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ABSTRACT

In this study, the adsorption processes of Methyl blue (MB) were investigated in the pres-
ence of magnetite nanoparticles (MnFe,O,). The MB removal reached close to 97% and MB
adsorption had the highest capacity at pH 3.0-9.0. The MB adsorption reaction was found
to be fast, and equilibrium was attained within 20.0 min following the pseudo-second-order
model. The overall rate process was mainly controlled by the external mass transfer. The
sorption data could be well interpreted by the Langmuir model with a maximum adsorp-
tion capacity of 148.04 mg g_1 (298K) for MB on MnFe,O,. Thermodynamics research
showed that the adsorption was a spontaneous and exothermic process. The nano-MnFe,O,
could be separated from wastewater under an external magnetic field and reused for eight
times without obvious significant loss of its adsorption activity for MB. With the advantages
of rapid adsorption process and high-efficient magnetic separation, the MnFe,O, could gain

a promising application in wastewater treatment.
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1. Introduction

Dyes are widely used in textiles, paper, plastics,
leather, food, and cosmetic industries. The color of the
untreated effluent into the receiving water body not
only causes damage to aquatic life, but also to human
beings by mutagenic or carcinogenic effects [1]. Most
of the organic dye compounds ordinarily contain ben-
zene and naphthalene rings, and they cannot be
decomposed easily by conventional biological and
chemical methods. Consequently, there is considerable
need to treat colored effluents prior to their discharge
into receiving waters to prevent environmental pollu-
tion in the aquatic ecosystems.

*Corresponding author.

Methyl blue (MB) is one of the triphenylmethane
acid dyes. Due to its complex aromatic structures and
good water solubility, MB dye resist fade when
exposed to light, water, and many chemicals, and
therefore it was difficult to be decolorized once MB
was released into the aquatic environment.

The magnetic separation method has attracted
much attention because of high separation rate
using a simple magnetic process. Several reports
have been published on the use of various types of
magnetic particles for the removal of dyes, such as
Fe;_,La,O4 [2], activated carbon/Fe,Os [3], activated
carbon/CoFe,O, [4], and montmorillonite/CoFe,O,
magnetic composite [5]. In particular, the ferrites
with spinel structure exhibit interesting magnetic
properties that are potential adsorbents for the
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removal of contaminations from wastewater [6].
Recently, the exploitation of ZnFe,O4 [7], CoFe,O4
[8], NiFe,O, [9], and MnFe,O, [10] in water treat-
ment has been studied, which exhibited the excel-
lent adsorptive properties capable of highly effective
recovery by magnetic separation technique. Nano-
sized magnetic particles are considered as potential
adsorbents for aqueous pollutants due to their high
surface area and removal capacity. Several reports
have been published on the use of various types of
magnetic nanoparticles for removal and separation
of dyes [11-16].

To the best of our knowledge, little work has been
done on the preparation of nano-MnFe,O, for the
removal of MB. Therefore, very little is known about
the kinetic and thermodynamic characteristics of MB
adsorption on nano-MnFe,O,.

In this paper, nano-MnFe;O, as a sorbent was used
for the removal of MB from solutions; the adsorption
behavior of MB on MnFe,O; was investigated in
detail. The best conditions for the removal of MB were
studied and optimized. The object of the experiment
was not only to know the adsorption mechanism
between MB and MnFe,O,, but also to guide the
application of the magnetic adsorbents in the removal
of dyes from wastewater.

2. Experimental section
2.1. Chemicals

MB (CAS: 2893-56-4) chemical was bought from
Sinopharm Chemical Reagent Co., Ltd, whose
concentration was analyzed by colorimetric assay at
590nm. An accurately weighed quantity of the dye
was dissolved in deionized water to prepare the stock
solution (1.0gL™"). All other chemicals used in this
experiment were of analytical grade. Deionized water
was used throughout the experiment.

