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Effect of a pH-controlled co-precipitation process
on rhodamine B adsorption of MnFe,O4
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We investigated the effect of a pH-controlled co-precipitation process on the adsorption behavior of
manganese ferrite (MnFe,O,4) nanoparticles as well as their structural and magnetic properties. The pH of
prepared MnFe,O4 nanoparticles is typically an important factor affecting the adsorption capacity of an
adsorbent. In this study, MnFe,O, nanoparticles were prepared using a co-precipitation method at four
different pH values of 9.0, 9.5, 10.0, and 10.5. The adsorption behaviors on rhodamine B (RhB) by
MnFe,O,4 nanoparticles prepared at different pH values were investigated. It was found that, via a pH-
controlled process, MnFe,O4 nanoparticles prepared at pH 10.5 showed the highest RhB removal
efficiency. The results indicated that the large pore size and surface charge of MnFe,O,4 nanoparticles
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improved the adsorption capacities for RhB. Kinetic data were fitted to a pseudo-second order kinetic

model and revealed that equilibrium was reached within 60 min. The isotherm data showed that the
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1. Introduction

Many textile industries use processes, such as dyeing silk,
wool, jute, leather and cotton that are major sources of severe
worldwide water pollution problems.® The release of many
dyes in the water is very harmful because these strong colored
components create dangerous byproducts through oxidation,
and inhibit benthic photosynthesis.>* The toxic and carcino-
genic degraded products of dyes from industrial effluents
released into clean water affect the central nervous system in
humans and the environment.*® Rhodamine B (RhB),
a cationic dye, is a major source of environmental pollution
because of its stability and resistance to biodegradation.® It
can be toxic to human beings and animals, and causes the
irritation of skin, eyes and respiratory tract.”* Thus, the
development of efficient methods for RhB elimination is
urgently needed. Several techniques such as advanced
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Langmuir maximum adsorption capacity of the MnFe,O,4 nanoparticles prepared at pH 10.5 for RhB was

oxidation processes,>'® direct coagulation/flocculation-sand
filtration or ozonation,"** membrane separation,*® coagula-
tion and flocculation,'® as well as adsorption,”** have been
used to remove dyes from wastewater. Adsorption processes
are considered to be an effective, promising and economical
alternative, which can be used to remove dyes in water.>*>*
Recently, magnetic nanoparticles have been used to remove
dyes from water. Among ferrites utilized for dye removal,
manganese ferrite (MnFe,0,) is the most prominent ferrite
because of its highest magnetization, high catalytic activity,
and good durability. Moreover, MnFe,O, provides an advan-
tage for repeating magnetic separation with good stability.>*>®
It has been shown that MnFe,O, nanoparticles can be
prepared via several methods such as hydrothermal,**** sol-
gel,>?* and co-precipitation.>*>* Among these methods, co-
precipitation has been widely utilized for the preparation of
magnetic ferrite. When compared to other methods, the
products obtained from a co-precipitation method are rela-
tively uniform, and can be prepared easily and scaled up for
industrial purposes. From previous reports, the physical
properties of MnFe,O, nanoparticles were strongly dependent
on the pH preparation value.**** Therefore, controlling the pH
value within the co-precipitation process is important for the
synthesis of MnFe,O0, nanoparticles with the desired
morphology and size for efficient adsorption. To the best of
our knowledge, the characteristics and adsorption properties
of MnFe,0, nanoparticles prepared at various pH values for
RhB removal have not been investigated.
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In this study, the MnFe,O, nanoparticles prepared at
different pH values of 9.0, 9.5, 10.0, and 10.5 were synthesized
by a co-precipitation method. The effect of controlling the pH
during the co-precipitation process was studied to determine
the crystal structure, morphology, magnetic properties of the
MnFe,0, nanoparticles. The adsorption capacities, adsorption
kinetics and adsorption isotherms of the obtained MnFe,0,
nanoparticles were evaluated based on the efficiency of the RhB
removal.

