* =1, Fig. 6). So, it was chosen as a suitable model.

Table 2
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By this model, when the initial dye concentration rose
from 50 to 100 mg L7, the value of K, (g mg™ min™) for the
pseudo-second-order model was reduced from 10.81 to
0.056 g mg™ min™. Also, q, , (mg g™') raised from 8.78 to
30.21 mg g. This result indicates the applicability of the
pseudo-second-order kinetic model to describe the adsorp-
tion process. In addition, it shows that chemical reaction
occurs during adsorption of RY 160 dye on the surface of
Azolla@Fe,O, MNCs.

3.5. Study of adsorption isotherms

The relationship between the adsorbed chemical and its
equilibrium concentration in solution at constant tempera-
ture is defined as an isothermal adsorption model that is
important in designing an adsorption system. The pattern
of the isotherm shows information about the tendency of
the surface to be adsorbed and the possible methods of
adsorption. The most common way to examine surface iso-
therms is to determine the concentration of the species in the
solution before and after the removal process. To study the
adsorption isotherms, the experiments were performed at
three times 10, 25, and 50 min using solutions with concen-
trations of 10, 25, 50, 75, 100, and 250 mg L of RY 160 dye.
Langmuir (Eq. (2)), Freundlich (Eq. (3)), and Temkin (Eq. (4))
adsorption isotherm models were studied, and based on
the results, adsorption follows Freundlich isotherm model
(Fig. 7, Table 3). So, the adsorption process is multi-layered.

Cc 1

—tm ot @)
9. Kg, 4,
1
logg, = log(Kf)-i—;log(Ce) 3)
RT RT
- 4
T " bin(k,) bin(C) @

where C, q, q, and K, are the equilibrium concen-
tration of RY 160 dye solution (mg L), adsorption

Equations and the results of kinetic calculations in two RY 160 concentrations of 50 and 100 mg L™

Kinetics Equation Parameters 50 mg L' RY 160 100 mg L' RY 160
Values R? Values R?
K K, (min™) -0.2948 0.9369  -2.169 0.8255
. _ 1
Pseudo-first-order log(qe - qt) = log(qe) ~53 t g, (mg g) 0.375 0.865
; 1 1 g,(mgg™) 30.21 1 8.78 1
Pseudo-second-order =~ — = ( 3 J + [j K, (gmin" mg™)  0.056 10.81
9 (k. ) \4.
1 1 a (mg g min™) Curve is 0.8003 Curve is 0.4574
Elovich q, = Zh'l(ﬂb) + Ell’lt b (g mg™) non-linear non-linear
Intraparticle diffusion o5 C(mgg") 8.4614 0.1936  20.542 0.5108
q,= kgt "+ C
model k 0.0524 1.3665

dif
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Fig. 6. Pseudo-second-order kinetic model for RY 160 dye removal in concentrations (a) 50 mg L' (25 mL) and
(b) 100 mg L' (100 mL).
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Fig. 7. Freundlich adsorption isotherms, contact time (a) 10 min, (b) 25 min, and (c) 50 min.
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Table 3
Results of adsorption isotherm

Langmuir isotherm

Freundlich isotherm

Temkin isotherm

¢_.1.,C 1 log(K,) 1 C,) RT_, KT
Ze__ = 4 e - L2 =
9. K, g, o84, =1og(K:)+J108(C.) =410y bin(C)
Time (min) q, (mg g™ K, (L mg™) R? n R K, (Lg" RT/b R?
10 62.89 0.0294 0.6959 1.99 121 0.9660 0.783 9.9031 0.8364
25 65.36 0.0310 0.7122 2.12 1.20 0.9735 0.866 9.9539 0.8244
50 63.69 0.0363 0.6997 2.31 1.19 0.9657 0.926 10.242 0.8478
Table 4
Results of removal of 50 mg L' RY 160 dye from real sample
Real samples Sample absorbance Sample absorbance Removal
after spiking dye after dye removal efficiency (%)
Tolamshahr River water 1.34 0.22 83.5+0.8
Sepidrud River water 1.24 0.23 81411
Well water 1.10 0.20 81.8+0.8
Tap water 1.08 0.12 90.0+£0.4

capacity at the equilibrium time (mg g), maximum mono-
layer adsorption capacity (mg g™), and equilibrium adsorp-
tion constant (L mg™), respectively. In the Freundlich
model, K, and 1/n are Freundlich constant (L g”) and the
intensity of adsorption, respectively. In Temkin isotherm, b
(J mol™) is Temkin constant which is related to the heat of
sorption and K, (L g™') is Temkin isotherm constant.

According to the isotherm data, the adsorption data
obey the Freundlich isotherm model that shows multi-layer
adsorption on the heterogeneous surface. In this study,
n value of 1.2 at 10, 25, and 50 min shows good adsorption.

