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ABSTRACT

In this paper, magnetic Fe;O,/HA nanoparticles (MHA) were synthesized using a coprecip-
itation method. The structure and properties of the MHA were characterized by Fourier
transform infrared spectroscopy, TG, transmission electron microscope, zeta potential, X-ray
diffraction, and vibration sample magnetometer. MHA is proven to be stable in water and
can be easily separated from solution under an external magnetic field. Adsorptive removal
of methylene blue (MB) from aqueous solution using MHA was systematically studied. The
fundamental adsorption experiments reveals that MHA is more efficient in dye removal
when initial solution pH is higher than 4.0. The theoretical maximal adsorption capacity,
which is based on the simulation results from the isothermal equilibrium study, is 200 mg/g.
The adsorption kinetic and equilibrium behaviors of MHA are in agreement with
pseudo-second-order model and Langmuir model, respectively. The value of activation
energy (E,) indicates that the adsorption of MB onto MHA is a physical process. The Gibbs
free energy of the adsorption process (AG) is negative, indicating that the adsorption of MB
onto MHA is thermodynamically favorable. Furthermore, MHA could be easily regenerated
and reused with almost no loss of adsorption capacity, which is satisfactory for practical
applications.
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1. Introduction penetration and thus prohibits aquatic photosynthesis.
Some of them are also able to chelate metal ions,
resulting in micro-toxicity to fish and other water
organisms [2]. Besides, many dyes are toxic or carcino-
genic [3,4]. Considering the hazard of dyes, study on

Dye is a class of pollutant that is found in the
effluents of textile, paper, plastic, food, and cosmetic
industries [1]. The high chromaticity impedes light
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the removal of dyes from water body is of great
environmental significance at present.

Nowadays, various techniques are employed in
dye effluent treatment, such as adsorption, floccula-
tion, chemical oxidation, electrochemical oxidation,
and photocatalytic oxidation [5-12]. Among these
techniques, adsorption shows multiple advantages
due to its high efficiency in treating low concentration
sewages, simple process, and reusability [13]. Yet
conventional adsorbents still bear some disadvantages
such as risk of secondary pollution and poor
biodegradability [1].

In recent years, natural polymeric materials, such
as humic acid (HA), starch, cellulose, and chitin, stand
out as candidates for conventional adsorbents since
they are easily accessible, inexpensive, biodegradable,
nontoxic, and modifiable [14]. HA is a class of natural
organic polymers which originates from the decompo-
sition of plants and animal residues. HA exhibits fine
reaction activity for bearing abundant functional
groups such as carboxyl, phenolic, carbonyl, and
amino groups [14], most of them are anionic. These
groups make it easy for HA to bind cationic species
from aqueous solutions.

In recent years, magnetic separation techniques
is enjoying widening application in water treatment
due to its great significance in enhancing separation
efficiency and treating efficiency of small-sized
adsorbents [15]. These adsorbents are in sizes of
micrometer or nanometer scale. Despite their high
adsorption efficiency, their separation becomes
cumbersome when using traditional methods such
as simple sedimentation and filtration. With magne-
tism impregnated, adsorbents could be readily sepa-
rated from the water under external magnetic
fields. Usually the impregnation is achieved by
compositing magnetic substances into adsorbents. In
this work, magnetism is also introduced to the
nanoparticles.

In this study, a low-cost and environment-friendly
magnetic adsorbent, magnetic Fe;O4/HA nanoparti-
cles (MHA), was prepared by coprecipitation method,
and applied to the removal of a common dye,
methylene blue (MB) from water body. Physiochemi-
cal characterizations of synthesized MHA were per-
formed using various modern analytical methods.
Adsorption behaviors of MHA, including the effect of
the initial solution pH, adsorption kinetics, and
isothermal adsorption equilibrium, were investigated.
In addition, recycling and reuse of the disused
adsorbents were also carried out for evaluating its
application potential.