2. Experimental
2.1 Preparation of MnFe,O, nanoparticles

MnFe,0, nanoparticles were prepared using a co-precipitation
method. Firstly, 25 mM of manganese nitrate hydrate
(Mn(NO3),-xH,0, Sigma-Aldrich, USA, 98%) and 50 mM of iron
nitrate nonahydrate (Fe(NOs);-9H,0, Sigma-Aldrich, USA, 98%)
were dissolved in deionized water. These solutions were mixed
together using magnetic stirring at a constant speed. Then, the
mixed solution was heated to 70 °C for 15 min, and then added
dropwise 0.2 M of sodium hydroxide (NaOH, Sigma-Aldrich,
97%). The pH of each solution was adjusted to form different
values of 9.0, 9.5, 10.0, and 10.5. Correspondingly, the MnFe,O,
samples produced during the pH-controlled preparation
process were denoted as MnFe,04-pH 9.0, MnFe,O0,-pH 9.5,
MnFe,0,-pH 10.0, and MnFe,0,4-pH 10.5. The mixture solutions
were then stirred magnetically for 24 h at room temperature.
The obtained precipitates were washed with deionized water by
centrifugation several times and were dried at 80 °C for 24 h. A
flow diagram of MnFe,0, nanoparticles preparation at the pH
values of 9.0, 9.5, 10.0, and 10.5 by co-precipitation method are
shown in Fig. 1.

2.2 Characterization

The crystal phases of all samples were characterized by X-ray
diffraction (XRD, JEOL JDX-3530) with Cu K, irradiation (A =

Mn(NO;),*xH,0 (25 mM) + Fe(NO;)3°9H,0 (50 mM)
+ Deionized water + Deionized water

[ | J

I Magnetic stirring and heating at 70°C for 15 min I

I Adjusting the pH to 9.0, 9.5, 10.0, 10.5 with 0.2 M of NaOH I

| Magnetic stirring and heating at 100°C for 2 h |

| Continuously stirring at room temperature for 24 h |

| Washing the particles with deionized water by centrifugation |

]

Drying the particles at 80°C for 24h

Fig.1 Flow diagram of the MnFe,O,4 nanoparticles preparation by co-
precipitation at the pH values of 9.0, 9.5, 10.0, and 10.5.
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1.5418 nm). The morphology and particle size were determined
by scanning electron microscopy (SEM, JEOL JSM-6335F) and
transmission electron microscopy (TEM, JEOL JEM-2010). The
Brunauer-Emmett-Teller (BET) specific surface area and pore
size of the prepared samples were analyzed by nitrogen
adsorption-desorption isotherms obtained using an autosorb 1
MP (Quantachrome). The zeta potential determined by zetasizer
nano instrument (ZS Malvern) was used to evaluate the
isoelectric point (IEP) of the MnFe,0, nanoparticles. A vibrating
sample magnetometer (VSM, Lakeshore VSM 7400) was
employed to measure the magnetic properties of the obtained
samples. The Fourier transform infrared (FTIR) spectra of the
samples were recorded in the 4000-400 c¢cm "
region using KBr disks as standard on a Thermo Scientific
model Nicolet 6700 FT-IR spectrophotometer. Surface compo-
sition and oxidation state were carried out using X-ray photo-
electron spectroscopy (XPS, Kratos Axis ULTRAP'P) with
a monochromatic Al K, source (1486.6 eV). All XPS spectra for
the samples were referenced by setting the adventitious carbon
C (1s) peak to 284.8 eV.

wavenumber

2.3 Adsorption experiments

The adsorption properties of MnFe,O, nanoparticles prepared
at different pH values for RhB removal were examined using
a batch adsorption experiment. Initially, at room temperature,
100 mg of the adsorbent was added to 100 mL of RhB reaction
solution with a concentration of 2 x 107> M. During the
adsorption process, samples were taken at 5 min intervals for
60 min. The MnFe,0, nanoparticles were separated from the
RhB solution by centrifugation at 3000 rpm for 5 min. The
solute concentration was determined by a UV-vis spectropho-
tometer (Thermo Scientific Evolution 201) at Ay = 550 nm.
The adsorption capacity and removal efficiency were calculated
using the following equations:***°

(Co—C)V

e = W (1)

(G- C)

E=
Go

x 100% (2)
where g, is the equilibrium adsorption capability (mg g™ "), C,
and C. are the initial and equilibrium concentrations of RhB
(mg L"), Wis the mass (g) of the magnetic adsorbent, and V is
the volume of the solution (mL).

