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a  b  s  t  r  a  c  t

This  investigation  was  to  increase  the  adsorption  capacity  of  magnetite  for  Congo  red  (CR)  by adulterating
a  small  quantity  of  La3+ ions  into  it. The  adsorption  capability  of  nanocrystalline  Fe3−xLaxO4 (x  = 0,  0.01,
0.05,  0.10)  ferrite  to remove  CR from  aqueous  solution  was  evaluated  carefully.  Compared  with  undoped
magnetite,  the adsorption  values  were  increased  from  37.4  to  79.1  mg  g−1. The  experimental  results
prove  that  it  is  effectual  to increase  the  adsorption  capacity  of  magnetite  by  doped  La3+ ions.  Among  the

3+
eywords:
a3+-doped magnetite
dsorption
esorption
astewater treatment

La -doped  magnetite,  Fe2.95La0.05O4 nanoparticles  exhibit  the highest  saturation  magnetization  and  the
maximum  adsorption  capability.  The  desorption  ability  of  La3+-doped  magnetite  nanoparticles  loaded  by
CR can  reach  92%  after  the  treatment  of  acetone.  Furthermore,  the  Fe3−xLaxO4 nanoparticles  exhibited  a
clearly  ferromagnetic  behavior  under  applied  magnetic  field,  which  allowed  their  high-efficient  magnetic
separation  from  wastewater.  It is found  that  high  magnetism  facilitates  to  improve  their  adsorption

roduc
capacity  for  the  similar  p

. Introduction

Dyes and pigments are widely used as the coloring agents.
olored organic effluent is produced in industries such as tex-
iles, paper, plastics, leather, food and cosmetic, etc. The total
ye consumption in textile industry worldwide is more than
0,000 tonnes/year and approximately 100 tonnes of dyes were dis-
harged into waste streams by the textile industry every year [1].
t was reported that nearly 40,000 dyes and pigments are listed,

hich consist of more than 7000 different chemical structures [2].
uch colored effluent can affect photosynthetic processes of aquatic
lants, reducing oxygen levels in water and, in severe cases, result-

ng in the suffocation of aquatic flora and fauna [3].  Dye effluents
re the pollutants that contain chemicals that exhibit toxic effect
owards microbial populations and can be toxic and carcinogenic
o organisms and human beings.

Congo red (CR) (sodium salt of benzidinediazobis-1-
aphthylamine-4-sulfonic acid) is metabolized to benzidine,

 known human carcinogen and exposure to this dye can cause
ome allergic responses [4].  The treatment of contaminated CR
n wastewater is difficult because the dye is generally present

n sodium salt form giving it very good water solubility. Due to
heir chemical structures, dyes resist fade when exposed to light,
ater and many chemicals and therefore it was difficult to be

∗ Corresponding author. Tel.: +86 431 85095878; fax: +86 431 85095876.
E-mail address: lijunzhao@jlu.edu.cn (L. Zhao).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.032
ts.
© 2011 Elsevier B.V. All rights reserved.

decolorized once dyes were released into the aquatic environment.
Synthetic dyes are difficult to biodegrade due to their complex
aromatic structures, which provide them physico-chemical, ther-
mal  and optical stability. Also, the high stability of its structure
makes it difficult to biodegrade and photodegrade [5].  To remove
dyes and other colored contaminants from wastewaters, several
physical, chemical, physico-chemical and biological methods
(e.g., adsorption, coagulation-flocculation [6],  biodegradation,
ion-exchange, chemical oxidation [7],  ozonation [8],  nanofiltration
[9], micellar enhanced ultrafiltration [10] and electrochemical
methods have been developed. A number of adsorbents, such as
activated carbon [11], orange peel [12], sawdust [13], montmo-
rillonite [14], wheat bran and rice bran [15], and mesoporous
Fe2O3 [16], have been used for the removal of CR from aqueous
solutions. But the adsorption capacity of these adsorbents is not
large. Adsorbent-grade activated carbon is cost-prohibitive and
both regeneration and disposal of the used carbon are often very
difficult [17]. Widespread application of some of these adsorbents
is restricted due to high cost, difficult disposal and regeneration.
One of the new developments for removing dyes from water or
wastewater in recent years is to use ferrite as adsorbents [18,19].
However, there are still some practical problems to be solved, such
as the incompatible relation between the magnetic properties and
the sizes. As far as we  know, the decrease of the particle size will