2.2. Preparation of MnFe,Oy

Adsorbent: MnFe,O, was synthesized through a
co-precipitation method. The preparation of MnFe,O,4
was performed as follows: some MnCl, and FeCl;
salts with a molar ratio of 1:2 were dissolved in 200
mL of deionized water. Under vigorous magnetic stir-
ring and continuous N,-purging, 2.5molL™" NaOH
was added dropwise to the solution until its pH was
around 11. The precipitate was filtered, washed with
deionized water, and dried in a muffle furnace at
110°C for 24h. Then as-prepared sample MnFe,O4
was calcined at 500°C for 2 h.
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2.3. Characterization of MnFe,Oy

Measurement of BET surface area and pore distri-
bution were performed using N, adsorption/desorp-
tion isotherms on a Micromeritics (Norcross, GA). The
X-ray diffraction (XRD) patterns of MnFe,O, powder
were recorded on Siemens D5000 Diffractometer (Ger-
many). The FT-IR spectra of MnFe,O, were measured
using the FT-IR 5700 (Nicolet Company, USA). Vibrat-
ing sample magnetometer (VSM, Lakeshore 7407) was
used to measure the magnetic prosperities of
MnFe,O4. The morphology of MnFe,O; was deter-
mined by scanning electron microscope (SEM, FEI
Inspect, USA) operated at 200 kV. A Malvern Zetasizer
Nano-ZS particle analyzer (Malvern, UK) was used to
determine the (" potential of the sorbents. The pH of
MB solution was measured by S-3C model pH meter
(China). UV-vis-NIR Cary 5000 (Varian, USA) was
used to investigate the removal efficiency of the dye.

2.4. Adsorption procedure

Duplicate and triplicate samples were used for the
experiments of adsorption isotherm and conditions
(pH and ion strength), respectively. The pH values of
the solution were adjusted in the range of 3.0-9.0 with
dilute HCI and NaOH.

Batch adsorption experiments were conducted
using 50 mL flasks containing 70.0 mg MnFe,O, and
25mL of 30.0mgL ™" MB solution. After stirring at a
constant rate at 293K for 30.0 min, the solid/liquid
phases were separated using a magnet. Then the con-
centration of MB was determined by UV-vis spectro-
photometry.

Kinetic experiments were performed using a series
of 50mL flasks containing 70.0 mg MnFe,O, and 25
mL of 30.0mg L™" MB solution in a temperature range
of 286-313 K. On regular time intervals, suitable ali-
quots were taken, whereupon the MB concentration
was determined. The rate constants were calculated
using the conventional rate expression.

Adsorption isotherm studies were carried out with
different initial concentrations of MB ranging from
100.0 to 900.0 mg L! (25mL sample volume), the
amount of adsorbent was kept constant (70.0 mg), and
the experimental temperatures were controlled at 286,
298, and 313K, respectively. The thermodynamic
parameters for the adsorption process were deter-
mined at each temperature.

2.5. Regeneration experiments

The regeneration of MB-adsorbed MnFe,O, was
carried out by thermal degradation test. After
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magnetic separation, MnFe,O, was collected and dried
at 100°C, then placed into a muffle furnace and heated
at 400°C for 2 h. After the thermal reaction, the regen-
erated adsorbent was washed with 10 mL NaOH solu-
tion for further test.

2.6. Water samples

Water samples were collected from river water,
drinking water, effluents, and synthetic water. The
effluents used in this study were collected from a
municipal wastewater treatment plant (Shenyang,
China). The samples were stored at 4°C in polyethyl-
ene (LDPE) bottles.

The synthetic water samples spiked with 30 mg L™
MB dye were used in the experiments. A total of 1 mM
each of Fe**, Ni**, Cu**, Zn**, Pb**, Ac”, CO3~, SO,
SO3~ and PO;™ ions were separately added into the
synthetic water mentioned above.
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3. Results and discussion
3.1. Characteristics of MnFe;Oy

The morphology of MnFe,O, was studied by SEM
(Fig. 1(a)). The SEM image of MnFe,O, showed that
the main particle size was in the range of 86-94 nm.
Fig. 1(b) presented the nitrogen adsorption—desorption
isotherms and Barret-Joyner-Halenda pore size
distribution curve (inset) of the MnFe,O,. The BET
surface area, pore volume, and average pore diameter
of MnFe,O, were determined to be 78.52m?> g_l,
0.08cm®g ™!, and 16 nm, respectively. Fig. 1(c) showed
the XRD patterns of MnFe,O4. The result indicated
that the crystallinity of MnFe,O, phase increased with
an increase of calcination temperature. The diffraction
patterns can be indexed with the cubic spinel
structure.