3. Results and discussion
3.1 Crystal structure

The XRD pattern of the MnFe,O, powders prepared at different
pH values are shown in Fig. 2. The considered diffraction peaks
with 26 values for MnFe,O,-pH 10.5 were 18.08°, 29.74°, 35.02°,
36.66°, 42.57°, 52.82°, 56.26°, and 61.74° corresponding to the
crystal planes (111), (220), (311), (222), (400), (422), (511), and
(440), respectively. According to the JCPDS standard (card no.
88-1965), the crystal structure of MnFe,O, powders can be
indexed as spinel structure belonging to the face center cubic
(FCC) system. No diffraction peak was attributed to manganese

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 XRD patterns of MnFe,O,4 nanoparticles prepared by prepara-
tion by co-precipitation at the pH values of 9.0, 9.5, 10.0, and 10.5.

oxide and/or iron oxide materials. This suggests that the well-
crystallized MnFe,O, phase with a spinel structure has
formed during the co-precipitation process.

As seen from Fig. 2, the XRD diffraction pattern of MnFe,0,-
PH 9.0 shows the lowest intensity due to its small crystallite size
with low crystallinity. On the other hand, the intensity of the
(311) peak increased with increasing pH values from 9.5 to 10.5,
indicating high crystallinity and large crystallite sizes for
particles obtained under these preparation conditions. These
results imply that the crystallite size and crystallinity of
MnFe,0, nanoparticles can be adjusted with the pH value used
during the co-preparation process. The crystallite size of all
samples was calculated using the Debye-Scherer formula.** The
calculated crystallite size of MnFe,0, at the pH values of 9.0,
9.5, 10.0, and 10.5 were 29.5, 41.2, 54.2, and 103.7 nm, respec-
tively (Table 1).

3.2 Morphology

The morphology and particle size of MnFe,0, nanoparticles
with varying pH values (pH 9.0, 9.5, 10.0, and 10.5) were
investigated by SEM and TEM images, and are shown in Fig. 3
and 4 as well as Table 1. Fig. 3 displays the SEM images of
MnFe,0, prepared at different pH values of 9.0, 9.5, 10.0, and
10.5. The images indicated that synthesized manganese ferrites
composed of agglomerated small particles. The
morphology of MnFe,O, nanoparticles appears to be not-so-

were
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Fig. 3 SEM images of (a) MnFe,O4-pH 9.0, (b) MnFe,O4-pH 9.5, (c)
MnFe,O4-pH 10.0 and (d) MnFe,O4-pH 10.5.

hard-grained clusters. These nanoparticles consist of the
spherical particles with average diameters of 69, 98, 149, and
247 nm for the preparation at pH values of 9.0, 9.5, 10.0, and
10.5, respectively. Furthermore, TEM images can reveal internal
structures, and provide more accurate measurement of particle
sizes and morphology. The morphology of MnFe,O, nano-
particles from TEM images displayed spherical-like shapes. The
average particle sizes of MnFe,O, nanoparticles were 4.4, 4.5,
5.5, and 6.4 nm at the pH values 9.0, 9.5, 10.0, and 10.5,
respectively (Fig. 4e-h). Fig. 4a-d show that the agglomerated
particles diameter of MnFe,O, increased as the pH value
increased. The increase in the pH of the mixture solution
resulted in more agglomeration of particles as the average
particle size increased.*”** The agglomeration of MnFe,0,
nanoparticles affects the BET-specific surface area (SSA) (these
results are shown in the Section 3.3 BET-specific surface area
and pore size). The corresponding HRTEM images in Fig. 4i-1
show lattice spacings of the MnFe,O, nanoparticles prepared at
PH 9.0 to 10.5. The d spacing of approximately 0.25 nm corre-
sponds to the (311) plane of MnFe,O,.

3.3 BET-specific surface area and pore size

Fig. 5 shows the N, adsorption—-desorption isotherms area and
the pore size distribution of the as-prepared MnFe,O, nano-
particles. The N, adsorption—-desorption isotherm of MnFe,O,
nanoparticles was matched to a type IV hysteresis loop

Table 1 Physical properties of MnFe,O4 nanoparticles prepared by a co-precipitation at different pH values

XRD-crystallite TEM-particle

Average pore

MnFe,0, size (nm) size (nm) SSA (m*g ™) size diameter (nm) M, (emu g )
pPH 9.0 29.5 4.4 182.82 2.934 24.58
pPH 9.5 41.2 4.5 139.25 3.371 30.60
pH 10.0 54.2 5.5 157.59 3.849 36.72
pH 10.5 103.7 6.4 53.99 5.094 41.48

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 TEM images and lattice fringes of MnFe,O,4 nanoparticles
prepared at the pH values of pH 9.0 (a, e and i), pH 9.5 (b, f and j), pH
10.0 (c, g and k), and pH 10.5 (d, h and 1).

