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Abstract

In this work, we aimed to prepare chromium substituted cobalt ferrite Co(Cr Fe, ),0, powders by a simple coprecipitation-
annealing method with different Cr contents to create novel magnetic adsorbents for the removal of phosphate ions from
water. The effects of Cr substitution on the crystal structure, phase composition, morphology, surface atomic composition,
surface area and magnetic properties of our adsorbents were investigated by X-ray diffraction, scanning electron microscopy,
energy-dispersive X-ray spectroscopy, Brunauer-Emmett-Teller nitrogen adsorption-desorption and vibrating sample
magnetometry. According to the results, all our Co(Cr Fe, ),0, samples exhibited higher phosphate adsorption than CoFe,O,
powder but their magnetic properties were reduced for increasing Cr substitution. Among them, the Co(Cr,,Fe,..),0,
sample was found to be the most promising material since its magnetic properties are still high to allow it to be easily
separated from the solution and its maximum P adsorption capacity (according to the Langmuir model) was estimated to
be 4.84 times higher than CoFe,0,, which can be attributed to the presence of Cr* ions on the surface and the enhanced
surface specific area of this substituted sample. Moreover, the adsorption data of Co(Cr,.Fe,..),0, sample also fitted well
to the pseudo second order kinetic model, revealing the adsorption rate constant of 0.87 mgP-'s!, two times superior to
CoFe,0,.
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1. Introduction

For a long time, the presence of phosphate
ions in wastewater has been largely considered
as the main factor causing eutrophication[1, 2], a
phenomenon characterized by the excessive algal
growth, which can lead to numerous ecological
disturbances, such as the bloom of cyanobacteria,
the impairment of water quality and the hypoxia
problem [3]. Hence, removing phosphate ions
from wastewater before discharge is always a
crucial task of environmental control strategies.
In the literature, among different approaches
including adsorption, chemical precipitation and
biological removal, adsorption is found to be an
economical, simple and effective method for the
removal of phosphate ions in low concentration
without formation of chemical waste sludge
[4, 5]. However, most of phosphate adsorbent
materials such as fly ash [6], porous metal oxides
[7], metal organic frameworks [8] and layered
double hydroxides [9] were developed in the form
of fine powder which has the high suspendability
in water and thus is very difficult to be separated
from water bodies after treatment.

To address this problem, magnetically
separable adsorbents based on ferrite
materials were introduced. In fact, owing to
their ferromagnetic properties, ferrite oxides
have been extensively studied for various
applications, including electromagnetic devices
[10] magnetorheological fluids [11] and magnetic
Fenton catalysts [12]. Hence, some recent
studies have suggested to prepare magnetic
phosphate adsorbents possessing the core-shell
structure with ferrite particles as a magnetic
core. For example, Lai et al. successfully prepared
magnetic Fe,O,@SiO, core-shell nanoparticles
functionalized by hydrous lanthanum oxide,
which exhibited both high phosphate adsorption
and good magnetic properties, facilitating the
separation and recovery of core-shell materials
[13]. Likewise, Lin et al. also reported the effective
phosphate adsorption using Fe,O, @MgAl-LDH@
La(OH), composites with a hierarchical core-
shell structure [14]. Thanks to their magnetite
core, more than 79% of composite powders can
be recovered from solution by a magnet [14].
However, the core-shell adsorbents were usually
prepared by complicated procedures which
increases their production cost. Besides, during
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phosphate removal, the shell component can be
separated from the inner magnetic core since the
bonding strength between the shell and the core
is still a question mark.

Therefore, in this work, we proposed to
developed novel magnetic phosphate adsorbents
without core-shell structure, based on chromium
substituted cobalt ferrite Co(Cr Fe, ),0, powders.
These samples were prepared by a simple
coprecipitation-annealing method with different
Cr contents and then characterized in terms of
phase composition, surface atomic composition,
morphology, surface area and magnetic
parameters. Their maximum P adsorption
capacity and their adsorption kinetics for
phosphate removal were also investigated.

