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ABSTRACT

Anew CoZn nanoferrite and its moderately calcined counterpart were produced by the polyol method
aiming to assess their effectiveness for the removal of Cr(VI) species from aqueous solutions. The
produced nanoparticles (NPs) were systematically studied by various techniques. X-ray diffraction
revealed the formation of nanosized single-phase cubic spinel-type ferrites, and transmission electron
microscopy showed the presence of almost ~10 nm sized spherical NPs. Magnetic study showed a
superparamagnetic behavior at room temperature and a reasonable Curie temperature for both the
as-prepared and calcined NPs. Adsorption study of Cr(VI) onto the moderately calcined NPs was
carried out at pH 2.0. The uptake of the Cr(VI) was found to increase rapidly with the increase of
the NP dose. Additionally, the adsorption of Cr(VI) onto the nanoferrite was found to follow a
pseudo-second-order kinetics in agreement with a chemisorption process. Moreover, the equilibrium
data points were found to follow the Langmuir isotherm model with an adsorption capacity of
~16.0 mg g for an adsorbent concentration of 4.0 mg mL~. The nanoadsorbent was also tested in ten
adsorption-desorption-regeneration cycles without any significant loss in sorption capacity. All the
features demonstrate that the moderately calcined CoZn ferrite is a promising nonmaterial for the

treatment of chromium (VI)-bearing wastewaters.
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1. Introduction

Humanity is facing formidable challenges in meeting
rising demands of supplies of freshwater [1,2]. Indeed, water
quality is deteriorating continuously due to increasingly
natural and man-made activities. There are various causes
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of water pollution related to human activities. They include
industrial wastes, sewages, mining activities, chemical
fertilizers and pesticides, radioactive waste, and so forth. In
contaminated water, undesirable species can be broadly clas-
sified into three main categories, that is, organic compounds,
microorganisms, and inorganic compounds (e.g., heavy
metals, nitrates, sulfides) [3]. Water-soluble heavy metal
(such as Hg, Cr, Cu, Cd, As, and Pb) chemicals are reported
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to be highly toxic to human, animals, plants, and more gen-
erally to the ecosystem [4]. Their toxicity depends on several
factors including the dose, route of exposure, and the nature
of chemical species, as well as the age, gender, genetics,
and nutritional status of exposed individuals. Chromium
(Cr) is one of the serious environmental pollutant [5-8]. In
the environment, it exists most commonly as the trivalent
(Cr(I1)), hexavalent (Cr(VI)), and metallic (Cr(0)). Industrial
processes generally produce Cr(VI) and Cr(0). Due to their
high solubility, Cr(VI) species, particularly the chromates and
the dichromates, are highly mobile in soil environments and
water [8,9]. They are consequently considered to be the most
toxic forms of chromium. Adverse effects of the hexavalent
form on the skin may include ulcerations, dermatitis, and
allergic skin reactions. Whilst, ingestion of these species
by drinking contaminated water or breathing polluted air
can cause serious health problems [9-11]. Besides, unlike
the organic compounds, heavy metal species cannot be
biodegraded or destroyed; therefore, they must be removed.
To face real situations of the increasing water resource pollu-
tion, the removal of pollutants from contaminated water is an
urgent need for providing disease-free health to our society
and to the ecosystem; the adaptation of highly advanced
nanotechnology to traditional process engineering would
be of crucial importance in technological developments for
water and wastewater treatment [12-14].

Because of its simplicity and relevancy to the industrial
application, adsorption technique is increasingly used for
the removal of water contaminants [15,16]. Ideally, the treat-
ment of Cr(VI)-bearing wastes requires the removal of the
heavy metal species followed by the safe recovery of both the
adsorbent and the adsorbate. Nanoadsorbents have recently
emerged as an alternative solution for conventional adsor-
bents [17,18]. Owing to their high surface area to mass ratio,
dispersion ability, surface modifiability, tunable magnetic
properties, biocompatibility, ease of decantation with the
help of an external magnetic field, reusability, and cost effec-
tiveness, spinel-type nanoferrite (with general chemical
formula MFe,O, where M is a simple bivalent cation such
as Fe(Il), Co(II), etc. or a combination of the cations)-based
materials were reported to have immense potential for the
adsorption and/or reduction of water-soluble heavy metals
[19-24]. Recovery of the metals and other adsorbed species
is also possible. We have recently reported the investiga-
tion of Cr(VI) removal using two magnetite derivatives; a
magnetite-rich phase and a pure maghemite phase [25]. The
pure maghemite nanoparticles (NPs) were found to have
reasonable Cr(VI) removal capacity and enhanced kinetics
(particularly in the case of low Cr(VI) concentrations) com-
pared with conventional adsorbents such as activated carbon,
alumina, zeolites, etc. The adsorption and the desorption
efficiencies of a nanoadsorbent are controlled by various
extrinsic physicochemical parameters [13]. The pH plays a
pivotal role as it controls the surface charge density and thus
the adsorption phenomenon and the surface complexation.
For instance, for chromium (VI) species, it has been estab-
lished that the maximum room temperature adsorption
occurred in acidic medium at pH around 2.0 [26,27]. Indeed,
at pH of 2.0-6.0, the predominant Cr(VI) species mainly
exists in the HCrO; form, which is then gradually converted
to CrO}” form as pH increases [28]. Additionally, at acidic pH,
the adsorption of the negatively charged chromate ions is