increase the surface disorder of nanoparticles. Thus, the surface
energy will increase with the decreasing particle sizes. However,
the saturation magnetization of magnetic powders is decreased
with the decrease of the particle sizes, which is a disadvantage

dx.doi.org/10.1016/j.jhazmat.2011.09.032
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lijunzhao@jlu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.09.032
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peaks in Fig. 1a can be indexed to the face-centered cubic structure
of magnetite according to JCPDS card no. 19-0629, and the lattice
constant of S1 is 8.40014 Å. The diffraction peaks of S3 show the
same structure with S1, and no impurities can be detected from
Scheme 1. Structure of Congo red molecule.

or the magnetic separation after the wastewater treatment. To
olve this problem, in this contribution, the high surface activity is
rying to be obtained by deforming the crystal structure which can
e proved by the change of the lattice constant after substitution.
oreover, we have done an investigation on the relation between

he adsorption activity and magnetic properties of Fe3−xLaxO4
anoparticles. It is found that the higher magnetic properties

acilitate to improve the adsorption capacity.

. Materials and methods

.1. Adsorbate

Congo red [CR, chemical formula = C32H22N6Na2O6S2,
W = 696.68, �max = 497 nm]  is a benzidine-based anionic dis-
zo dye, i.e., a dye with two azo groups. The structure is as
llustrated in Scheme 1. An accurately weighed quantity of the dye

as dissolved in double-distilled water to prepare stock solution
1 g L−1).

.2. Synthesis of nanocrystalline Fe3−xLaxO4 ferrite

In a typical experiment, FeSO4·7H2O and LaCl3·7H2O were
issolved in 20 mL  of ethylene glycol (EG) by intensive stirring,
ccordingly a homogeneous solution was obtained, and then 1.5 g of
aOH was added to the solution at room temperature with simul-

aneous vigorous agitation. The mixtures were stirred vigorously
or 30 min, and then sealed in a Teflon-lined stainless-steel auto-
lave and maintained at 200 ◦C for 8 h. After the completion of
he reaction, the solid product was collected by magnetic filtra-
ion and washed several times with deionized water and absolute
thanol respectively. The final product was dried in a vacuum oven
t 100 ◦C for 6 h. Black powders were obtained and character-
zed as Fe3−xLaxO4 (x = 0, 0.01, 0.05, 0.10). Detailed experimental
arameters are listed in Table 1 (from S1 to S4). Furthermore, the
xperimental works were carried out in winter, so the room tem-
erature was lower about 13 ◦C.

.3. Characterization

The phases were identified by means of X-ray diffraction (XRD)
ith a Rigaku D/max 2500pc X-ray diffractometer with Cu K� radi-

◦
tion (�) 1.54156 (Å) at a scan rate of 0.02 /1(s), morphologies were
haracterized by a JEOL JSM-6700F field emission scanning electron
icroscopy (FESEM) operated at an acceleration voltage of 8.0 kV.

ransmission electron microscope (TEM, Philips Tecnai 20, 200 kV),

able 1
ummary of the experimental parameters.

Samples FeSO4·7H2O (g) LaCl3·7H2O (g) NaOH (g)

S1 (Fe3O4) 0.8341 ± 0.0002 0.0000 ± 0.0002 1.5000 ± 0.0002
S2  (Fe2.99La0.01O4) 0.8313 ± 0.0002 0.0037 ± 0.0002 1.5000 ± 0.0002
S3  (Fe2.95La0.05O4) 0.8202 ± 0.0002 0.0185 ± 0.0002 1.5000 ± 0.0002
S4  (Fe2.90La0.10O4) 0.8063 ± 0.0002 0.0371 ± 0.0002 1.5000 ± 0.0002
Materials 196 (2011) 342– 349 343

high-resolution transmission electron microscope (HRTEM, JEOL-
3010, 300 kV) and Energy dispersive X-ray spectrum (EDX, Oxford
Instruments INCA Energy TEM 200, 300 kV) were used to charac-
terized the microstructure. The hysteresis loops were measured
on a VSM-7300 vibrating sample magnetometer (VSM) (Lakeshore,
USA) in room temperature. IR spectra of the samples were charac-
terized using a FTIR spectrophotometer (NEXUS, 670) in KBr pellets.
A UV–vis spectrophotometer was used for determination of CR con-
centration in the solutions.