2. Experimental
2.1. Materials

HA was purchased from Aladdin Industrial Cor-
poration. Iron(Ill) chloride hexahydrate and Iron(II)
sulfate heptahydrate were purchased from Sinopharm
Chemical Reagent Co. Ltd, China. Ammonia solution
(25%), Hydrochloric acid (HCI), sodium hydroxide
(NaOH), and acetic acid were supplied by Shanghai
Chemical Reagent Co. Ltd, China. MB was supplied
by Tianjin Institute of Chemical Reagents. All the
reagents used in this work are AR grade. Deionized
water was used in all experiments.

2.2. Preparation of the adsorbent

HA coated Fe;O, magnetic nanoparticles were pre-
pared according to the methods by Liu et al. [16]. About
6.1 g of FeCl3-6H,O and 4.2 g of FeSO4-7H,O were dis-
solved in 100 mL of water and the resultant solution
was heated to 90°C, then 10 mL of ammonium hydrox-
ide (25%) was added rapidly, followed by the addition
of 50 mL of HA (1%, neutralized by NaOH). The mix-
ture was then stirred at 90°C for 30 min and cooled to
room temperature afterwards. The resultant black pre-
cipitates were collected under a magnetic field and
washed to neutral with distilled water. The resultant
black precipitate is magnetic Fe304/HA nanoparticles
(MHA) and it was stored for further use. Control sam-
ples, namely pristine Fe;O, nanoparticles were pre-
pared in a similar way without adding HA.

2.3. Characterization of the adsorbent
2.3.1. Fourier transform infrared spectroscopy

The Fourier transform infrared spectroscopy (FTIR)
spectra of MHA, pristine Fe;O,, and pure HA were
recorded using a Fourier transform infrared spectrom-
eter (Avatar 360; Nicolet Co.; USA). All samples were
pretreated as KBr tablets, and the range of scanning
wave number is 500—4,000/cm.

2.3.2. Zeta potential analysis

The zeta potential of MHA at various solution pH
was measured on a Zetasizer Analyzer (Nano ZS90;
Malvern Co.; UK). The range of solution pH was
about 2-9.

2.3.3. Vibration sample magnetometer

A vibrating sample magnetometer (MPMS-XL7;
Quantum Design; USA) was used to characterize the
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magnetic properties of MHA and pristine Fe;O4 at
room temperature.

2.3.4. Transmission electron microscope

The transmission electron microscope (TEM) image
of MHA was taken on a TEM (JEM-2100; JEOL Co.
Ltd; Japan). The acceleration voltage was 25.0kV. The
sample was embedded in epoxy resin and then cut
into ultrathin slices for analysis as it is magnetic. Mag-
netic materials were easily affected by electromagnetic
field in the microscope, resulting in undesired move-
ment of material, leading to analytical difficulty and
risk of device breaking down.

2.3.5. Thermogravity analysis

Thermal stability of MHA, pristine Fe;O,, and pure
HA were analyzed by a thermogravimetric analyzer
(STA-449C; Netzsch Instrument Co. Ltd; Germany) in
nitrogen atmosphere (the flow rate is 50 cm®/min).
The temperature was ranged from 25 to 800°C at a
scanning rate of 10°/min.

2.3.6. X-ray diffraction

X-ray diffraction (XRD) patterns of MHA and pris-
tine Fe;O, were obtained using a X-ray diffractometer
(Ultima IV; Rigaku Co. Ltd; Japan) with Cu K radia-
tion. The data were collected in the range of 26
between 10° and 100° at a scanning speed of 5°/min.

2.3.7. Cation exchange capacity measurement

The cation exchange capacity of MHA is deter-
mined using BaCl, method [17]. Two grams of MHA
is firstly equilibrated in excessive 0.1M BaCl,, Ba-
loaded MHA (Ba-MHA) is centrifuged and washed
several times with a certain volume of 2mM BaCl,.
Then Ba-MHA is suspended and equilibrated in a cer-
tain volume of 5mM MgSO,, the conductivity of the
supernatant is measured and compared with a refer-
ence 1.5 mM MgSO, solution, then a proper amount of
0.1 M MgSO; solution is added to make the conductiv-
ity of the supernatant equal to the reference solution.
The cation exchange capacity is calculated based on
the precipitation reaction of BaSO,.