The magnetic properties of the MnFe,O, were ana-
lyzed at room temperature VSM with an applied field
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Fig. 1. (a) SEM image of MnFe;Oy; (b) the particle diameter distributions of MnFe,O,4; (c) XRD spectra of MnFe,O,; and
(d) VSM magnetization curves of MnFe,O, (inset: photo of magnetic separation).
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of —15.0<H £15.0kOe (Fig. 1(d)). The value of satura-
tion magnetization (Ms) was about 22.38 emu gfl, the
remnant magnetization (Mr) and coercivity field were
33emug ' and 437.2 Oe, respectively. It could also be
seen from Fig. 1(d) (the inset showed the photo of
magnetic separation), that MnFe,O, could be sepa-
rated from solution under an external magnetic field.

3.2. Influence of MnFe,Oy dosage on adsorption

A detailed study on the adsorption process was
performed by varying the sorbent amount and sorp-
tion time. Twenty-five milliliters of 30.0mgL ' MB
solutions was applied to test the sorption behavior at
different conditions. It was found that the adsorption
percentages increased with the increase in the dose of
MnFe;O4, and when the amount exceeded 70.0 mg,
further increase in the dose had negligible effect on
the sorption. Therefore, 70.0mg of MnFe,O, was
selected for the adsorption of MB, and the systems
could reach equilibrium around 15.0 min.

3.3. Effect of pH and ionic Strength

To evaluate the pH of solution, 70.0mg of
MnFe,O, was added to 25mL of 30.0 mg L ' MB solu-
tions. The effect of pH of solution on MB adsorption
is shown in Fig. 2(a). The adsorption maxima gener-
ally occurred between pH 3.0-9.0. In general, the natu-
ral pH of dye solution was close to 5.5. In this work,
the dye solution was used directly without any pH
adjustment with HCl or NaOH.

MB adsorption data under two ionic strengths
(0.02 and 0.2molL™" as NaCl and the initial MB con-
centrations 30.0mgL™") are given in Fig. 2(b). In the
entire experimental pH range, MB adsorption data
under two ionic strengths overlapped, indicating that
the ionic strength did not impact the adsorption of
MB onto MnFe,Oy.

3.4. Mechanistic aspects

The pH variation can not only affect the proton-
ation—deprotonation transition of MnFe,O4, but also
result in a change in chemical speciation for ionizable
organic compounds. The values of zeta potential of
MnFe,O, suspensions were determined under various
pH values, and the point of zero charge of MnFe,O,
was found to be about 6.6 (Fig. 2(c)). At pH <6.6, the
MnFe,O, surface carries positive charge, while at pH
>6.6, the MnFe,O, surface is negatively charged.
However, as could be seen from Fig. 2(a), there was
no remarkable effect on the adsorption of MB on
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Fig. 2. (a) Effect of pH; (b) effect of ionic strength, and
(c) zeta potential of MnFe,O, under various pH.
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Fig. 3. (a) Kinetic curves of MB removal by MnFe,O, and
(b) The UV absorption spectrogram at different time.

MnFe,O, with an increase of pH from 3.0 to 9.0. This
result indicated that the sorption process of MB was
not mainly controlled by the electrostatic interaction.
Furthermore, the ionic strength test also confirmed
that the surface electrostatic effect had no influence on
the overall adsorption of MB on MnFe,O,.

H-bonds interaction may be formed between the -NH
and=NH" groups of MB and the -OH groups of
MnFe;O,. The overall adsorption mechanism was mainly
controlled by the strength of hydrogen bonds.

Table 1
Kinetic parameters for the removal MB by MnFe,O,4
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3.5. Adsorption kinetic model

The influence of contact time on the removal of
MB by MnFe,O, are present in Fig. 3. The adsorption
could reach equilibrium in less than 20 min, and the
short adsorption equilibrium time indicated that it
was a very fast adsorption process.

The rate at which the MB is removed from solution
onto an adsorbent surface is an important factor for
designing treatment plants. In order to investigate the
adsorption processes of MB on MnFe,O4 the two
kinetic models were used, including pseudo-first-order
and pseudo-second-order models [17].