2.4. Adsorption experiments

The stock solution of CR (1 g L−1) was prepared in deionized
water and desired concentrations of the dye were obtained by
diluting the same with water. The calibration curve of CR was
prepared by measuring the absorbance of different predetermined
concentrations of the samples at �max = 497 nm using UV–vis spec-
trophotometer (CR has a maximum absorbency at wavelength
497 nm on a UV–vis spectrophotometer). The amount of adsorbed
CR (mg  g−1) was  calculated based on a mass balance equation as
given below:

qe = (C0 − Ce) × V

W
(1)

where qe is the equilibrium adsorption capacity per gram dry
weight of the adsorbent, mg  g−1; C0 is the initial concentration of CR
in the solution, mg  dm−3; Ce is the final or equilibrium concentra-
tion of CR in the solution, mg  dm−3; V is the volume of the solution,
dm3; and W is the dry weight of the hydrogel beads, g.

Take one adsorption of CR for example. Standard solution with
initial concentrations of 30 mg  L−1 was  prepared. Then, 15 mg  of
Fe3−xLaxO4 nanoparticles was  added to 50 mL  of the above solu-
tion under stirring. After a specified time, the solid and liquid
were separated by magnet and UV–vis adsorption spectra was used
to measure the CR concentration in the remaining solutions. A
standard curve, which was used to convert absorbance data into
concentrations for kinetic and equilibrium studies, was drawn to
calculate the concentration of each experiment.

3. Results and discussion

3.1. Characterization of Fe3−xLaxO4

Fig. 1 shows the XRD patterns of S1 and S3. All the diffraction
Fig. 1. XRD patterns of: (a) S1 and (b) S3.
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Fig. 2. Adsorption capacity of: (a) S1; (b) S2; (c) S4 and (d) S3. (Adsorption con-
ditions for CR: 50 mL  of 100 mg  L−1 of dye, adsorbent dosage 0.015 g, natural pH,
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emperature: 13 ◦C.)

ig. 1b. Furthermore, the lattice constant of S3 is 8.39244 Å. The
ncorporation of La ions may  reside on the boundaries of the mag-
etite, which make the shortening of Fe–O bond length, therefore,
he lattice constant of S3 is smaller than S1. Similar results have
een reported in work done by Zhao and El-Bahy [20,21].  The strong
nd sharp peaks indicate that the S1 and S3 are well crystallized.
y comparison of the lattice constants between S1 and S3, we can
onfirm that the crystal structure of magnetite was deformed little
y the doping of La3+ ions.

.2. Effect of La3+-doped amount on the adsorption capacity of
agnetite
After we ascertain the pure phase Fe3−xLaxO4 ferrites, a series
dsorption experiments were carried out. The adsorption capacity
f S1 to S4 for CR was shown in Fig. 2. Their adsorption values

Fig. 3. SEM images of (a) S1, (
Materials 196 (2011) 342– 349

for CR are 37.4,48.6,79.1 and 63.1 mg g−1, respectively. An exciting
experimental result is obtained that the doping of La3+ ions favors
increasing the adsorption capacity of magnetite for CR. Especially,
S3 exhibits the maximum adsorption capacity. Furthermore, at the
beginning of the contact time about 5 min, a rapid removal of CR
was  observed. After 90 min, the adsorption for CR almost reaches
saturation.

In order to study the effect of morphologies or particle sizes of
the Fe3−xLaxO4 on the adsorption capacity of CR in the aqueous
solution, SEM photos were shown in Fig. 3a. S1 is composed by
octahedral nanoparticles with edge length about 10–30 nm.  Uni-
form nanoparticles with particle sizes around 20 nm are observed
from Fig. 3b. However, irregular shapes and broad size distribu-
tion are appeared with the increasing doped contents of La ions
for S3 and S4 (Fig. 3c and d). Their particle sizes are in the range
of 60–200 nm and 80–300 nm,  respectively. To our best knowl-
edge, the adsorption capacity of nanopowders increased with the
decrease of particle sizes (namely the increase of surface areas).
However, in this experiment, it is found that the adsorption capac-
ity could be improved by doped La3+ ions, without accompanying
the decrease of the particle sizes.