(according to the IUPAC classification) indicating a mesoporous
structure. The BET-specific surface areas of the MnFe,O,
nanoparticles prepared at different pH values corresponded to
the average pore size diameter as listed in Table 1. The
MnFe,0,-pH 9.0 shows a specific surface area of 182.82 m* g~*

—=— MnFe,0, - pH9.0 - Ads.
20015 MnFe,0, - pH9.0 - Des.
—e— MnFe,O, - pH9.5 - Ads.
—0— MnFe,0, - pH9.5 - Des.
—v— MnFe,0, - pH10.0 - Ads.
—v— MnFe,0, - pH10.0 - Des.
120 1—s— MnFe,O, - pH10.5 - Ads.

160

Volume adsorbed (cm? g”!, STP)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P,)

Fig. 5 N, adsorption—desorption isotherms for MnFe,O, nano-
particles prepared at pH 9.0, 9.5, 10.0, and 10.5.
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and increasing the pH to 10.5 shows a surface area notably
diminished to 53.99 m® g~'. This is possibly because of the
progressive aggregation of small crystallites into larger parti-
cles. The average pore size diameter was observed to increase as
the pH increased. Furthermore, the most significant increase to
a pore size of 5.094 nm was noted at the highest pH of 10.5. This
result suggests that the larger pore size is beneficial to an
improved ability of RhB to adsorb to the surface of MnFe,O,
nanoparticles. In addition to pore size of the adsorbent, other
factors such as initial dye concentration and surface charge of
the adsorbent influence the adsorption capacity of adsorbent
materials.**™¢

3.4 Magnetic properties

The magnetic properties of MnFe,O, nanoparticles were
investigated by using a vibrating sample magnetometer (VSM)
at room temperature under magnetic fields up to £10 kOe as
shown in Fig. 6a. All MnFe,0, samples exhibited soft magnetic
behavior with a narrow hysteresis loop. The values of saturation
magnetization (M) of MnFe,0, nanoparticles prepared at pH
9.0, 9.5, 10.0, and 10.5 are shown in Table 1. The saturation
magnetization of the MnFe,0, nanoparticles increased as the
increased pH value of the prepared MnFe,0,. MnFe,O,-pH 10.5
showed the highest M; value (41.48 emu g~ ) due to the large
magnetic dipole moments from the large particle size and the
high crystallinity of the particles. The results also demonstrate
a faster magnetic attraction by external magnetic field and
probably a more effective removal of the MnFe,O, particles
from the large volume of water. In Fig. 6b, MnFe,O,-pH 10.5 was
separated in solution after applying a magnetic field. It can be

a s
40] @-MnFe,0, pH9.0 z
= b - MnFe,O, pH 9.5
g 301 c
o ¢ - MnFe,O, pH 10.0 d
£ 207 d-MnFe,0,pH 10.5
Q
~ 10
=
L2 0
=
S
sn -20
g -304
-40 4
-50 " r : T
-10000 -5000 0 5000 10000
Magnetic field (O,)
RhB solution Before After b
2x10° M MnFe,0,-pH 10.5+RhB MnFe,0,-pH 10.5+RhB

Fig. 6 (a) M—H curves of MnFe,O4 nanoparticles prepared at different
pH values and (b) photograph of MnFe,O,4 nanoparticles separation in
RhB solution by using a magnet.

This journal is © The Royal Society of Chemistry 2018
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seen that the magnetic powders of MnFe,O,-pH 10.5 immedi-
ately moved towards the magnet and the RhB solution became
clear.

3.5 Adsorption kinetics

In Fig. 7, the maximum removal percentage of RhB (96.92%)
was observed for MnFe,0,4-pH 10.5. The adsorption capacity of
MnFe,0, nanoparticles over RhB could be partially explained by
the surface charges characterized by zeta potential. The point of
zero charge (pzc) values of MnFe,0, nanoparticles prepared at
pH 9.0, 9.5, 10.0, and 10.5 were 5.58, 6.13, 6.69, and 5.18,
respectively. The pH value of the suspension of the MnFe,0,
nanoparticles and RhB solution was measured to be approxi-
mately 8.8 which explains the negatives charges on the surface
of the MnFe,0,. For this reason, the cationic RhB molecules
would preferentially adsorb onto the negatively charged
MnFe,0, nanoparticles through electrostatic interaction.*