due to the physical adsorption caused by electrostatic inter-
action with the positively charged protonated NP surface
[29]. What is more, the adsorption free energy of HCrO; is
notably lower than that of CrO?" which makes HCrO;
more favorably adsorbed. Therefore, the removal of Cr(VI)
at lower pH around 2 is mainly due to the adsorption of
HCrO;. The aim of the present research work is to assess the
potential capacity of two stoichiometric CoZn nanoferrites
as adsorbents of Cr(VI) from aqueous solutions. One of the
CoZn ferrites (the as-produced) was prepared by a one-pot
coprecipitation synthesis using the polyol method [30]. The
second ferrite was obtained by calcination of the former (the
as-prepared) at 300°C for 24 h. The moderate calcination
aims the removal of the chemisorbed organic species grafted
onto the as-produced NPs while maintaining the structural,
microstructural, and magnetic properties almost unchanged.
The as-prepared NPs as well as their calcined counterparts
were then systematically characterized for their chemical
composition, phase purity, microstructure, thermal stabil-
ity, and magnetic properties performing various techniques
including energy-dispersive (EDX), X-ray diffraction (XRD),
infrared (IR), thermogravimetric analysis/differential scan-
ning calorimetry (TGA/DSC), ultraviolet-visible (UV-Vis),
and vibrating-sample magnetometery (VSM). The effects
of the adsorbent nature and dose, the contact time, and the
Cr(VI) initial concentration at a constant pH (pH ~2) on the
adsorption efficiency onto the two nanoferrites were then
investigated. The investigation allowed us to select the best
nanoferrite among the above-mentioned two ferrites for the
removal of Cr(VI). Moreover, tests aiming the reusability of
the selected nanoferrite were carried out.

2. Experimental procedure
2.1. NP synthesis

NPs with the nominal composition Co, Zn,FeO,
were prepared starting from the analytical grade precur-
sor salts Co(CH,CO,),-4H,O (Acros, Geel, Belgium, 97%),
Zn(CH,CO,),2H,O (Fluka, St. Gallen, Switzerland, >99%),
and FeCl, (Fluka, St. Gallen, Switzerland, 97%) using the
polyol process according to the procedure described else-
where [30]. The chemical composition, the stoichiometry,
the structure, and the microstructure of polyol-made nano-
ferrites could be varied by controlling a number of physico-
chemical parameters: The reaction time, f, and the hydrolysis
(h), the acetate (1, ) and the Zn (1, ) ratios, defined by the
molar ratios water/metal, acetate/M?*, and Zn*/Fe* (in
the case of Zn-substituted ferrites) [31,32]. In the present
chemical synthesis, values of t and 1, were chosen equal
to 4.0 h and 0.6, respectively, while the values of h and t,,
were imposed by the amounts of water and acetate ion of
the different precursors and the anhydrous sodium acetate
(Fluka, 99%). It is important to point out that for the pur-
pose of comparison of Cr(VI) removal efficiency with the
as-prepared nanoferrite, a given quantity of the last ferrite
(namely, Co, Zn, Fe,O,) was calcined at 300°C for 24 h.
The moderate calcination aims the removal of the grafted
chemisorbed organic species without inducing any notice-
able change on the structural, microstructural, and magnetic
properties. The calcined NPs could lead to a better uptake
efficiency of the Cr(VI) entities.
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2.2. Characterization techniques