3.6. Investigating the adsorption efficiency on real samples

The capability of the synthesized adsorbent to
remove RY 160 dye from real samples was investigated with
different matrixes including two river waters (Tolamshahr
and Sepidrud Rivers), well water, and tap water. These
samples were provided from Rasht city (Gilan Province,
Iran). For this, firstly, samples were contaminated with
50 mg L? RY 160 dye and then removal experiments were
performed under optimum conditions (pH = 2, with-
out additing salt, sample volume = 25 mL, adsorbent
weight = 0.15 g, and contact time = 10 min). The dye con-
centration before and after the process was determined by
UV-Vis spectrophotometer. Results of removal efficiency
of RY 160 dye in real samples are summarized in Table 4.

3.7. Reusability of Azolla@Fe,O, MNCs for RY 160 dye removal

Reusability of an adsorbent without a significant
decrease in its sorption efficiency is an important fac-
tor in adsorption studies. In order to find the reusability
of the proposed Azolla@Fe,O, MNCs, several repetitive

experiments were conducted at optimum conditions. After
desorption of RY 160 dye with 0.05 M NaOH solution,
the recovered MNCs was reused and the observations
indicate that after 15 repetitive adsorption process, the
removal efficiency was higher than 95%.

3.8. Comparison of the applicability of synthesized Azolla@Fe,O,
MNCs with other adsorbents for RY 160 dye removal

The efficiency of synthesized Azolla@Fe,O, MNCs for
removal of RY 160 dye was compared with other adsor-
bents and the results are summarized in Table 5. According
to this table, it can be observed that the removal efficiency
of synthesized Azolla@Fe,O, is more than magnetite
mesoporous carbon [19]. Also, its adsorption was more
than other adsorbents for different reactive yellow dyes
[24,26,29]. Comparing Azolla@Fe,O, with chitosan@Fe,O,
as natural adsorbents showed that the removal efficiency
of Azolla@Fe,O, is more than chitosan@Fe,O, [26]. As seen,
the synthesized Azolla@Fe,O, has acceptable adsorption
capacity and its ability is comparable with other adsorbents.

4. Conclusion

In this research, a nanocomposite of Azolla@Fe,O,
was synthesized by a simple method and was applied
for the first time for the removal of RY 160 dye. The cost-
effectiveness and availability of this nanocomposite are
one of its unique properties. The results of this research
showed that 0.15 g MNCs can remove RY 160 dye from
solution with a removal efficiency of more than 97% in a
short time (10 min). Synthesized Azolla@Fe,O, MNCs can
be reused 15 times with removal efficiency higher than
95%. The results of adsorption kinetics revealed that the
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Comparison of kinetics and isothermic models of synthesized Azolla@Fe,O, MNCs with other adsorbents for RY 160 dye removal

Adsorbent Dye Kinetic model Isothermic g, (mgg™) Reference
model
Magnetite mesoporous carbon Reactive yellow 160 ~ Pseudo-second-order ~Langmuir  62.89 [19]
Magnetite mesoporous carbon@SO,H  Safranin O Pseudo-second-order  Freundlich  88.50 [20]
Fe,0,@S5i0,@SBA-3-SO,H Safranin O Pseudo-second-order  Freundlich - [21]
Fe,0,@Si0,-APTES Reactive black 5 Pseudo-second-order Langmuir  56.49 [22]
Magnetic graphene oxide Reactive black 5 Pseudo-second-order Langmuir 164 [23]
Fe,0,@SiO,@IL NPs Reactive yellow 15 Pseudo-second-order Langmuir  63.69 [24]
CTAB@Fe,O, Reactive red 198 Pseudo-second-order Langmuir  63.9 [25]
Chitosan@Fe,O, Reactive yellow 145 - Langmuir  47.62 [26]
IL@Fe,O, Reactive black - Langmuir  161.29 [27]
Ionic liquid coated Fe,O, MNPs Reactive orange 122  Pseudo-second-order = Freundlich 51.54 [28]
1-Octyl-3-methylimidazolium Reactive red 141 - Langmuir  71.4 [29]
bromide coated Fe,O, Reactive yellow 81 - Langmuir  62.5
Fe,0,@5i0,@TiO,-NH, Acid fuchsin Pseudo-second-order  Freundlich 188.67 [30]
Coffee@Fe,0, MNCs Methylene blue Pseudo-second-order ~Langmuir  88.49 [31]
Peanut husk@Fe,O, MNCs 74.62
Pumice powder Methylene blue Pseudo-second-order Langmuir  >90 [32]
Manganese-coated pumice Malachite green Pseudo-second-order Langmuir  99.9 [33]
Azolla@Fe,O, Reactive yellow 160  Pseudo-second-order  Freundlich 97.8 This research

pseudo-second-order model describes the adsorption of RY
160 dye on this adsorbent. Also, adsorption followed the
Freundlich isotherm model and so, the adsorption process
is multi-layered. Regarding the high cost of other removal
methods, readily separation of Azolla@Fe,O, MNCs from
the solution using an external magnet, and also its reusabil-
ity for several times, making it an economical and effective
adsorbent in anionic dyes removal from aquatic solutions.
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