2.4. Batch adsorption experiments
2.4.1. Effect of initial solution pH

The influence of different initial solution pH was
investigated at 25°C. Initial solution pH of the dye

solutions ranged from 2.0 to 10.0, adjusted using HCl
or NaOH solutions. In this experiment, 0.08g (dry
weight) of MHA was immerged in 80 mL of MB solu-
tion and stirred for 24 h to reach the equilibrium. The
initial concentration of MB was 400mg/L, based on
adsorption isotherms.

MB concentration was analyzed by a Victor 722
Vis Spectrometer at 662 nm. Proper dilution was per-
formed to ensure that the dye concentration of the
solution was within the range of the standard curve
before measurement. Adsorption capacity in subse-
quent experiments, g, (mg/g), was calculated accord-
ing to the following equation unless noted.

go = Co=CIV (1)

m

where Cy and C, (mg/L) are the initial and equilib-
rium MB concentrations in solution, respectively;
V (L) is the volume of solution; m (g) is the weight of
dry adsorbents.

2.4.2. Adsorption kinetics

Kinetic adsorption experiments were performed at
initial pH 7.0. The initial concentration of MB solution
was the same as in section 2.4.1 0.5 g of adsorbent was
immerged into 500 mL MB solution under continuous
agitation. Then, 1mL of sample solutions was taken
out at certain time intervals to measure MB concentra-
tion. Meanwhile, equivalent volume of water with pH
7.0 was added into the bulk solutions to maintain the
solution volume [1].

The dye uptake g(t) (mg/g) at time t; was calcu-
lated using the following equation:

(CO - Cfi)VO - ;71 Cti—lvﬂ

m

q(ti) = @)

where C, and C; (mg/L) are the initial dye
concentration and the concentrations at the time t;,
respectively. Vy and V, (L) are the volume of the
mixed solution and the volume of the sample solution
taken out at t; for analysis, respectively. In this case,
V, equals to 1.0 mL and m (g) represents the weight of
the adsorbent.

2.4.3. Adsorption isotherms

Adsorption equilibrium study for removal of MB
dye was conducted at initial solution pH 7.0 and the
concentrations of MB solutions ranged from 20 to 400
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mg/L. About 0.08 g of MHA adsorbent was immerged
into 80 mL of MB dye solution under continuous stir-
ring. The same method as mentioned in the previous
section was employed to analyze the initial and final
MB concentrations. Adsorption capacity of MB was
calculated according to Eq. (1).

2.4.4. Regeneration experiments

Regeneration and reuse of adsorbents is of great
importance in practical applications. In this experiment,
2mol/L KCl solution was selected as the regeneration
agent to recover the dye-loaded adsorbents. The dye-
loaded adsorbents washed with excess 2mol/L KCl
solution until no dye color in the effluent is observed.
The recovered adsorbent was then washed by water,
reactivated by 0.1 mol/L NaOH aqueous solution and
subsequently washed again by deionized water.
Finally, the regenerated adsorbent underwent the next
adsorption-regeneration cycle. The experiment was
conducted for five cycles. The dye adsorption capacity
of MHA in the first cycle is set as 100% and the recycle
efficiency (%) of regenerated MHA equals the ratio of
the dye adsorption capacity in the current cycle to the
capacity in the first cycle.

3. Results and discussion
3.1. Characterizations of MHA

FTIR spectra of MHA, pristine Fe;O4, and pure
HA are shown in Fig. 1. For pristine Fe;O, and MHA,
the peak at 582/cm corresponds to the characteristic
stretching vibration of the Fe-O bond [18]. The band
at 1,630/cm of MHA is ascribed to the C=0O stretching

Transmittance (%)

pristine Fe;O,

3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Fig. 1. FTIR spectra of MHA, pristine Fe;O4 and HA.

band, indicating the carboxylate anion interaction with
the ferroxide surface [18,19]. The band at 1,400/cm
can be ascribed to CH, scissoring [20]. The band at
1,110/cm is the C-O stretching of COO™. Previous
studies indicate that the binding of HA to Fe;O,4 sur-
face is mainly achieved through coordination [16,20].
It can be conclude that the carboxylate groups interact
with FeO surface and play an important role in the
bonding of the HA with the magnetite surface.