Phase purity, crystal structure, and microstructure
of the produced powders were studied by XRD using an
Empyrean X-ray diffractometer equipped with a cobalt
anode (A, =1.789010/1.792900 A). The XRD powder pattern
indexing, the unit-cell constant calculation, and refinement
were carried out by common crystallographic softwares
[33-35]. The microstructure features were inferred from the
diffraction peak broadening using the Williamson—Hall plots
[36]. Mid IR characterization was carried out on a Nicolet
UR 200 fourier-transform infrared spectroscopy apparatus.
Elemental chemical analysis was conducted with an EDX
Bruker Nano GmbH, Germany, detector mounted on a JEOL
JSM-7800F scanning electron microscope (SEM). The particle
morphology was observed by a JEOL JEM-1400 transmission
electron microscope (TEM) operating at 100 kV. Particle size
distribution was derived considering at least 200 particles
measured on randomly chosen TEM micrographs. Thermal
analysis (TGA/DSC) of the as-prepared powder was recorded
in air with a flow rate of 50 mL min™ and a heating rate of
10°C min™ using a Mettler Toledo TGA/DSC 1 STAR. The
magnetic measurements of the two ferrites under study were
conducted on a Quantum Design PPMS VSM magnetometer.
The hysteresis loops were measured with magnetic field
cycling between +50 and -50 kOe at 5 and 300 K. Thermal
variation susceptibility was measured in field cooling/zero
field cooling (FC/ZFC) mode. In a typical measurement, for
the ZFC experiment, the sample is cooled from room tem-
perature to 5 K without any external magnetic field applied.
Then, a magnetic field of 200 G is applied, and the magnetiza-
tion is recorded as the temperature slowly rises to 300 K. The
FC data are obtained by cooling the sample under the same
magnetic field after the ZFC experiments and recording the
change in net sample magnetization with temperature. The
temperature-dependent magnetization was recorded in the
temperature range 50-330 K under a fixed magnetic field of
20,000 Qe.

2.3. Batch adsorption experiments

For the room temperature investigation of the effect
of a number of parameters including the nanoadsorbent
dose, the contact time, and the Cr(VI) concentration on
the adsorption, desorption, and regeneration capacity of
the produced NPs, batch experiments were carried out at
a fixed pH of ~2.0 in glass test tubes mounted with screw
caps. The shaking was carried out with an ultrasonic shaker
with intermittent vortexing. It is to be noticed that all chem-
ical reagents used were of analytical grade or better and all
aqueous solutions were prepared with ultrapure deionizer
water (conductivity < 40 uS cm™) by passage through a
reverse osmosis water purification system (Pure Lab Prima,
ELGA, UK). Further, all glassware was cleaned with 6.0 M
HCI and then with ultrapure water before use. After adsorp-
tion, the adsorbents were separated from supernatant using
a strong rectangular NdFeB (N40) magnet. The absorbance
of the supernatant was then measured with a UV-Vis dou-
ble-beam spectrophotometer (Jasco V-670) covering a
wavelength range from 190 to 800 nm and equipped with
1-cm-wide quartz cells. For accurate determination of Cr(VI)
concentration in the supernatants, a calibration curve was
generated using a series of standard solutions of analytical

grade potassium dichromate, K,Cr,O,, (Sigma Aldrich,
St. Louis, USA, 299%) dissolved in 0.01 M HNO, aqueous
solution. The pH value was measured using a benchtop pH
meter (Hach, Colorado, USA, SensION), and throughout the
course of the experiments, the pH of each Cr(VI) solution
(before the addition of adsorbent) was adjusted to the
desired value (pH 2.0) using 0.1 HCI or 0.1 NaOH. UV-Vis
absorbance values were recorded at the A___= 350 nm, and
all the measurements were conducted in triplicate to ensure
the accuracy, reliability, and reproducibility of the collected
data. In order to recover the adsorbed Cr(VI) and to regen-
erate the adsorbent for further use, Cr(VI)-loaded NPs were
dispersed in an excess of 0.5 M NaOH, and the mixture
was sonicated for about 5 min. The liquid phase was then
separated by magnetic decantation, and the NPs were thor-
oughly washed with distilled water until a neutral pH and
then dried in an oven for their successive reuse as adsor-
bents for Cr(VI). The adsorption-desorption-regeneration
cycle was repeated ten times aiming the assessment of the
reusability of the produced NPs.