Further insight into the nanostructure of samples was gained
using TEM and HRTEM. Take S3 as example. Fig. 4a shows the
TEM image of S3, which are in agreement with the above SEM
findings. The HRTEM image (Fig. 4b) and the corresponding fast-
Fourier-transform (FFT) pattern-which is framed in Fig. 4b with
a square-is shown in Fig. 4c, it represents a face-centered cubic
diffraction spots pattern. The clear lattice fringes can prove the
high crystallinity of the as-prepared S3. Further, the dominantly
exposed planes of S3 are {1 1 1}. The lattice spacing between two
adjacent fringes we can observe is corresponding to the set of (1 1 1)
planes with a lattice space of 0.5 nm.  The lattice fringes are par-

allel throughout, which prove the single-crystalline nature of S3.
Besides, EDX analysis (Fig. 4d) exhibited that S3 was essentially
composed of Fe, La and O elements, indicating that La ions was
introduced into the magnetite.

b) S2, (c) S3 and (d) S4.
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Analysis of adsorption isotherm is of fundamental importance
to describe how adsorbate molecules interact with the adsorbent
surface. To simulate the adsorption isotherm, two  commonly used
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Fig. 4. (a) SEM image, (b) HRTEM image, (c) F

.3. Adsorption mechanism

By comparing the S1 with other samples, it is certain that the
roper doped La3+ ions can effectively increase the adsorption
apacity. Among the S2, S3 and S4, it can be concluded that the
oncentration of the doped La3+ ions and the particle sizes exhibit

 combination influence on the adsorption capacity of magnetite.
he proper doped amount and particle sizes lead to the maximum
dsorption capacity of magnetite. The ionic radius (r) of La3+ is
uch larger than that of Fe3+ (rLa

3+ = 1.06 Å, rFe
3+ = 0.64 Å). Such

 substitution makes the change of lattice constant. Compared S1
ith S3, the lattice constant of S3 is smaller than that of S1. The

attice constant is corresponding to the distortion height of octahe-
ral site ([MeO6]) for magnetite with face-center cubic structure.
he decrease of lattice constant makes the increase of distortion
egree, hence, the magnetite substituted by La3+ ions is more unsta-
le. Meanwhile, the dopant would lead the imperfect coordination
nd produce surface defects of magnetite. Finally, the unstable state
ight lead to the increase of surface energy. To decrease the sur-

ace energy of magnetite, it is prone to the adsorption of CR on its
urface. Moreover, the structural mismatch caused by doped La3+

ons should change the surface charge of Fe3O4 [23], which may
lso conduce to the adsorption of CR on the surface based on the
lectrostatic adherence principle.

.4. Effect of initial dye concentrations and contact time on
dsorption

In order to know the effect of initial dye concentration and con-

act time on the removal of CR, four different concentrations (0.030,
.050, 0.080, and 0.100 g L−1) are selected to investigate the adsorp-
ion of CR on the surface of Fe2.95La0.05O4. With the increase of
nitial CR concentrations from 0.030 to 0.100 g L−1, the amount of
tern framed in (b), and (d) EDX pattern of S3.

CR removal was increased from 29.2 to 79.11 mg  g−1 as shown in
Fig. 5.

Very rapid adsorption is observed at previous 2–5 min, and
thereafter a gradual increase occurs with increasing contact time up
to 20–30 min  depending on the initial dye concentration. Then, the
adsorption keeps a weak increase during the following time. There-
fore, the adsorption equilibrium almost happen at 40 min. Similar
results have been reported for the adsorption of CR on calcium-rich
fly ash in work done by Acemioğlu [24].

3.5. Adsorption isotherms
100806040200
time (min)

Fig. 5. Effect of initial dye concentration on CR removal from S3. (Conditions: 50 mL
of  CR, adsorbent dosage 0.015 g, natural pH, temperature: 13 ◦C.)
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Table  2
Adsorption parameter obtained from adsorption isotherm for S3.

Freundich Langmuir

KF n rF
2 qmax (mg  g−1) KL rL

2 RL C0 (mg L−1)

9.8084 ± 0.0002 2.14 ± 0.01 0.9898 ± 0.0002 107.64 ± 0.01 0.0279 ± 0.002 0.9976 ± 0.0001 0.5444 ± 0.0002 30.0 ± 0.1
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odels, the Freundlich [25] and Langmuir [26] isotherms, were
elected to explicate dye–ferrite interaction.