Zeta potentials of the MHA were measured at
various pH and shown in Fig. 2. In Fig. 2, it is
observed that the isoelectric point of MHA is approxi-
mately at pH 3.2 due to the carboxyl groups on HA
coating [21]. According to a report, the zeta potential
of pure HA is negative in the pH range of 0.5-9.5 [21].
Zeta potential of pristine Fe;O, is positive below
pH~7 and negatively above the point [22]. The zeta
potential plot of MHA suggests that HA is coated on
Fe;0, surfaces. It also indicated that MHA is nega-
tively charged at the environment of pH 3.2-9.5,
which impedes the aggregation of MHA nanoparticles
and is also beneficial for the adsorption of cationic
species. Illes and Tombacz indicated that the colloidal
stability of Fe;O, nanoparticles coated with HA in
aqueous solution is enhanced [23].

As observed in Fig. 3, the saturation magnetization
of MHA and pristine Fe;O, is 62.88 and 69.58 u/g,
respectively. The relatively high magnetization value
makes the separation of MHA from its aqueous dis-
persions under an external magnetic field easy. MHA
can quickly aggregate in the magnetic field and then
achieve separation.

Fig. 4 demonstrates the TEM image of MHA. It is
observed that the Fe;O, particles in MHA has a quasi-
spherical structure feature with particle size of about
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Fig. 2. Zeta potential curve of MHA at different initial
solution pH.
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Fig. 3. Magnetization curves of MHA and pristine Fe;Oy.

Fig. 4. TEM image of MHA nanoparticles.

10 nm, while the HA coating on MHA is amorphous
on observation. Illes and Tombacz [24] reported that
the primary size of Fe;O, magnetite particles is less
than 10nm with an average aggregate size around
100nm in the stable solutions. Niu et al. [25] also
observed that MHA has nearly uniform distribution of
particle size (10-12nm) but Fe;O4 nanoparticles have
no uniform size.

The TG curve of MHA is shown in Fig. 5. As
observed, the weight loss at 350°C is due to decompo-
sition, dehydration, and carbonization of HA. As the
weight loss of pristine Fe;O, is rather small, it is
neglected for calculation convenience. The content of

100 F pristine Fe;0,

MHA
80 |

70 -
60 -
50 -

Mass (%)

40 - pure HA
30
20

0 1 1 1
0 200 400 600 800

Temperature ("C)

Fig. 5. TG curves of pristine Fe;O4, MHA, and HA.

HA in MHA is calculated based on the ratio of HA
weight loss and MHA weight loss. According to these
results, MHA contains about 18% HA and 82% Fe;O,,
which is relatively close to the HA content in other
materials that have been reported [18].

XRD patterns of pristine Fe;O, and MHA were
shown in Fig. 6. The two samples of pristine Fe;O4
and MHA have similar characteristic diffraction peaks
at 20=303°, 354° 42.6°, 53.9°, 57.2°, 62.8°, which
correspond to the characteristic (220), (311), (400),
(422), (511), and (440) planes of cubic Fe;O, phase
with a spinel structure (JCPDS No. 85-1436) [22].
There is no distinct difference between the nanoparti-
cles of Fe;O, and MHA, indicating that the crystal
structure of Fe;0, in MHA is maintained after coating
with HA.

d=2.52

MHA

Intensity

pristine Fe;0,

1
0 20 40 60 80 100
26/(°)

Fig. 6. XRD patterns of pristine Fe;0, and MHA.
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Fig. 7. Effect of initial solution pH on MB adsorption onto
MHA.