3. Results and discussion
3.1. Phase, structure, and thermal analyses

The elemental chemical composition and the preliminary
morphological characterization of the as-produced ferrite
were recorded on an SEM apparatus. EDX and elemental
mapping analyses carried out at randomly selected areas of
sample reveal the expected metallic elements, for instance,
Fe, Co, and Zn. Fig. 1 provides an SEM image and the EDX
spectrum of a selected zone of the as-produced sample.
Further, it should be pointed out that close atomic ratios of
the different chemical elements were found, indicating a high
chemical homogeneity of the produced powder. Quantitative
analysis inferred from EDX analysis permits the determi-
nation of the chemical formula of the as-produced ferrite,
CoUl(’ZnoyzéFez’OQO“. As can be clearly noticed, the chemical
formula departs from this expected formula, Co, Zn, Fe,O,.
The mixed ferrite shows a slight excess of Fe and a lack of
Zn, while Co concentration agrees well with the expected
nominal content. Such a result is not surprising; as already
pointed out (section 2.1), the chemical composition depends
strongly on various synthetic parameters. Particularly, it
depends on the so-called hydrolysis ratio, Zn ratio, and ace-
tate ratio. It is to be noted that the unassigned EDX peak
with the lowest energy is attributed to carbon arising from
both the sample holder and the small amount of organic
entities grafted on particle surface (see IR characterization
given below). Further, the organic entities are bearing C-O
functional groups; therefore, they contribute by a small
fraction to the oxygen content observed by EDX. In addition,
from SEM images, the as-produced powder consists of
agglomerated fine particles.

Clearly, it is difficult to determine the particle size
performing SEM; therefore, TEM is necessary to determine
the particle size and morphology of the fine particles. The
XRD patterns of both the as-produced powders and their
associated calcined ones at 300°C are shown in Fig. 2.

The observed diffraction lines are consistent with those of
a typical spinel structure without evidence of impurities such
as hematite and hydroxides. Additionally, for the as-produced
ferrite, the determined cell parameter (Table 1) was found to
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Fig. 1. A typical SEM image of the as-prepared CoZn ferrite powder with the EDX spectrum of selected zones. The unassigned EDX
peak with the lowest energy is due to carbon arising from both the sample holder and a small amount of organic entities grafted on

particle surface.
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Fig. 2. XRD patterns of the as-prepared CoZn powder and its
associated calcined one. The inset is a zoom view indicating the
relative shift of XRD peaks as well as the intensity enhancement
of the characteristic (311) peak.

be slightly smaller than that reported for the stoichiometric
Co,Zn, Fe O, (8.416(7) A) [37], thus supporting the Zn lack
as inferred from EDX.

Besides, for the calcined ferrite counterpart, the cell param-
eter was found to be even slightly smaller than that of the
as-prepared ferrite. A close examination of the XRD patterns

reveals a little peak shift toward higher 2q for the calcined
ferrite indicating reduction of the unit-cell parameter. As com-
pared with the untreated ferrite, the cell parameter shrinkage
observed for the calcined ferrite can be due to one or both the
two factors: (i) It is well established that ferrite NPs exhibit
metastable cation distribution among the tetrahedral (A) and
the octahedral (B) sites [38,39]. The amplitude of deviation
from the thermodynamically stable configuration (that of the
bulk) depends on the elaboration conditions as well as the
particle size. In the case of our calcined ferrite, a long-time
calcination seems to bring sufficient energy to the spinel-type
network allowing partial cation rearrangement between the
spinel sites, namely, the B and the A sites, thus giving rise
to more thermodynamically stable configuration. Given the
fact that Zn* ions have strong preference for occupying the
tetrahedral (A) sites in Zn-substituted ferrites [39], the cation
rearrangement in our case should imply the remaining two
cations, namely, Co* and Fe> ions. The cation rearrangement
leads to a modification in the unit-cell parameter due to its
dependence on the complex interplay between the size of
the ions and their distribution. (ii) The unit-cell parameters
of most nanocrystalline materials can also be significantly
different from the coarse grain or single-crystal counterparts
due to the grain surface relaxation effect [38]. The IR spectra
of both the as-synthesized ferrite and its calcined counterpart
are shown in Fig. 3.

The spectra can be viewed as divided into three regions: (i)
A low-frequency region (~400 to 700 cm™) which exhibited the
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Fig. 3. IR spectra of the as-prepared CoZn ferrite and its
associated calcined one. The IR spectrum of the polyol (DEG).