The Freundlich adsorption isotherm can be expressed as:

og qe = log KF + 1
n

log Ce (2)

here KF and n are the Freundlich adsorption isotherm constants,
eing indicative of the extent of the adsorption and the degree
f nonlinearity between solution concentration and adsorption,
espectively. KF and 1/n  values can be calculated from intercept
nd slope of the linear plot between log Ce and log qe.

The Langmuir isotherm is expressed as:

1
qe

= 1
qmax

+ 1
KLqmax

1
Ce

(3)

here qmax is the maximum amount of adsorption with complete
onolayer coverage on the adsorbent surface (mg  g−1), and KL is

he Langmuir constant related to the energy of adsorption (L mg−1).
he Langmuir constants KL and qmax can be determined from the
inear plot of 1/Ce versus 1/qe.

The essential characteristics of Langmuir isotherm can be
xpressed by a dimensionless constant called equilibrium param-
ter RL that is defined by the following equation:

L = 1
(1 + KLC0)

(4)

here KL and C0 are the same as defined before. The value of RL

alculated from the above expression. The nature of the adsorption
rocess to be either unfavorable (RL > 1), linear (RL = 1), favorable
0 < RL < 1) or irreversible (RL = 0).

The Freundlich isotherm was employed to describe heteroge-
eous systems and reversible adsorption, which does not restrict
o the monolayer formations. Unlike the Freundlich isotherm, the
angmuir isotherm is based on the assumption that a structure of
dsorbent is homogeneous, where all sorption sites are identical
nd energetically equivalent.
Fig. 6 represents the plot of the experimental data based on Fre-
ndlich and Langmuir isotherms model, respectively. Table 2 shows
he calculated values of Freundlich and Langmuir model’s parame-
ers. The comparison of correlation coefficients (r2) of the linearized
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Fig. 6. Adsorption isotherms for adsorption of CR on S3 (1
0.4175 ± 0.0002 50.0 ± 0.1
0.3094 ± 0.0002 80.0 ± 0.1
0.2639 ± 0.0002 100.0 ± 0.1

form of both equations indicates that the Langmuir model yields a
better fit for the experimental equilibrium adsorption data than
the Freundlich model. This suggests the monolayer coverage of the
surface of S3 by CR molecules. The maximum adsorption capacity
(qmax) of the S3 beads for CR was 107.64 mg  g−1 (Table 2). Here,
RL-values obtained are listed in Table 2. All the RL-values for the
adsorption of CR onto S3 are in the range of 0.5444–0.2639, indi-
cating that the adsorption process is favorable.

3.6. Adsorption kinetics

The adsorption kinetic models were applied to interpret the
experimental data to determine the controlling mechanism of
dye adsorptions from aqueous solution. Here, Pseudo-first-order,
pseudo-second-order and the intraparticle diffusion model were
used to test dynamical experimental data.

The pseudo-first order kinetic model of Lagergren [27] is given
by:

log(q1 − qt) = log q1e − K1t

2.303
(5)

where qt is the amount of dye adsorbed per unit of adsorbent
(mg  g−1) at time t, K1 is the pseudo-first order rate constant (min−1).
The adsorption rate constant (K1) were calculated from the plot of
log(q1e − qt) against t.

Ho and McKay [28] presented the pseudo-second order kinetic
as:

t

qt
= 1

K2q2e
2

+ t

q2e
(6)

where K2 is the pseudo-second order rate constant (g mg−1 min−1).
The initial adsorption rate, h (mg  g−1 min−1) at t → 0 is defined as:

h = K2q2e
2 (7)

The h, q2e and K2 can be obtained by linear plot of t/qt versus t.
Fig. 7 is the plots of the pseudo-first order and second order
kinetics of CR adsorption on S3. The calculated kinetic parameters
are given in Table 3.

The correlation coefficient for the pseudo-first-order model is
relatively lower (r1

2 = 0.8527), the calculated qe value (q1e) obtained

0.060.050.040.030.020.01
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0.030 b
y=0.3334x+0.0093

r
2
=0.9976

1/
q e
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 m

g
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1/ce (L mg-1)

5 mg  of adsorbent) (a) Freundlich and (b) Langmuir.
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Fig. 7. Adsorption kinetic for adsorption of CR on S3 (15 mg  of adsorbent, initial dye concentration 100 mg L−1, natural pH, test-temperature: 13 ◦C) (a) pseudo-first order
and  (b) pseudo-second order. Inset in (b) in turn is CR solution, mixing with the magnetic absorbents and separation of the adsorbent from solution with a magnet after
reaction (2) and 30 min, respectively.