In order to further analyze the adsorption kinetics for
removing RhB by MnFe,0, nanoparticles, two kinetic models,
the pseudo-first-order and pseudo-second-order, models, were
applied. The adsorption capacities of MnFe,0, nanoparticles
for RhB adsorption are shown in Fig. 8a. The pseudo-first order
equation is generally represented according the following
equation*** (eqn (3)):

& kilge ) ®)
where k; and g, are the rate constant of pseudo-first order
kinetics (min~") and adsorption capacity at time ¢ (min),
respectively. After integration by applying the conditions, g, =
0at¢t=0and g, = g, at t = t, the eqn (3) becomes

_ ki
foe(a: ~ 1) = loz(a) - (5305 ) @
The k;, calculated ge (ge, car), and correlation coefficients (R*)

of MnFe,0, with varying pH values were determined as shown
in Table 2. The plot of log(ge — q.) versus time after fitting the

100 96.92
S 84.80 84.46 86.17
3‘ 80
=
2
£ 60
>
B
2 404
£
P
& 20

0 T T T T
pHI.0 pHI.5 pH10.0 pH10.5
MnFe204

Fig.7 Removal efficiency of RhB by MnFe,O,4 nanoparticles prepared
by co-precipitation at different pH values.
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pseudo-first order model is presented in Fig. 8b. The ¢, cal
values of all samples were calculated from the intercept of the
plot of log(q.) versus t. From the obtained data, R> was relatively
low, indicating that the pseudo-first order model was not well
suited to predict the kinetic rate constant. Therefore, the
pseudo-second order model was applied to determine the

to
o0
g v X M
3\, L ' |
.-
Q
I
=
<
1)
=
2
'E- MnFe,O, - pH9.0
s MnFe,O, - pH9.5
_g MnFe,O, - pH10.0
MnFe,O, - pH10.5
204
0 10 20 30 40 50 60
t (min)
1.5
(b) = MnFe,0, - pH9.0
1.0 1 ® MnFe,0O, - pH9.5
?."' 4  MnFe,O, - pH10.0
g‘” 0.5 - v MnFe,O, - pH10.5
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Fig. 8 Adsorption kinetics of (a) MnFe,QO,, the plots of (b) pseudo-first

order, and (c) pseudo-second order kinetic models for RhB adsorption
onto MnFe,O,4 nanoparticles with varying pH preparation values.
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Table 2 Kinetic parameters, ge, ge, cal K1, k2, and correlation of coefficient R? for the adsorption of RhB onto MnFe,O4 nanoparticles prepared at

varying pH values

Pseudo-first order

Pseudo-second order

Samples ge (mgg™) Ge, car (Mg g™ ky (min™") R Ge, car (Mg &™) k> (g mg™' min™") R

MnFe,04-pH 9.0 7.37 6.61 0.101 0.9587 7.76 0.283 0.9916
MnFe,0,4-pH 9.5 7.57 3.97 0.079 0.9143 7.78 0.469 0.9975
MnFe,04-pH 10.0 7.92 4.55 0.078 0.9295 8.10 0.460 0.9976
MnFe,0,4-pH 10.5 8.35 3.97 0.059 0.8975 8.45 0.443 0.9967

suitable kinetic model which is expressed as the following
equation:

dg,

Ly

ar ~ el
where k, is the pseudo-second order rate constant (g
mg ' min~'). After integrating eqn (5), the linear fitting is
expressed as the following equation:

q:) ()

t, 1 +t (6)
g kg’ qe

Fig. 8c shows pseudo-second-order kinetic models for RhB
adsorption onto MnFe,0, nanoparticles with varying pH prep-
aration values. The adsorption kinetics and parameters of k,
and ¢, o from the intercept and slope of the plot of /g, versus ¢
are shown in Table 2. The R values show that the RhB removal
kinetics can be approximated using a pseudo-second order
model. Thus, the pseudo-second order model is more appro-
priate for explaining this adsorption process.