spinel-type ferrite features [40]. A very intense band located at
~580 arising from lattice vibrations was associated to the vibra-
tion of oxide ions against the cations (vFe,..., (usually denoted
as v,)) located in the tetrahedral (A) sites. A close look at the
IR spectra (see the inset in Fig. 3) revealed a slight difference
(6 cm™) in the v, position of the two ferrites. This can be cor-
related to a slight variation in the tetrahedral r, , bond length
(defined as the average cation oxygen bond length on A sites)
consequence of a probable tetrahedral site occupancy variation
due to thermal treatment. The interpretation deduced from IR
analysis supported the possibility (i) made on the basis of XRD.
(ii) A medium frequency region (~1,000 to 1,600 cm™) showing
the features of the polyol and acetate species grafted onto the
surface of NPs; for the untreated particles, for instance, two
bands located at ~1,420 and 1,590 cm™ are assigned to the
symmetric and asymmetric stretching vibrations of acetate
ions, respectively, whereas the other two bands in the range
1,050-1,150 cm™ are due to the C-O—-C/C-O elongations. These
assignments are supported by the presence of very weak cou-
ple of sharp bands located at ~2,920/2,880 cm™ associated
with asymmetric/symmetric C-H stretching vibrations. It is
noteworthy that for the calcined ferrite, the intensities of the
IR bands associated to the organic entities are notably weak-
ened indicating that they are nearly completely removed from
the surface of the NPs. (iii) A high-frequency region (over
3,000 cm™) showing a broad band centered at ~3,350 is asso-
ciated with the O-H stretching of water molecules and the
hydroxyl ions (OH-) of the alkaline reaction medium. Here
again, in the case of the calcined ferrite, the weakening of the
IR bands associated with O-H stretching indicates the depar-
ture of the major water molecules and the hydroxyl ions on
heating. Thermal behavior of the as-produced powder was
studied by TGA/DSC and IR. The TGA/DSC curves (Fig. 4)
revealed a slight initial endothermic mass loss up to 150°C due
to the removal of adsorbed water.

After this, an important mass loss in the ~150°C to 500°C
range accompanied by an exothermic effect attributed to
the combustion of the organic entities (polyol and acetate)
chemisorbed on the surface of the NPs occurs. The last
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Fig. 4. TGA/DSC thermograms of the as-prepared CoZn ferrite.

result is supported by the IR study given before. The organic
species form strong chemical bonds with the metallic ions,
since their complete removal is accomplished at relatively
high. The interpretation is proved by the complete disap-
pearance of the IR features of the mentioned chemical spe-
cies, namely, the organic and hydroxyl groups from the IR
spectra (not shown) of samples calcined at temperatures
above 500°C. Additionally, the absence of any detectable
thermal effect beyond 500°C indicated high thermal stability
of the CoZn ferrite.

3.2. Microstructural analysis

For both the as-produced and moderately calcined
powders, the XRD peaks showed a clear broadening (with
a slight less broadening for the calcined powder as can be
observed from the zoom view around the intense peak), as a
result of the reduced particle size and/or lattice strain. W-H
plots are shown in Fig. 5, and the calculated crystallite size

(<Lygp>) and lattice strain (¢) are listed in Table 1.
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Fig. 5. W-H plots of the as-prepared and calcined powders. The
straight lines are the fits to the data points.



248 L.B. Tahar et al. / Desalination and Water Treatment 144 (2019) 243-256

Table 1

Selected structural (the lattice parameter (a) and the lattice mode
(v,) associated to the vibration of oxide ions against the cations
in A sites) and microstructural characteristics (the average
crystallite size (<L, ,>) and the strain (¢) inferred from XRD
analysis and the average particle size (<D, >) inferred from
TEM analysis) of both as-prepared and calcined ferrites

a, A <LXRD>’ & % <D TEM Vy
nm nm cm™!
As-prepared 8407 (4) 5.6 0.109 10x2 584
Calcined 8387(2) 63 0116 11+2 578

Both the crystallites, as-prepared and calcined ferrites,
are ultrafine with an average size of about 6 nm. Besides, as
expected, the crystallites of the calcined powder are slight
larger due to the moderate heating. For both powders, the
lattice strain values are very low in accordance with the
good crystallinity known for the polyol-made ferrite NPs
[31,37]. Morphology of both as-prepared and calcined NPs,
along with their size distribution histogram, is evaluated
with TEM analysis, and the results are presented in Fig. 6
and Table 1.

Some agglomeration is observed from the micrographs,
which may be due to the sample preparation. Grains of both
powders are observed to have nearly spherical morphology
with an estimated average size of ~10 and 11 nm for the as-pro-
duced and the calcined samples, respectively. Additionally,
grain size estimated from TEM is in reasonable agreement
with the crystallite size revealed from W-H analysis using
XRD (~6 nm), which may reveal nearly single crystalline
character of NPs of the two ferrites. From the analysis, it
is clear that the influence of calcination at 300°C on the
microstructure of the as-produced NPs was insignificant.
Calcination was just applied to remove the chemisorbed
organic species from the NP surface.