Table 3
Adsorption parameters obtained from Fig. 5.

qe,exp (mg  g−1) Pseudo-first-order Pseudo-second-order
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at 1050 cm corresponding to C–N bond only appears in Fig. 9b,
which discloses that CR was  loaded on the surface of S3. This also
serves as another evidence of physical adsorption because of in a
physical adsorption at the mineral–water interface; an oxyanion
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Fig. 8. Desorption ratio of loaded magnetite nanoparticles with time.
K1 (min−1) q1e (mg  g−1) r1
2

79.11 ± 0.01 0.0246 ± 0.0002 12.22 ± 0.01 0.8527 ± 0.0002 

rom this equation does not give reasonable value (Table 3), which
s much lower than experimental data (qe,exp). This result suggests
hat the adsorption process does not follow the pseudo-first-order
inetic model, which is similar to the result reported for adsorp-
ion of CR onto Australian clay materials [29]. On the contrary, the
esults present an ideal fit to the second order kinetic for adsorbent
ith the extremely high r2

2 = 0.9994 (Fig. 7b). A good agreement
ith this adsorption model is confirmed by the similar values of

alculated q2e and the experimental ones for adsorbent. The best fit
o the pseudo-second order kinetics indicates that the adsorption

echanism depends on the adsorbate and adsorbent. CR is an acidic
ye with negative charge because of the existence of sulphonated
roup (–SO3

− Na+). Here, the higher adsorption capacity of the CR
or S3 is probably because of the dopant of La ions, which may
ncrease the surface positive charges of magnetite, so we speculate
hat an electrostatic attraction may  the main adsorption mecha-
ism. Inset in Fig. 7b represented the photograph of adsorption and
agnetic separation behavior. A light pink solution was  observed

fter 2 min  of adsorption. Further prolonging the adsorption time
o 30 min, a colorless solution was gained. More importantly, sim-
le and rapid separation of CR-loaded magnetite adsorbent from
reated water can be achieved via an external magnetic field.

.7. Desorption

Desorption is also a key role for the practical application of mag-
etic powders to water treatment. A facile desorption method and
igh-efficient desorption can facilitate to reduce cost, because the
pent adsorbent and the CR can obtain recycling chance. Desorp-
ion process was conducted by mixing 5 mg  of CR-loaded modified
3 with 30 mL  of acetone solutions and shaking for different time.
ig. 8 is the desorption percentage with the time. The desorption
fficiency calculated as Eq. (8) was 92%. Therefore, the CR could be
esorbed from the loaded nanoparticles by acetone solutions.

esorption ratio (%) = Amount of desorbed CR
Amount of adsorbed CR

× 100 (8)
FT-IR analysis was also performed to reveal the surface nature of
3, as shown in Fig. 9. The spectra display a broad band at 580 cm−1,
hich is believed to be associated with the stretching vibrations

f the tetrahedral groups (Fe3+–O2−) for S3. However, the band
(g mg−1 min−1) q2e (mg g−1) h (mg  g−1 min−1) r2
2

085 ± 0.0002 79.43 ± 0.01 53.62 ± 0.01 0.9994 ± 0.0001

−1
Fig. 9. FT-IR spectra of (a) as-prepared, (b) CR-absorbed and (c) CR-desorbed S3.
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Table  4
Adsorption capacities of CR dye on various adsorbents.

Type of adsorbent qmax (mg  g−1) Reference

Chitosan hydrogel beads impregnated with
carbon nanotubesCS/CNT 450.40 [3]
Wheat bran 22.73 [15]
Rice bran 14.63 [15]
Maghemite nanoparticles 208.33 [16]
Cattail root 38.79 [29]
Sugar cane bagasse 4.43 [30]
Jute stick powder 35.70 [31]
Bentonite 19.90 [32]
Kaolin 5.60 [32]
Zeolite 4.30 [32]
Palm kernel seed coat 66.23 [33]
Activated red mud  7.08 [34]
Anilinepropylsilica xerogel 22.62 [35]
Marine alga 71.46 [36]
CTAB modified chitosan beads 352.50 [37]
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CS/CTAB beads 373.29 [38]
Fe2.95La0.05O4 107.64 Present study

ill retain its hydration shell and will not form a direct chemical
ond with the oxide surface [22]. Moreover, it is an evident proof
hat CR is removed sufficiently from the surface of S3 by acetone,
ecause Fig. 9a and c exhibit the same FT-IR spectra.