3.6 Adsorption isotherms

Two adsorption isotherm models, Langmuir and Freundlich
equations, were used to further describe the adsorption equi-
librium. The Langmuir equation describes monolayer adsorp-
tion with limited homogeneous sites. The Langmuir model is
given by the following equation:*>**

quL Ce

qe = m )

where Ce, Ki, ¢e, gm, are the concentration of adsorbate at
equilibrium (mg L"), Langmuir constant (L mg ™), the amount
of solute adsorbed at the equilibrium of RhB (mg g ), and the
maximum adsorption capacity of RhB (mg g~ "), respectively.
Eqn (7) can be expressed in a linear form as displayed in the
following equation:

1
qe KLqm

Ce

Gm

(®)

Fig. 9a shows linear forms of the isotherms for representa-
tive RhB adsorption by MnFe,0, nanoparticles with varying
preparation of pH values. The Langmuir isotherm for RhB
adsorption on MnFe,O, nanoparticles was examined from
a linear plot of C./q. versus C. as presented in Fig. 9b.
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The Freundlich isotherm is one of the applicable models to
describe heterogeneous surface adsorption and multilayer
adsorption under various non-ideal conditions. The Freundlich
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Fig. 9 (a) Adsorption isotherms, (b) a typical linear Langmuir, and (c)
Freundlich isotherms of RhB removal using MnFe,O,4 nanoparticles
with varying pH preparation values.
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Table 3 Extracted values of g K., Ki and n from RhB adsorption using MnFe,O4 nanoparticles by curve fitting based on Langmuir and

Freundlich isotherms

Langmuir equation

Freundlich equation

Samples ge (mgg™) gm (mg g™ Ky (Lmg™ ") R* K¢ (L mg ™) 1/n R?

MnFe,04-pH 9.0 8.04 8.09 10.75 0.9998 7.28 0.0469 0.9052
MnFe,0,4-pH 9.5 8.81 8.83 13.33 0.9998 8.22 0.0295 0.9688
MnFe,04-pH 10.0 8.94 8.94 22.82 0.9999 8.80 0.0170 0.9869
MnFe,0,4-pH 10.5 9.28 9.30 34.68 0.9999 9.01 0.0139 0.9139

isotherm can be shown in the simplest model**** as the
following:

1
ge = Kp Cen )

where Ky and 1/n are the adsorption capacity at unit concen-
tration (L mg~ ") and adsorption intensity, respectively. The 1/n
indicates the degree of non-linearity between solution concen-
tration and adsorption, 1/n = 0 (irreversible), 0 < 1/n < 1
(favorable), and 1/n > 1 (unfavorable). The linear form of the
Freundlich isotherm can be expressed as the following
equation:

1
log g. = log K¢ + Zlog C. (10)

The values of Kz, n, and R* are shown in Table 3. The fitting
result of the Freundlich model using eqn (10) for RhB adsorp-
tion on MnFe,0, nanoparticles is shown in Fig. 9c. From the
fitting results of the Langmuir and Freundlich models, the
experiment isotherm fits quite well with the Langmuir model
based on an examination of the values of each model's constant
and correlation coefficient (R*). This implies that the RhB
adsorption onto MnFe,O, is monolayer adsorption and the
adsorption sites of MnFe,0, nanoparticles are homogeneous.
Moreover, the practical value of the equilibrium adsorption
ability is much closer to the theoretical value obtained from the
Langmuir model.

The adsorption capacity of the as-prepared MnFe,O, nano-
particles was compared with other reports as shown in Table
4.7 It was found that the adsorption capacity of adsorbents

depends on several factors such as size, morphology, and
specific surface area. Moreover, the extrinsic properties of
adsorption capacity such as adsorbent loading and initial dye
concentration significantly affected to the removal efficiency.
No report has been found for MnFe,0, reacting with RhB from
previous work (Table 5).** It was found that MnFe,O, nano-
particles can adsorb RhB from water with adsorption capacity of
9.30 mg g~ ". This indicates that the prepared MnFe,O, nano-
particles can be considered as a promising adsorbent for the
removal of rhodamine B from aqueous solution.

3.7 Fourier transform infrared analysis

The FTIR spectroscopy was performed to investigate the
possible interactions between MnFe,0, nanoparticles and RhB
as shown in Fig. 10. The MnFe,O,-pH 10.5 exhibits an adsorp-
tion peak at 1624 cm ™', corresponding to O-H group due to the
adsorbed water or moisture in samples. The broad band at
around 3392 cm "' is attributed to the symmetric vibration of
—-OH groups of H,O adsorbed by the sample. Meanwhile, the
two bands at 576 and 1384 cm™ ' can be attributed to the
intrinsic vibrations of octahedral coordinated metal ions in the
spinel structure and OH bending vibration, respectively. Typi-
cally, the metal oxide vibrations occur below 1000 cm™*.*45 For
spectrum of RhB, the weak intensity band at 2983 cm ' is
associated with the aromatic C-H vibrations, which also appear
at 1130 cm™ ' (plane bending) and at 682 cm™ ' (wagging vibra-
tions). Moreover, the vibration bands in 2928-2869 cm™ ' is
inferred to the presence of RhB. In addition, the band at
1696 cm " corresponds to the C=O stretching vibration, while
the band at 1341 ecm ™" is associated with aromatic skeletal C-C