Froquensy eount (%)

100 pm

3.3. Magnetic study

The magnetic susceptibility measurements of the
two nanoferrites clearly show their dependence on the
temperature and the type of NPs (Fig. 7).

In the ZFC regime, the magnetic susceptibility (x) initially
increases and reaches a maximum at a certain temperature.
The temperature, at which the maximum susceptibility is
achieved, is defined as the average blocking temperature, T,
of the nanoparticulate sample. T, represents the threshold
temperature above which magnetic anisotropy barrier is
overcome by thermal activation energy alone, causing NPs to
relax from the ferrimagnetic state to the superparamagnetic
state. T, values listed in Table 2 are lower than 300 K indi-
cating a superparamagnetic behavior at room temperature.
Additionally, for both nanoferrites, the ZFC and FC curves
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Fig. 7. FC/ZFC thermal variation of the susceptibility measured
in a magnetic field of 200 Oe for the as-prepared CoZn ferrite
NPs and their associated calcined ones.

(b)

Frequency count (%)
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Fig. 6. Typical TEM images of the as-prepared CoZn ferrite powder (a) and its calcined counterpart (b) with their corresponding

particle size distribution histograms.
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Table 2

The main magnetic characteristics (the blocking temperature (T,), the saturation magnetization measured at 300 K (M_, (300 K)), the
saturation magnetization measured at 5 K (M_, (5 K)), the coercive field measured at 5 K (H, (5 K)), the Curie temperature (T.), the
Bloch’s exponent (3), and the spontaneous magnetization at 0 K (M (0))) of both as-prepared and calcined ferrites

T, K M_, (300 K), emu g™

sat

M_, (5K), emug?

H_ (5K), Oe T, K B M (0), emu g™

69.5
63.8

96.7
93.7

As-prepared 197
Calcined 278

1.66
1.21

86.3
78.5

6,157 644
7,568 734

diverge at temperatures around T,. The divergence is a
characteristic feature of superparamagnetic behavior [41].
Further, the closeness (~10 K) of the blocking temperature
and the temperature of the ZFC/FC curve separation indicate
the presence of NPs with a narrow size distribution [42].

In addition, the relatively large ZFC curves around T,
is a consequence of the occurrence of interparticle magnetic
interaction. As can be noticed from Table 2, the T, value of the
calcined ferrite is clearly larger (+91 K). Despite the occur-
rence of interparticle magnetic interaction, the difference
in T, values between the two ferrites can be approximately
interpreted on the basis of the Stoner-Wohlfarth theory
of a given noninteracting isotropic and randomly distrib-
uted magnetic uniaxial single domains (NPs) [43]. Indeed,
the extrinsic magnetic contribution (interparticle magnetic
interaction) to the T, value is expected to be similar in both
ferrites since their powders contain NPs of almost equal
size and can therefore be ignored in the explanation of the
difference of T, between the two materials. According to the
Stoner-Wohlfarth theory, T, is proportional to the product of
the so-called monocrystalline anisotropy, K , and the average
particle volume, V:

K,V = 25k,T, 1)

where k, denotes the Boltzmann constant.

According to Eq. (1) and taking into consideration that
the particle size remains almost constant after calcination,
V, of the two nanoferrites, the notable difference in blocking
temperature is likely to be mainly ascribed to the difference
of intrinsic parameter K between the ferrites. The monocrys-
talline anisotropy value certainly depends on the cation
distribution over the spinel sites, which differ significantly
between the as-produced ferrite and the calcined counterpart
as demonstrated above (see section 3.1). In ferrites contain-
ing cobalt ions, K is large due to the occurrence of a strong
spin-orbital coupling for the octahedrally coordinated Co*
ions [44]. Therefore, the larger T, value observed for the
calcined ferrite is probably due to the migration of a fraction
of Co* from tetrahedral (A) to octahedral (B) sites accom-
panied by an opposite transfer of an equivalent number
of Fe* ions from octahedral to tetrahedral sites, thereby
increasing the concentration of Co* in B sites and leading
finally to the enhancement of K . This result corroborates the
results deduced form XRD and IR interpretations suggesting
the variation in the cations distribution of the as-produced
ferrite upon calcination. Magnetization as a function of the
magnitude of an external dc applied field, H at the tempera-
tures 300 and 5 K, was recorded for both the as-prepared and
calcined ferrites (Fig. 8).
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Fig. 8. Hysteresis loops measured at 5 and 300 K for the
as-prepared CoZn NPs and their associated calcined ones.