3.5.1. Pseudo-first-order model

kqt

2.303 W

lg(ge — q1) = 1gge —

where g, and g; are the amounts of MB adsorbed on
the sorbent (mgg™") at equilibrium and at time ¢,
respectively, and k; is the rate constant of the first-
order adsorption (min~'). The values of k; for MB
adsorption on MnFe,O, were calculated from the plot
of 1g (9. — q:) against t.

Kinetic parameters of the model are present in
Table 1. The values of r; for MB adsorption onto
MnFe,O, were larger than 0.95. However, the calcu-
lated values of adsorption capacity at equilibrium (g,)
were far different from the actual amount adsorbed at
equilibrium, suggesting that the pseudo-first-order
model is not an appropriate one.

3.5.2. Pseudo-second-order model

t 1 t

P kzqeﬁqe ()
where k, is the rate constant of the second-order
adsorption (gmg 'min~'). The straight-line plots of
t/g; vs. t have been tested to obtain rate parameters.
As shown in Table 1, the data were then fitted
with the pseudo-second-order equation, the values of

Pseudo-first-order model

Pseudo-second-order model

Dye T/K k1 (min ™) g1 (mg gfl) 8l ky (g mgf1 min ) g» (mg gfl) s

MB 286 0.274 2.638 0.976 0.365 10.273 0.999
298 0.237 1.390 0.965 0.627 10.143 0.999
313 0.377 0.942 0.958 1.621 9.842 0.999
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r, are larger than 0.99 which showed that the pseudo-
second-order model provided better description on
the data obtained when compared to the pseudo-first-
order model. Moreover, the calculated values of
adsorption equilibrium were comparable to the actual
amount of adsorption equilibrium.

3.6. Adsorption rate-controlling mechanism

In adsorption process, only intra-particle diffusion
and external mass transfer play important roles in rate
determination. To evaluate the relative importance of
the two steps, time-course MB sorption data were pro-
cessed using the intra-particle diffusion [18] and the
external mass transfer models.

3.6.1. Weber—Morris intra-particle diffusion model

qr = Kdtl/z +1 3)

where g, is the amount of MB adsorbed at time f, K; is
the rate constant for intra-particle diffusion. Values of I
give an idea about the thickness of the boundary layer,
i.e. the larger the intercept, the greater the boundary
layer effect will be [19,20]. The plots of g; vs. t'/? for the
sorption of MB are shown in Fig. 4(a). Piecewise linear
regression of data showed that g, vs. t'/? plots had two
distinct regions. The first linear portions included the
sorption period of 0.0-3.0min, which represented
external mass transfer and binding of MB by those
active sites distributed onto the outer surface of
MnFe,O,. The second linear portions included the
sorption period of 3.0-20.0 min, representing intra-par-
ticle diffusion and binding of MB by active sites distrib-
uted to macropores, mesopores, and micropores of
MnFe,O, [21,22]. Generally, the adsorption rate was
controlled by the outer diffusion or the inner diffusion
or both. Nonetheless, I was # 0 in the test conditions
(Fig. 4(a)), thereby suggesting that the intra-particle dif-
fusion was not only the rate-limiting step, and that the
external mass transfer had also played an important
role in MB sorption by MnFe;O,.

3.6.2. External mass transfer model

{%} B =—pS 4)

where C; and C; represent the concentrations of MB in
the beginning and at time f (mgL™"), respectively; f
is the external mass transfer coefficient (cm min™'); S
is the specific surface of MnFe,O, for external mass
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transfer (cm™'), with the assumption C;=C; at t=0.
Then pS values were calculated by the slope of the
plot of C;/C; vs. time ¢ (Fig. 4(b)) and the initial rate
found to be 0.226, 0.160, and 0.079 min~"' at 286, 298,
and 313K, respectively. High regression coefficients
showed that MB adsorption data could be interpreted
by the external mass transfer model.

The above discussion made it amply clear that
both intra-particle and external mass transfer pro-
cesses played important roles in the sorption of MB.
However, it was unclear as to which one exerted a
greater influence on the rate of MB sorption. This
point was resolved using the Boyd model.