2. Experimental
2.1. Synthesis of magnetic adsorbents

For the synthesis of Co(Cr Fe, ),0, with x =
0, 0.25, 0.50 and 0.75, the starting precursors
including CoCl6H,0, Fe(NO,),9H,0 and
Cr(NO,),-9H,0 (> 98%, purchased from Sigma
Aldrich) were separately dissolved in distilled
water and then mixed together following the
desired molar Co/Cr/Fe ratios. Subsequently,
NaOH solution (4.0 mol/L™!) was slowly added
to the solution containing Co?*, Fe3" and Cr*
under regular stirring until pH 7. This solution
was heated and maintained at 90 °C for 2 hours.
After that, the precipitates were filtered, washed
with distilled water, dried at 150 °C for 8 hours
and ground into a fine powder. The powders were
annealed at 700 °C for 4 hours. Next, the products
were washed with distilled water, separated
from water by a magnet and finally dried again
at 150 °C for 1 hour to obtain Co(Cr Fe, ),0,
samples.

2.2. Material characterization

The magnetic measurement for Co(Cr Fe, ),0,
adsorbents was carried out at room temperature
by using a vibrating sample magnetometer
PPMS6000 (Quantum Design). Their crystal
structure and phase composition were
investigated by powder X ray diffraction (XRD)
using a BRUKER-Binary V3 X-ray diffractometer
with CuKo radiation (A = 1.5406 A) in the 20 range
of 10-80° (0.02° per step). The morphology of
these samples was observed by a field emission
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scanning electron microscope (FE-SEM) HITACHI
S-48000 under an accelerating voltage of 10 kV.
The energy-dispersive X-ray spectroscopy (EDS)
analysis was also conducted using HITACHI
S-4800 microscope to determine the surface
atomic composition of our adsorbents. Moreover,
their specific surface area was measured by using
the Brunauer-Emmett-Teller (BET) method with
N, adsorption-desorption isotherms recorded at
77 K on a NOVA 1000e analyzer (Quantachrome
Instruments).

2.3. Preliminary tests for phosphate adsorption

The preliminary adsorption tests of our
Co(Cr Fe, ),0, adsorbents toward phosphate
ions were performed by dispersing adsorbent
powder (0.20 g) in the glass beaker containing
100 mL of KH,PO, solution (2 mgP/L") without
artificial pH adjustment. The beaker was sealed
and placed in a circulation system of water to
maintain the temperature at about 30 °C. The
suspension was constantly stirred for 24 hours.
Then, the magnetic adsorbent was separated from
the phosphate solution by using a magnet and
the phosphate concentration of this solution was
determined by the molybdenum blue colorimetric
method [15] using a Helios Omega UV - VIS
spectrophotometer (Thermo Fisher Scientific,
USA) to measure the absorbance at 880 nm. The
phosphate removal yield (%) and the phosphate
uptake capacity at equilibrium (q,, mgP.g™") of
Co(Cr Fe, ),0, samples were calculated by the
following equations (Eq. 1 and 2):

Yield (%) = Co=C; x100, (1)
0
q.= M’ (2)
madsorbent

where C and C, are the initial and final concen-
tration of phosphate solution (mgP/L!), Vis the
solution volume (L) and m is the mass of
adsorbent (g).

adsorbent

2.4. Adsorption isotherms

In order to determine the maximum phosphate
adsorption capacity of our samples, the study of
adsorption isotherms was conducted by adding
0.02 g of samples into 100 mL of KH,PO, solutions
with different phosphate concentrations (2-
100 mgP.L!). These suspensions were regularly
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stirred at about 30°C (by using a circulation
system of water) for 24 hours. After that, the
equilibrium adsorption capacity for phosphate
of our samples was calculated according to
Eqg. 2. These isotherm data were consequently
analyzed using two adsorption Langmuir and the
Freundlich models which can be expressed by the
Eq. 3 and Eq. 4, respectively:

Sole, L ©

qe C() KL X qm

Ing, = InkK; +l x InC,, 4)
n

where C, (mgP/L™") and q, (mgP/g") are the
phosphate concentration and the phosphate
adsorption capacity of Co(Cr Fe, ),0, at equi-
librium, respectively, q_ is the maximum phos-
phate adsorption capacity (mgP/g™"), K| is a
Langmuir constant associated with the affinity
of binding sites (L/mg™"), K is a Freundlich con-
stant related to the adsorption capacity (mg-
P/g™!) and n is the constant related to the ad-
sorption density.