As expected at 300 K (above T,), there is no hysteresis
features, in agreement with the superparamagnetic behavior
of the particles. On the other hand, below T, (for instance, at
5 K), a hysteresis loop is clearly observed for the as-prepared
samples, in agreement with a blocked state of individual
magnetic moments at 5 K. The saturation magnetization, M_,
values determined by extrapolating the magnetization vs
1/H curve to 1/H =0 are given in Table 2. For the as-produced
NPs, M_, values are slightly larger than that of the cal-
cined ferrite. In addition, the lower M_, values measured
at 300 K are due to the thermal fluctuation of the magnetic
moments of superparamagnetic particles. For the as-pre-
pared nanocrystals, below T, the reduced remanence, M__/
M_, defined by the ratio of the saturation magnetization to
the remanence magnetization, is close to 50%. The result is in
agreement with the features of single-domain NPs with ran-
domly oriented uniaxial anisotropy [44]. In nanoferrites with
the same chemical composition, two factors are expected to
affect the magnetization: (i) the particle size and (ii) the cat-
ion distribution. It is well established that the magnetization
increases with the increase of particle size [32,41], while the
second parameter (ii) could either increase or decrease the
magnetization depending on the magnetic configuration and
the site occupancy of the cations over the spinel sites, namely,
the tetrahedral (A) and the octahedral (B) sites. In our case,
magnetization of the calcined ferrite is found to be notice-
ably lower than that of the as-produced ferrite; the parameter
(ii) is therefore expected to largely compensate the expected
slight increase of the magnetization due to particle size
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increase. Considering the values of magnetic moments of
the octahedrally coordinated high-spin Fe** and Co*" cations
of ~5 and ~4 y, (where p, = 9.274 x 10 ] T™), respectively
[45], and considering the Néel model of ferrimagnetism [46],
the plausible explanation of the magnetization decrease in
the calcined ferrite compared with the as-synthesized one
is the occurrence of a migration of a fraction of Co*" from
tetrahedral to octahedral sites accompanied by an opposite
transfer of an equivalent number of Fe*" ions from octahedral
to tetrahedral sites. It is should be noted here that the inter-
pretation corroborates with the last interpretation deal-
ing with the increase of the magnetic anisotropy, K, upon
calcination. The coercivity of the calcined ferrite (7,568 Oe)
is much larger than that of the as-prepared ferrite (6,157 Oe).
The coercivity of magnetic nanocrystals is surely related to
the magnetic anisotropy [44]. At a given temperature, the
required magnetic field strength for overcoming anisotropy
to flip the magnetic spin certainly increases with increasing
anisotropy energy barrier. The higher the Co*" concentration
in B sites, the stronger the L-S couplings in Co*" cations and
therefore the higher the coercivity. It has to be noted that
here again the interpretation confirms the interpretations
given before for T, and M, /M_. Decay of magnetization
with temperature of spinel ferrites is an important feature
of magnetic materials from the point of view of technolog-
ical applications. To get a quantitative description, we mea-
sured the temperature dependence of the magnetization, M,
of the two materials submitted to a magnetic field of 20 kOe
strength (Fig. 9).

For nanostructured ferrites, below the Curie temperature,
M vs T, data points can be well fitted with a modified Bloch’s
law function [47]:

M(T)=M(0) 1—[?}3 @

where M (0) is the spontaneous magnetization at 0 K, T
is the Curie temperature, and [3 is the so-called Bloch’s
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Fig. 9. Spontaneous M vs T measured at 20 kOe for the
as-prepared CoZn NPs and their associated calcined ones.

exponent. M (0) and T,. values correspond to the intercept of
the modified Bloch’s law curves with the M, (T) and T axis,
respectively. An excellent fitting with a modified Bloch’s was
obtained. The modified Bloch’s law parameters are gathered
in Table 2. T, value of the calcined sample was found to be
notably larger (90 K) than the Curie temperature of that of the
as-produced counterpart. In spinel ferrites, Curie temperature
(T.) depends on the respective exchange integrals of the
A-B and B-B interactions, with A-B interaction larger than
A-A and B-B interactions in the order A-B > B-B >> A-A
[48]. It is mostly controlled by super-exchange interactions
between the Fe* ions in A and B sites. This strength of the
A-B interaction is determined by the number of Fe }*-O-Fe}*
linkages per magnetic ion per formula unit. Hence, the T,
depends on the number of linkages per Fe** ion per formula
unit. In the case of our ferrites, the larger T. value of the
calcined compared with the as-prepared ferrite traduces an
increase of Fe* population in A sites leading to increase of
Fe *-O-Fel* interactions. Here again, the interpretation cor-
roborates the interpretations given for changes observed for
the above-cited magnetic parameters, namely, T, M_,and H_.
All the results demonstrate the occurrence of an exchange of
fraction of Fe** and Co* over A and B sites upon calcination.
The Bloch’s exponent values are in agreement with previ-
ous reports for other spinel ferrites [49]. Additionally, as can
be noticed from Fig. 9, the magnetization decay rate is low
which allows the materials to maintain reasonable magneti-
zation in a large temperature range. The Curie temperature
(Table 2) of both ferrites exceeded 350°C, which favorites
the two materials to work even under severe conditions (for
instance, in contact with hot wastewaters) while maintaining
a good interaction with an external magnetic field to perform
their decantation easily.