.8. Performance evaluation

The maximum adsorption capacity (qmax) for S3 nanoparti-
les to CR calculated from the Langmuir isotherm model is listed
n Table 4 with literature values of qmax of other adsorbents for
R adsorption [3,15,16,29–38]. All of the adsorbents used for CR
dsorption have considerably lower qmax values than S3 used in
his study, except chitosan hydrogel beads impregnated with car-
on nanotubes CS/CNT [3],  maghemite nanoparticles [16] and CTAB
odified chitosan beads [37,38]. However, the simplicity of the

reparation method and magnetic separation of S3 nanoparticles
akes them better adsorbent than the others for CR adsorption.

.9. Magnetic properties

The magnetic properties of magnetic absorbents directly
nfluence the callback efficiency. Hence, excellent magnetic per-
ormance is also a key role for the magnetic material as magnetic
bsorbent. Here, the magnetism of S1 to S4 is evaluated. It is excit-
ng to find that the magnetic properties of magnetic absorbents do
ave influence on their adsorption ability.

The room-temperature hysteresis loops of S1 to S4 were shown
n Fig. 10.  Furthermore, the magnetic parameters of samples
btained from hysteresis loops were listed in Table 5. The test
esults show that the doped-La3+ ions make the Ms values of
agnetite decreased to some extent. It must acknowledge that
agnetite still keep the high Ms  values after La3+ ions were doped

nto them, even if the lowest Ms  value is 81.4 emu/g for S2. We
mazingly find that the adsorption abilities of La3+-doped mag-

etite are proportional to their Ms  values and independent of their
article sizes. This is an important proof that excellent magnetism
acilitates to increase the adsorption capacity for the similar mag-

able 5
agnetic parameters obtained from hysteresis loops.

Samples Ms (emu/g) Mr (emu/g) Hc (Oe)

S1 90.5 ± 0.1 15.6 ± 0.1 156.6 ± 0.1
S2 81.4 ± 0.1 11.2 ± 0.1 116.5 ± 0.1
S3  86.2 ± 0.1 14.8 ± 0.1 115.9 ± 0.1
S4 82.2 ± 0.1 16.4 ± 0.1 105.9 ± 0.1
Fig. 10. Magnetization curve measured at room temperature for the Fe3−xLaxO4

ferrites.

netic products. Both the heavy-metal ions and organic matters
show feeble paramagnetism or antiferromagnetism, so the mag-
netic powders which possess high Ms will be beneficial to the
adsorption of heavy-metal ions and organic matters. Moreover,
the magnetic materials with high Ms are help to the finally mag-
netic separation. Therefore, it is very meaningful to both keep the
magnetic properties almost constant and increase the adsorption
capacity.

4. Conclusions

Fe3−xLaxO4 (x = 0, 0.01, 0.05, 0.10) ferrite nanoparticles were
successfully synthesized by a facile one-step solvothermal syn-
thesis. Compared with the pure magnetite, La3+-doped magnetite
exhibit more excellent adsorption ability. Furthermore, among
the La3+-doped products, the sample (Fe2.95La0.05O4) possessing
the biggest Ms value owes the strongest adsorption capacity. The
adsorption capacity of magnetite for CR is improved not by increas-
ing the specific area but by deforming the crystal structure via
doped- La3+ ions. By comparison with many other adsorbents,
Fe3−xLaxO4 nanoparticles have higher adsorption capacities for CR.
It would be a good method to increase adsorption efficiency of
magnetite for the CR removal in a wastewater treatment process
by doping La3+ ions. Analysis of adsorption isotherm shows that
our adsorption experiment accord with Langmuir model. Again,
adsorption kinetic model indicates that the adsorption mechanism
depends on the adsorbate and adsorbent. In a word, the Fe3−xLaxO4
nanoparticles were a kind of excellent absorbent because of their
high adsorption, desorption and recovery efficiency.
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