2.5. Adsorption kinetics

In order to investigate the phosphate
adsorption kinetics of Co(Cr Fe, ),0, samples,
the adsorption tests were carried out in the
same way of our isotherm study except the
fact that the initial phosphate concentration
was fixed at 2 mgP/L-!. At given time intervals,
aliquots of solution were collected, followed
by the separation of magnetic adsorbents by a
magnet and the concentrations of remaining
phosphate ions were determined. Then, two
kinetic models, the pseudo first-order (Eq. 5) and
the pseudo second-order (Eq. 6) were used to fit
the adsorption data of our samples:

kt
] —q)=1 -—L_ 5
0g(q, —q,)=1logq, 5303 5)
t 1 t
—= +—, (6)
a ka q.

where g, (mgP/g™") and q, (mgP/g"") are the phos-
phate adsorption capacity of Co(Cr Fe, ),0, at
equilibrium and time ¢ (min), k, (min™!) and k, (g/
mgP-!- min!) are the adsorption rate constants
corresponding to the pseudo first-order and pseu-
do second-order kinetic models, respectively.
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3. Results and discussion
3.1. Preliminary tests for phosphate adsorption

The phosphate removal yield and the
phosphate uptake capacity at equilibrium
of Co(Cr Fe, ),0, samples measured in our
preliminary tests after 24 hours were presented
in Table 1. Without Cr substitution, our CoFe,O,
sample only exhibited a low phosphate adsorption
with the removal yield of 29.45 % and the uptake
capacity of 0.31 mgP/g-!. When Cr* ions were
introduced into Co(Cr Fe, ),0, samples, the
phosphate adsorption was greatly improved,
indicating that the presence of Cr® ions may
act as new and efficient adsorption sites toward
phosphate ions. With x = 0.25, the phosphate
removal yield and the phosphate uptake capacity
reached 58.91% and 0.61 mgP/g"!, respectively,
which are about two times higher than CoFe,O,.
However, when the substituent Cr content
further increased (x = 0.50, 0.75), the adsorption
capacity and the removal yield were only slightly
enhanced, suggesting that the increase of Cr
content did not strongly affect the adsorption
capacity of Co(Cr Fe, ),0, samples.

3.2. Magnetic properties

Fig. 1 and Table 2 display the magnetic
hysteresis loops and the magnetic parameters
of our Co(Cr Fe, )0, samples, respectively.
Generally, magnetic adsorbent powders usually
need high saturation magnetization (M) to be
easily attracted by using an external magnetic field
and low coercivity (H,) to be easily redispersed
for the next runs. It was observed that CoFe,O,
sample presented the hard ferromagnetic
behavior at room temperature with the saturation
magnetization of 65.90 emu/g! and the coercivity
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of 646.32 Oe. For Co(Cr,Fe, ..),0, sample, these
both magnetic parameters were clearly declined
(M = 41.25 emu/g™! and H_ = 181.60 Oe). This
evolution can be attributed to the replacement
of Fe* ions by Cr® ions in the oxide lattice. In
fact, the magnetic moment of Cr®* ion (3 uB) is
lower than that of Fe’* ion (5 uB) [16]. Hence,
when an amount of Fe* ions at the octahedral
sites were replaced by Cr* ions, the A-B super
exchange interaction was declined, which causes
the decrease in saturation magnetization of
chromium substituted materials. Moreover, the
reduction of magnetization could also turn our
samples into soft magnetic materials, causing the
decrease in coercivity [17]. These results are found
to be in good agreement with previous works [17-
19]. Fortunately, the saturation magnetization
of Co(Cr,,.Fe,..),0, is still high enough to allow
the quick separation from the solution by a
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Fig. 1. Magnetic hysteresis loops of CoFe,O,,
Co(Cr,,.Fe,..),0,, Co(Cr, Fe, .),0, and
Co(Cr, . Fe,,.),0,samples

0.50

Table 1. Phosphate removal yield (Y %) and phosphate uptake capacity (q,) of CoFe,O,, Co(Cr,,Fe,..),0,,
Co(Cr,  Fe,,),0,and Co(Cr, . Fe ,),0,in our preliminary tests after 24 hours

Samples CoFe,0, Co(Cr, ,.Fe,..),0, Co(Cr, Fe,.),0, Co(Cr,..Fe ,.),0,
Y % 29.45 58.91 58.22 66.36
q, (mgP g) 0.31 0.61 0.60 0.68
Table 2. Magnetic parameters of CoFe,O,, Co(Cr,, Fe, .),0,, Co(Cr  Fe )0, and Co(Cr,, Fe ,),0,
samples
Samples CoFe 0O, Co(Cr, ,.Fe ,.),0, Co(Cr, . Fe .),0, Co(Cr, ,.Fe ,.),0,
M (emu g') 65.903 41.251 15.492 0.671
H_ (Oe) 646.320 181.60 13.54 104.60
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magnet. However, for Co(Cr  Fe ,),0, and
Co(Cr,.Fe,,),0, samples, the M, value was
dramatically declined, making it very difficult to
separate these samples by a magnet. Therefore,
from the results of preliminary adsorption tests
and magnetic analysis, the Co(Cr,.Fe,..),0,
sample can be considered as the most promising
magnetic adsorbent among our chromium
substituted materials.