3.2. Adsorption experiments
3.2.1. Effect of initial solution pH on MB adsorption

The plot of adsorption capacity vs. initial pH is
shown in Fig. 7. The upper limit of studied pH is set
at 10 since at pH higher than 10, the adsorption
behavior becomes difficult to interpret, as many
cationic dyes are unstable under strong alkaline con-
ditions and dyes would precipitate [26]. As is shown
in Fig. 7, the adsorption of MB on the surface of
MHA is greatly influenced by initial solution pH.
MHA exhibits efficient MB removal in the initial solu-
tion pH range of 4-10, where the adsorption capacity
is about 140-200 mg/g. The adsorption to MB is weak
in solutions whose initial pH is lower than 4, which is
due to the protonation of the anionic groups on
MHA. When the pH is higher than the isoelectric
point of MHA, the surface of MHA becomes nega-
tively charged, as the surface carboxyl groups
deprotonate. The negatively charged MHA can better
react with cationic MB through electrostatic attraction
and MB removal thus becomes efficient. According to
cation exchange capacity analysis, the capacity of
MHA is about 80mmol/100g, about 75-80% of its
exchanging sites is occupied by MB when the MB
adsorption on it reaches saturation.

Safarik et al. [27] reported that the magnetic parti-
cles may partially dissolve with magnetism loss in
strongly acidic solutions. Whereas no signification
change of MHA in acidic environment was observed
in this experiment, which is due to the protection
from HA coating [28]. Besides, HA coating can also
enhance the endurance of Fe;Os nanoparticles
towards oxidation.

. . 318K
200 | R -
g B at E———%

o 283K 298K
h-o~
150 -
S 100}
£
o
50 -
oF =
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0 10 20 30 40 50 60
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Fig. 8. Adsorption capacity time dependence of MB onto
MHA (initial MB concentration 400 mg/L; solution pH
7.0).

3.2.2. Adsorption kinetics

The kinetic adsorption results were shown in
Fig. 8. It is observed that the adsorption equilibrium
of MHA for MB is achieved within about 15 min. The
short equilibrium time indicates high adsorptive reac-
tion rate of MHA, which is significant in practical
applications.

To further study the adsorption mechanism, three
kinetic models are used to simulate the kinetic data,
namely pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models.

The pseudo-first-order kinetic model is expressed
as the following equation [29]:

In(ge —q¢) = In go — kit 3)

where k; (min"") is the rate constant of pseudo-first-
order adsorption; g. and g, (mg/g) are the amount of
MB absorbed onto adsorbents at equilibrium and at
time ¢ (min), respectively.

The pseudo-second-order kinetic model can be
expressed Eq. (4) [30]:

t1

where g. and g, (mg/g) are the amounts of MB
adsorbed onto adsorbents at equilibrium and at time ¢
(min), respectively; k, (g/(mg min)) is the rate constant
of pseudo-second-order model.

Intraparticle  diffusion model suggests that
intraparticle diffusion is the rate-limiting step in the
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Table 1
Kinetic parameters for MB onto MHA

Pseudo-first-order model

Pseudo-second-order model

Intraparticle diffusion model

qe,exp qe,cal
T(K) (mg/g) ki min™") (mg/g) R>  k(g/mgmin) g.ca (mg/g) R*  k, (mg/gmin®®) C (mg/g) R’
283 187.57 0.059 22.97 0.952 0.021 188.32 0.999 1.56 142.41 0.934
298 191.39 0.052 23.08 0.989 0.025 192.31 0.999 2.86 142.85 0.989
318 204.32 0.042 24.56 0.885 0.029 204.92 0.999 2.14 143.22 0.941

adsorption. The model can be described as the follow-
ing equation [31]:

qr = kpto‘s +c (5)

where k, (mg/(gmin®®)) is the intraparticle diffusion
rate constant, and c (mg/g) is the intercept of this
equation.

The experimental data are fitted according to these
kinetics models, the parameters are listed in Table 1.
As the correlation coefficient (R?) of pseudo-second-
order model is much closer to 1.0 than other
employed kinetic models, and the theoretical g, values
are also closer to the experimental ones, which indi-
cates that the pseudo-second-order kinetic model is
the most appropriate to interpret the adsorption
process.

To further analyze the kinetic behavior, the activa-
tion energy of the adsorption was calculated based on
Arrhenius equation, which is expressed as the follow-
ing equation [32,33]:

E,
Ink; = — 2+ 1n(4) 6)

where k, is the rate constant of pseudo-second-order
adsorption (g/(mgmin)), as the adsorption kinetics is
well described by this model; E, is the activation
energy of adsorption (kJ/mol); A is the Arrhenius fac-
tor; R is the universal gas constant (8.314]/(molK)); T
is the temperature (K).