Table 4 Comparison of the studied dyes with MnFe,O,4 and MnFe,O4-based composites as adsorbents based on the removal capacities

Properties Adsorption properties
SSA M Initial dye Adsorbent loading g,
Adsorbent Size (nm) (m®g™') (emug ') Dye concentration (mg L") (gL (mg g™') Reference
MnFe,0, 80-100 — 78.4 Congo red 100 0.3 92.4 52
MnFe,0, 200-290 155.7 18.8 Congo red 150 16 25.78 53
MnFe,04 2470 68.6 42.8 Azo dye acid 100 4 53.8 54
red B

MnFe,0,/bentonite  300-800 130 — AR138 100 0.1 g/30 ml — 55
MnFe,0,/PW 21.1-25.6 — 1.53 Congo red 50-100 0.05-0.1 g 86.96 56
MnFe,0,@resin <5 (TEM) — 6.2 Congo red 10 0.2 1000 57
MnFe,0, 5 53.99 41.48 RhB 7.5 0.1 9.30 In this study

This journal is © The Royal Society of Chemistry 2018
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Table 5 Comparison of the studied RhB with different types of adsorbents based on the adsorption capacities

Properties Adsorption properties

Size SSA M Initial dye Adsorbent loading ¢,
Adsorbent (nm) (m*g™") (emug ') Dye concentration (mgL™') (gL (mgg™) Reference
Fly ash 7500 40.16 40.16 RhB 5-25 20 0.193-0.173 58
ZnFe, 0, 4-13 139 139 RhB 5-25 0.15 5.02-9.38 59
ZnTio ¢Fe; 40, 20 — — RhB 4-36 0.05-2.0 ~8-17 60
BiFeO; 60-80 — — RhB 25 0.5¢g 64.22 61
CoFe,O,/graphene oxide 14.58  239.76 59.2 RhB  3.75 0.25 121.8 62
Graphene/Fe;0, <50 — — RhB 20 0.6 30.211 63
MnFe,0, 5 53.99 41.48 RhB 7.5 0.1 9.30 In this study

stretch.®**® The appearances of the three peaks at 2961, 2920,
2855 cm ™' after RhB adsorption could be attributed to the
formation of chemical bonds between RhB and MnFe,O,. These
peaks shifted after RhB adsorption, confirming the interactions
between MnFe,O, and RhB.?>®

3.8 UV-vis and XPS analyses

The adsorption mechanism of the MnFe,0,-pH 10.5 to remove
RhB was investigated using UV-vis absorption spectroscopy and
X-ray photoelectron spectroscopy (XPS) techniques. From
Fig. 11a, the characteristic peak of RhB appeared on the spec-
trum of MnFe,O,/RhB. This peak signifies that RhB was
absorbed on the surface of the MnFe,O, nanoparticles. In
Fig. 11b, the two peaks of Mn 2p, centered at about 641 and
653 eV, correspond to the binding energy for Mn 2p;/, and Mn
2p1j, indicating the oxidation state of Mn”>* in MnFe,O,
nanoparticles.”®”* Moreover, the Fe 2p spectra show two main
peaks at the binding energies of about 711 and 724 eV, which
are assigned to the Fe 2p;/,, and Fe 2p;), of Fe**, respectively
(Fig. 11c).”»”* The interaction of RhB and MnFe,O, nano-
particles at the interface was also determined by XPS technique.
The N 1s spectra of MnFe,0, nanoparticles after RhB adsorp-
tion were contributed to the components of -NH, (~401 eV) and
-NH (~399 eV) (Fig. 11d).”*”* The N 1s peaks appearing in the

MnFeZO;I-RhB (After adsorption)

Transmittance (%)

1696----

8

1341

T T T T T T T T T T
3000 2500 2000 1500 1000 500

Wavenumber (cm™)