3.6.3. Boyd model [23]

Bt = —1In(1—F) —0.4977 ®)

where F=q:/q,; q: and g, are the amounts of MB
adsorbed on MnFe,O, (mgg™') at time ¢ (min) and at
equilibrium time (min), respectively; Bt values were
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calculated for MB sorption at different time periods
(g9. Boyd plots for the sorption of MB at three differ-
ent temperatures are present in Fig. 4(c). However, the
straight lines for MB did not pass through the origin.
This indicated that the adsorption of MB on the
MnFe,O, was mainly governed by the external mass
transport at temperature in the range 286-313 K [21].

3.7. Adsorption isotherms

Analysis of equilibrium data is important for eval-
uating adsorption properties of MnFe,O, adsorbent.
The adsorption capacity of MB on MnFe,O, at equilib-
rium as a function of the equilibrium concentration of
MB is depicted in Fig. 5. An increased adsorption was
observed for MB until the saturation was attained. In
order to investigate the adsorption isotherm of MB on
MnFe,O,, the Langmuir and Freundlich isotherm
models were used.

Langmuir model:
C C 1

Ze_ e (6)
ge  Gm bqm

Freundlich model:

1
lgg. = 1gKr —i—;lgcg @)

where g,, is the maximum monolayer adsorption
(mgg "), C, is the equilibrium concentration of MB
(mgL™), g, is the amount of MB adsorbed per unit
weight of MnFe,O, at equilibrium (mgg™"), and b is
the Langmuir constant related to the affinity of binding
sites (L mg'). K¢ and n are Freundlich constants indi-
cating the sorption capacity and intensity, respectively.

The isothermal constants and the linear regression
coefficients extracted from the experimental data are
present in Table 2. It was found that the adsorption of
MB on MnFe,O, correlated well with the Langmuir
equation when compared to the Freundlich equation
under the studied concentration range. The maximum
adsorption capacity of MB on MnFe,O, was 157.48,

Table 2
Langmuir, Freundlich, and D-R constants of the adsorption of MB on MnFe,O,

Langmuir Freundlich D-R
T/K bL m(cjf1 Jm Mg g71 1 n kr ) gm Mg gfl E kJmol ! T3
286 0.009 157.480 0.984 2.819 13.926 0.971 131.197 0.017 0.986
298 0.008 142.045 0.981 3.023 13.967 0.963 117.214 0.016 0.963
313 0.021 88.970 0.997 4.067 17.767 0.970 84.453 0.022 0.982
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Table 3
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Maximum adsorption capacities for the adsorption of MB onto various adsorbents

Absorbent Adsorption capacity (mgg™) Reference
MnFe,Oy4 148.04 This work
Natural chitosan membranes 46.23 [24]
Magnetic chitosan 60.4 [24]
Graphene oxide 435 [24]
Magnetic chitosan and graphene oxide 98.52 [24]
Activated charcoal 25.25 [25]
Graphene 50 [26]

148.04, and 88.97mg gfl at 286, 298, and 313K,
respectively.

Table 3 represented the maximum adsorption
capacities of MnFe,O, onto various adsorbents. The
comparison revealed that MnFe,O, has higher adsorp-
tion capacity than other reported adsorbents.

Finally, the Dubinin-Radushkevich (D-R) isotherm
was also tested in its linearized form:

Ing, = Ing,, — Ké? (8)
where g, and g,, are the amounts of MB adsorbed at
equilibrium time and at maximum monolayer, respec-
tively, K is the parameter related to the adsorption
energy. ¢ is the adsorption potential. The Polanyi
potential varies with the concentration according to:

¢=RTIn (1 +ég> )

where R is the ideal gas constant and T is temperature
(K). A linear regression correlation was obtained by
plotting In g, vs. ¢* (shown in Table 2), indicating that
MB adsorption also obeyed the D-R equation. The

adsorption energy for MB adsorption can be
calculated by:
E=(—2k)~ 12 (10)

The values of the adsorption energy were evaluated as
0.017, 0.016, and 0.022 k] mol ™" at 286, 298, and 313K,
respectively, indicating that the values lie within the
energy range of physical adsorption, i.e. <8kJmol™
[27].