A plot of In k, vs. 1/T yields a straight line, with
slope —E,/R. The value of E, can be used to differenti-
ate physical and chemical adsorptions. Physical
adsorption can achieve equilibrium quickly, and the
energy requirement is usually small, ranging from 5 to
40KkJ/mol [32,33]. Whereas chemical adsorption
involves stronger interactions and requires higher acti-
vation energy, ranging from 40 to 800kJ/mol [32,33].
The value of E, based on calculation is 6.02kJ/mol,
indicating that the adsorption of MB onto MHA is a

physical adsorption process and is consistent with the
experimental results.

3.2.3. Adsorption isotherms

Adsorption isotherms of MB dye onto MHA at dif-
ferent temperatures are shown in Fig. 9. It is found that
the amount of adsorbed MB increase with the increase
of the reaction temperature, which indicates the
adsorption is more favorable at higher temperature. To
assess MB adsorption behavior on the MHA, the data
were analyzed based on Langmuir, Freundlich, Sips,
and Toth isothermal models.

Langmuir model is a commonly used model based
on the assumption of a monolayer adsorption on a
homogeneous surface [34]. The equation is expressed
in Eq. (7):

C_1 .G @

where g, (mg/g) is the amount of MB adsorbed at
equilibrium, C, (mg/L) is the MB concentration at

200 |
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Fig. 9. Adsorption isotherms of MB onto MHA at various
temperatures.
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equilibrium, g,, (mg/g) is the maximum adsorption
capacity when the adsorbent is fully covered, and
b (L/mg) is the Langmuir adsorption constant which
relates to the adsorption energy.

The linearized Freundlich isotherm model, which
is valid for multilayer adsorption on a heterogeneous
adsorbent surface with sites that have different ener-
gies of adsorption, is expressed in Eq. (8) [35]. Freund-
lich model is based on the assumption that adsorption
energy decays exponentially with coverage rise [35].
Usually it is applied in the description of heteroge-
neous systems and is characterized by a heterogeneity
factor, n [1].

In (q.) = In (Kf) + %ln (Ce) ®

where K; is the Freundlich isotherm constant and n
(dimensionless) is the heterogeneity factor. C, is the
equilibrium concentration (mg/L); g, is the amount of
MB adsorbed at equilibrium (mg/g).

Sips model is a modification of the Freundlich iso-
therms with consideration on the saturation of adsorp-
tion at high concentrations. It can be reduced to the
Freundlich model at low concentration, but exhibits
uptake limit for high concentrations [36]. The follow-
ing equation gives the Sips model for adsorption in
solutions:

_ b.gsC:

- 1 9
14 4,C

e

where b, (L/mg) is the Sips isotherm constant and s is
Sips isotherm factor. C, is the equilibrium concentra-
tion (mg/L); g5 (mg/g) is the Sips maximum adsorp-
tion capacity; g. is the amount of MB adsorbed at
equilibrium (mg/g).

Toth Model is a model assuming a Gaussian-like
adsorption energy distribution [37]. Its expression is
as Eq. (10):

Ktce

=—Q77 (10)
([lt + Cg)l/t

qe

where a; (mg/L), K; and ¢t are the Toth isotherm con-
stants. C, is the equilibrium concentration (mg/L); g,
is the amount of MB adsorbed at equilibrium (mg/g).
The simulation results based on the four models
were listed in Table 2. According to Table 2, the corre-
lation coefficients (R”) of the linear form for Langmuir
model are higher than those of other models at all the

Table 2
Isothermal parameters for the adsorption of MB onto
MHA based on Langmuir, Freundlich, Sips, and Toth
models

Temperature (K)

Model Parameter 283 298 318
Langmuir Im (mg/g) 200 200 200
b (L/mg) 1.67 250 1.67
R? 0.99 0.99 0.99
Freundlich Kf 7.40 7.57 7.13
n 3.77 3.88 427
R? 0.64 0.54 0.68
Sips bs (L/mg) 13.2 2.28 7.40
gs (mg/g) 168 201 181
s 0.79 1.26 0.90
R? 0.87 0.93 0.84
Toth K; 150 161 166
a,%10* (mg/L) 8.9 17.2 12.6
s 1.07 1.07 1.05
R? 0.90 0.94 0.85

temperatures. Thus the isothermal adsorption behav-
ior of MB onto MHA follows Langmuir equation, indi-
cating a monolayer adsorption of MB occurring on a
homogeneous surface.