3.3. Crystal structure and atomic composition

Figure 2 displays XRD patterns of our CoFe,O,
and Co(Cr,Fe .),0, samples. The pattern of
CoFe,0, sample shows the pure phase of cubic
spinel cobalt ferrite (space group Fd3m, JCPDS
No.22-1086), identified by the XRD peaks at
18.33, 29.91, 30.70, 34.68, 36.01, 43.97, 58.09
and 62.15°. From this pattern, the cell parameter
of cubic spinel lattice was found to be 8.375 A.
When Fe’* ions were replaced by Cr® ions with
x = 0.25, no additional phase and no evolution
of cell parameters have been detected in the
XRD pattern, indicating that the chromium
substitution at the level of 25 mol% did not affect
the crystal structure and the phase composition
of ferrite adsorbents.

Although no additional Cr-containing phase
was detected, according to the surface atomic
composition determined by EDS analysis (Table 2),
Cr* ions were still present in Co(Cr,,Fe ..),0,
sample with the surface atomic content up to
6.38%. It should be reminded that the ionic radius
of Cr* ions at octahedral sites is 0.615 A [20],
which is very close to that of Fe** ions (0.645 A)
at the octahedral sites of cubic spinel lattice [20].

$-4800 10.0kV 8.4mm x90.0k SE(M)

Fig. 3. FE-SEM images of CoFe,O, (a) and Co(Cr,,.Fe,..),0,
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Fig. 2. XRD patterns of CoFe,0,, Co(Cr,,.Fe, .,),0,,

Co(Cr,Fe,),0,and Co(Cr . Fe ,),0,samples

This explained why Cr3* ions can be substituted
for Fe** ions in CoFe,0, and why the formation of
this solid solution is difficult to identify by XRD.

3.4. Morphology and specific surface area

The morphology of CoFe,O, and
Co(Cr,,.Fe,..),0, samples were investigated via
their FE-SEM images. As shown in Fig. 3, both
two samples consist of polyhedral particles
with the particle size in the range of 30-50 nm.
However, the particles of CoFe,O, are found to
be more strongly agglomerated than those of
Co(Cr,,.Fe,..),0,, which can be explained by the
higher saturation magnetization of cobalt ferrite
powders without Cr-substitution. Consequently,
the Co(Cr, ,.Fe, ..),0, sample shows the enhanced

(b) samples
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specific surface area (23.258 m?%/g™!) whereas
the specific surface area of CoFe,O, is only
14.331 m?/g~! (Table 3).

Table 3. Specific surface area (S,
Co(Cr, ,Fe,..),0, samples

CoFe,0,
14.331

) of CoFe,O, and

ET

Ferrite
SBET (mZ g_l)

Co(Cr, ,sFe,;9),0,
23.258

3.5. Adsorption isotherms

The experimental dataset obtained from
the study of phosphate adsorption isotherms
for CoFe,0, and Co(Cr,Fe ..),0, samples were
fitted with the linear form by the Langmuir
model (Fig. 4a) and Freundlich model (Fig. 4b).
Then, their characteristic parameters were
calculated and presented in Table 4. From the
correlation coefficient R?, it is noticed that all
the adsorption isotherms are better described
by the Langmuir model than Freundlich model.
This result indicates that the precipitation of
chromium phosphate or iron phosphate can be
negligible [21] and the phosphate removal over
our adsorbents follows the monolayer adsorption
processes. Moreover, by using the Langmuir
equation (Eq. 3), the adsorption rate constant of
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Co(Cr,,.Fe,..),0, sample was found to be 2.1160
mgP.g"', which is 4.85 times higher than CoFe O,
(0.4365 mgP/g™).