—T
4000 3500

Fig. 10 FTIR spectra of RhB and MnFe,O4-pH 10.5 before and after
RhB adsorption.
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spectrum of the MnFe,0, nanoparticles/RhB while disappear-
ing in the MnFe,0, nanoparticles. Therefore, this indicates the
presence RhB on the surface of the MnFe,0, nanoparticles. The
O 1s deconvoluted spectrum of MnFe,0, nanoparticles before
RhB adsorption (Fig. 11e) presents four Gaussian peaks
centered at 529.92, 531.13, 531.98, and 532.99-534.12 eV asso-
ciated with the binding energies of the lattice oxygen species
(0*7), highly oxidative oxygen species (0, /O~), hydroxyl
groups (-OH), and surface adsorbed water molecules (H,O),
respectively.®”®”” The XPS spectrum of the O 1s shows a chem-
ical shift after adsorption of RhB onto the MnFe,O, surface.
This is attributed to the adsorption of RhB on the surface of

12000

(a) (b) Mn 2p
20 gmm = Mn 20,
min
10min &, 10000 Mnszszm 64130
15 min >
E 15 20 min £ 8000 before_
2 25 min = adsoprtion,
5 - 30 min §
z 1 40 min = 6000 641
= S0min after 65323
60 min ;
adsorption
0.5 4000 M
0.0+ 2000
400 450 500 550 600 650 700 660 655 650 645 640 635
Wavelengh (nm) Binding energy (eV)
s Fe2 7 1
() e N 1s
30000 (© Fe2 P 210 ( )before
_ Fe 2pyp € 2p32
3 71071 51
& 25000 before 72433 ;!
Nt adsorption ~ 150
-4 z
2 20000 Z 120
= =
g g w
= 150001 oo 72463 o8 = %
adsorption
10000 3] after
adsorption
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740 735 730 725 720 715 710 705 406 404 402 400 398 396
Binding energy (eV) Binding energy (eV)
50000
(e) 52092 O1s
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Fig. 11 (a) UV-visible absorption spectra of MnFe,O4 prepared at pH

of 10.5 with different adsorption times of RhB adsorption in aqueous
solution. XPS spectra of MnFe,O,4 microspheres before and after RhB
adsorption. Peak-fitting XPS spectra in the (b) Mn 2p, (c) Fe 2p, (d) N 1s,
and (e) O 1s regions of MnFe,O4 nanoparticles and MnFe,O4/RhB.
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Fig. 12 Removal efficiencies of RhB during adsorption cycles for
MnFe,O4-pH 10.5.

MnFe,0, particles.”®”® The significant binding energy shifts
observed from XPS study as well as the results from UV-vis and
zeta potential analyses suggest there is strong electrostatic and
chemical interactions between MnFe,0, and RhB. These results
confirm the adsorption of RhB on the MnFe,0, surface.

3.9 Reusability of MnFe,0, nanoparticles

Reusability is one of the prerequisites to verify the practicality of
a direct application of adsorbents for dye removal. The stability
of the MnFe,O,-pH 10.5 was evaluated by repeating experiments
on the RhB adsorption as shown in Fig. 12.

After each run, the MnFe,0, nanoparticles were collected
using a magnetic field and washed by ultrasonic cleaning with
deionized water following with absolute ethanol. Then, the
separated MnFe,O, nanoparticles were re-dispersed in fresh
RhB solution with the same concentration (2 x 10> M), and
next the new adsorption cycle began again. After 5 cycles, the
removal efficiency decreased by a small fraction from 96.92% to
90.09%.

4. Conclusions

The magnetically separable MnFe,O, nanoparticles were
successfully prepared by a co-precipitation method with varying
pH values. It was found that the physical, magnetic, and
adsorption properties of MnFe,O, nanoparticles were changed
by controlling the pH value during MnFe,O, nanoparticles
preparation. The MnFe,O,4-pH 10.5 sample exhibited the high-
est adsorption capacity towards RhB solution. The highest
adsorption of RhB on the MnFe,0,-pH 10.5 sample depends on
two factors that are large pore size and negative charge surface.
Moreover, the reusability of MnFe,O,-pH 10.5 particles can be
achieved by an external magnetic field separation with magne-
tization of 41.48 emu g~ '. The experimental results correlated
reasonably well with the Langmuir model. The adsorption
kinetics of RhB by MnFe,0, followed the pseudo-second order
model. This study concludes that the facile synthesized
magnetic MnFe,O, nanoparticles prove to be effective as
a potential adsorbent for the removal of RhB from aqueous
solutions and a promising adsorbent for further utilizations in
dye removal from colored textile wastewater.

This journal is © The Royal Society of Chemistry 2018
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