To further investigate the isothermal behavior, a
dimensionless constant of R;, which reveals important
characteristics of Langmuir model is calculated based
on Eq. (11) [1,38]:

1

Ri=——
FT 1+ 0G)

(11)

where Cy (mg/L) is the initial MB concentration in
solution. The value R; indicates the tendency of
adsorption process to be either unfavorable (R;>1),
linear (R;=1), favorable (0<R;<1), or irreversible
(Rp.=0) [38]. Smaller R; value indicates greater affinity
between the adsorbent and the adsorbate [1]. The cal-
culated R; values in three temperatures are 0.029,
0.019, and 0.027 at the initial concentration of about
20mg/L. These values are all much smaller than 1.0,
indicating favorable adsorption for the MB at all the
experimental conditions.

To further study the adsorption mechanism, ther-
modynamic parameters are calculated based on the
following equations [32,33]:

AG=—-RTInb (12)
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Table 3
Thermodynamic parameters for the adsorption of MB onto
MHA

AH (kJ/mol)  AS (J/molK)  AG (kJ/mol)
-7.77 87 283K 298 K 318K
-3139 —-34.07 3527
200

q (mg/g)

150 |-
100 |
50 |-
0
1 2 3 4 5

Number of cycles

Fig. 10. Variation on adsorption capacity in regeneration
cycles of MHA.

AG = AH —TAS (13)
where b is the thermodynamic distribution coefficient
obtained from Langmuir model (L/mol); R is the
universal gas constant (8.314]/(molK)); T is the
temperature (K). AG (kJ/mol) is Gibbs free energy; AH
(kJ/mol) is the enthalpy change; and AS (J/(mol K)) is
the entropy change.

The thermodynamic parameters obtained based on
Egs. (12) and (13) are listed in Table 3. The values of
AG at all the temperatures are negative, indicating
that the adsorption of MB at these temperatures is
spontaneous and thermodynamically favorable. The
value of AH is negative, suggesting that the adsorp-
tion process is exothermic in nature. The positive
value of AS indicates the affinity of MHA for MB and
the disorder increase at the solid-liquid interface dur-
ing the adsorption process.

3.3. Regeneration and reuse

The regeneration results are shown in Fig. 10. As
shown in Fig. 10, the adsorption capacity of MB only
experienced a very slight drop after five cycles. It sug-
gested that the reusability of MHA is fine, which is
satisfactory for practical applications.

4. Conclusion

In this work, magnetic Fe;O,/HA nanoparticles
(MHA) was prepared using coprecipitation method.
MHA shows fine magnetic response and high removal
efficiency for MB in aqueous solution. TEM image
indicates that MHA has a quasi-spherical structure
feature with particle size of about 10nm. The isoelec-
tric point of MHA suspension is at the solution pH of
3.2. With a saturation magnetization of 62.88 u/g, the
MHA can be readily separated from its dispersion
within a few minutes under a magnetic field. The
adsorption equilibrium of MHA for adsorption of MB
is achieved in 15min and the adsorption kinetic pro-
cess can be interpreted by pseudo-second-order
model. The equilibrium adsorption data is in agree-
ment with Langmuir isotherm model with a maxi-
mum adsorption amount of about 200mg/g. The
value of activation energy (E,) indicates that the
adsorption of MB onto MHA is a physical adsorption
process. The value of Gibbs free energy (AG) is nega-
tive, indicating that the adsorption of MB onto MHA
is spontaneous and thermodynamically favorable.
Moreover, the reusability of MHA is fine as the
adsorption capacity of MHA suffers little loss after
five recycling cycles, which is satisfactory for practical
applications.
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