3.6. Adsorption kinetics

In order to investigate the phosphate
adsorption kinetics of Co(Cr Fe, ),0, samples,
all kinetic data were fitted to the pseudo-first-
order (Fig. 5a) and the pseudo-second-order
(Fig. 5b). The calculated kinetic parameters were
shown in Table 5. Owing to the higher correlation
coefficients R?, the pseudo-second-order model
was proved to be more suitable for the phosphate
adsorption on our materials. Accordingly, with
the pseudo-second-order equation (Eq. 6), the
phosphate adsorption rate constants of CoFe,O,
and Co(Cr, Fe ..),0, samples were estimated to
be 0.4767 and 0.8106 g/mgP-'.min !, respectively
(Table 5), confirming that the phosphate
adsorption process on our Cr-substituted sample
is clearly faster than CoFe,O,.

3.7. Discussion

According to our experimental results, the
chromium substitution at the level of 25 mol%
did not only improve the maximal phosphate

0.8

® CoFe,O, B Co(Cr .Fe,),0, =
®  Co(Cr,Fe,,).,0, 06 1 @ CoFe,0,
80 04 -
02 -
60 00 -
o o 02 1
O 404 - 04 A
06 4
L] [ ]
20 08 - /
[ ]
1.0 4
0 . : . : E 412 hd . . ; . IE'
0 20 40 60 80 100 0 1 2 3 4 5
C,(mgPL") LnC,
Fig. 4. F Linear fitting curves of C/q, versus C, for Langmuir model (a) and Lng, versus LnC, for Freundlich
model (b)
Table 4. Langmuir and Freundlich isotherm parameters for phosphate adsorption on CoFe,0, and
Co(Cr, ,;Fe,..),0, samples
Langmuir Freundlich
q,, (mgP/g™) R K (mgP/g™) R
CoFe,O, 0.4365 0.9864 0.3422 0.4243
Co(Cr,,.Fe .),0, 2.1160 0.9907 0.5576 0.9691
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Table 5. Kinetic parameters of phosphate adsorption on CoFe,O, and Co(Cr,

0255 €0.75),0, samples

Pseudo-first-order Pseudo-second-order
k (min) R? k (g mgP~! min) R?
CoFe,0, 0.0086 0.8763 0.4767 0.9859
Co(Cr,,.Fe,.),0, 0.0081 0.5791 0.8106 0.9933

adsorption capacity but also increased the
phosphate adsorption rate of CoFe,O, powders.
This evolution should be assigned to the increase
in surface specific area of Cr-substituted sample
as well as the presence of Cr3* species in the lattice
and on the surface of magnetic powders. In fact,
when Cr*ions (x = 0.25) were substituted for Fe3*
ions in CoFe,O,, the specific surface area was
enhanced by the factor of 1.62, which can increase
the number of adsorption sites for phosphate
ions. Since the adsorption rate constant of
Co(Cr,,Fe,..),0, (k, = 0.8106 g/mgP~'.min"")
is also 1.70 times higher than that of CoFe,O,
(k, = 0.4767 g.mgP~".min""), we believe that the
phosphate adsorption rate on our samples is
strongly associated with their surface specific
area. However, as mentioned in our isotherm
study, when 25 mol% chromium was inserted to
cobalt ferrite, the maximal adsorption capacity
was greatly enhanced with the factor of 4.85,
significantly outperforming the increase in surface
specific area. Thus, in addition of large specific
surface area, this enhancement of adsorption
capacity should be attributed to the presence of
Cr* species on the surface of Co(Cr,,.Fe ..),0,

312

sample. In literature, the formation constant
of Cr(OH),H,PO,  complex was reported to be
10%78 [22] whereas that of FeHPO; complex is
only 10!28 [23]. Therefore, it is suggested that
the existence of Cr(IIl) species on the ferrite
surface can promote bonding with phosphate ions
through complex formation, which improves the
phosphate removal from solution.

4. Conclusions

Herein, the synthesis of chromium-
substituted cobalt ferrite particles by a simple
coprecipitation — annealing method and their
application as novel magnetic adsorbents to the
removal of phosphate ions from the solution
were reported. All the Cr-substituted samples
exhibited the enhanced adsorption toward
phosphate ions in solution but their magnetic
properties tend to decline with Cr content. Among
our different samples, the 25 mol% Cr-substituted
CoFe, O, sample was considered as the most
promising magnetic adsorbent since its saturation
magnetization is still high enough for the quick
separation from the solution by a magnet and its
maximal phosphate adsorption capacity as well
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as its phosphate adsorption rate constant are
significantly superior to that of CoFe,O,, which

274
can be attributed to the high surface specific area
and the presence of Cr*>* species on the surface of

Cr-substituted adsorbents.
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