3.8. Thermodynamic studies

The thermodynamic parameters provide in-depth
information regarding the inherent energetic changes
associated with adsorption; therefore, they should be

properly evaluated. The sorption behaviors of differ-
ent concentrations of MB onto MnFe,O4 were critically
investigated at 286, 298, and 313 K, respectively. Ther-
modynamic parameters were calculated from follow-
ing equations:
AG’ = —RTInK, an
where T is temperature (K) and K. is the distribution
coefficient. Gibbs free energy change of adsorption
(AG®) was calculated using In K, values for different
temperatures. The K. value was calculated using the
following equation:

(12)

where C, is the equilibrium concentration of MB and
ge is the amount of MB adsorbed per unit weight of
MnFe,0, at equilibrium concentration (mgg ).

The enthalpy change (AH®) and entropy change
(AS°) of adsorption were estimated from the following
equation:

(13)

According to Eq. (13), AH’ and AS” parameters can be
calculated from the slope and intercept of the plot of
In K, vs. 1/T, respectively.

The negative values of AH® (=7.834kJmol™ ") and
AGP (—3.456, —3.432, and —3.050 k] mol ! at 268 K, 298
K, and 333K, respectively) showed the exothermic
and spontaneous nature of the sorption process.

3.9. Effect of various ions on adsorption

Since industrial wastewater is always contained
with various additives, such as inorganic salts, it is
important to study the effect of these ions on the
adsorption property of dyes. The adsorption of MB in
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the presence of anions and cations was carried out.
The concentrations of all these ions in solution were
kept at 1x10°molL™" in each case. It is shown in
Fig. 6, that the coexisting ions almost had no negative
effect on the MB adsorption of MnFe,O,, which also
decided the possible practical application of MnFe,O,.

3.10. Reusability of MnFe,Oy

The regeneration of the adsorbent is important to
reduce the cost of the adsorption process. The thermal
decomposition method is a feasible approach to regen-
erate the dye-loaded adsorbents. The temperature and
time required to achieve good regeneration efficiency
were 400°C and 1h, respectively. In order to evaluate
the stability of regenerated adsorbent, repeated appli-
cation of MnFe,O,4 experiments have been performed,
and their removal efficiencies are shown in Fig. 7(a). It
was stable for up to eight adsorption cycles without
obvious decrease in the removal efficiency for dyes.

In the FT-IR spectra of MnFe,O, Fig. 7(b), after
adsorption, the MnFe,O, showed some apparent char-
acteristic bands of MB, while MnFe,O, did not display
these apparent characteristic bands before adsorption.
It could also be seen from Fig. 7(b), that the main
functional groups of MB disappeared after thermal
decomposition. After the eighth recycle, FI-IR of
MnFe,O, did not show evident change when com-
pared to that of the first recycle. The experimental
results indicated that the MnFe,O, has an excellent
regeneration/reuseability.

3.11. Potential use of MnFe,Oy to treat MB-containing
wastewaters

The removal efficiencies of MB in different water
samples using MnFe,O; were studied. Removal
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efficiencies of MB from different water sources (river
water, drinking water, effluents, and synthetic water)
were ranged from 96 to 98% (Fig. 7(c)). For each 25
mL 30mgL~'MB sample, the removal efficiencies
were up to 96%, suggesting that the MnFe,O, has a
strong anti-interference ability in different water envi-
ronments.

4. Conclusion

Overall, this study demonstrated high removal effi-
ciencies of MB from wastewater with broad pH values
(3.0-9.0) using nano-MnFe,O,. Changes of ionic
strength had a negligible effect on adsorptive charac-
teristics. The common ion competitive influence on
MB adsorption could be ignored. The thermodynamic
parameters implied that the adsorption was a sponta-
neous and exothermic process. Adsorption mechanism
study revealed that the processes were complex and
the overall rate processes appeared to be influenced
by both the intra-particle diffusion and external mass
transfer, but mainly governed by the external mass
transfer. Besides, the MnFe,O, can be reused at least
eight times without obvious decrease in the removal
efficiency. The test results of kinetic and thermody-
namic studies would be useful for the design of
wastewater treatment plants for the dyes removal.
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