3.4. Remouval essays of Cr(VI)

In each Cr(VI) removal essay, a certain amount of the
ferrite NPs (0.5-2.0 mg mL™) was added to a given volume of
the hexavalent chromium acidic aqueous solution (pH ~2.0)
having a precise Cr(VI) concentration (10200 mg mL™). Each
mixture was then vigorously stirred at room temperature
for a certain time (10-240 min) with the assistance of
ultrasonication/vortexing. Then, the supernatant is separated
from the nanoadsorbent, and its absorbance was then
measured using UV-Vis spectroscopy.

3.4.1. Effect of NP nature

Preliminary assessment of the removal ability of our NPs,
namely, the as-prepared and the calcined CoZn ferrites in an
acidic medium of pH 2.0, is of importance for an econom-
ical point of view. In a typical procedure, 60.0 mg of each
ferrite was accurately weighted. Then 10 mL of a 50 mg L™
Cr(VI) solution was added to the weighted NPs. After this,
the mixture was shaked at room temperature for 25 min, and
then the liquid phase was quickly separated from the solid
phase with the help of a strong NdFeB magnet. Finally, the
UV-Vis spectrum of the supernatants was recorded against
an HNO, solution of pH 2.0 as a blank. Fig. 10 compares
the UV-Vis spectra of the untreated Cr(VI) solution with
its associated solutions treated by the as-prepared and the
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Fig. 10. The UV-Vis spectra of 50 mg L' Cr(VI) solutions treated
by 6 mg L of the as-prepared and 6 mg L™ of the calcined
CoZn NPs for a contact time of 25 min along with the untreated
Cr(VI) solution. The inset depicts photos of the corresponding
supernatants.

calcined NPs. As can be clearly seen, the intensity of the
characteristic peak of Cr(VI) species at 350 nm decreased sig-
nificantly in the presence of the as-prepared NPs and more
sharply in the presence of the calcined ferrite. Certainly, the
decrease in absorbance indicates a decrease in Cr(VI) con-
centration consequence of adsorption of a certain quantity
of the species onto the NPs. A photo of the three solutions
(see the inset in Fig. 10) shows a notable decrease of the
characteristic yellow color of K,Cr,0, solution in the pres-
ence of the as-prepared adsorbent, while the supernatant
becomes almost colorless in contact with the calcined NPs,
thus supporting the trend of the intensity of the characteristic
peak at 350 nm. From the preliminary study, it is clear that
the calcined NPs showed superior efficiency toward Cr(VI)
uptake; we therefore discarded the as-prepared NPs, and
hereafter we focused only on the study of the adsorption of
Cr(VI) species by the calcined NPs. A plausible explanation
of the higher uptake efficiency observed for the calcined NPs
is that for these NPs a larger number of positively charged
surface sites are exposed to the negatively charged Cr(VI)
species consequence of the removal of the organic species,
namely, the polyol and the acetate ions upon calcination. In
the case of the as-prepared NPs, however, the organic species
possessing hydrophilic tails appear to exert a steric repulsion
preventing an ease electrostatic attraction of the HCrO; ions
toward the NP surfaces.

3.4.2. Effect of NP dose

Different amounts (0.6-4.6 g L) of nanoadsorbents
were suspended in 10 mL of 20 mg L™ Cr(VI) solution under
pH ~2.0 and for a contact time of 1 h. Fig. 11 shows the effect
of adsorbent dose on the absorbance spectra of band of Cr(VI)
solutions.

It can be seen that the intensity of the characteristic
absorbance band of Cr(VI) species decreased drastically with
the increase in NP dose indicating an important decrease of
Cr(VI) concentration with the increase in the amount of NPs.
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Fig. 11. Absorption spectra of 10 mL of 20 mg L™ Cr(VI) solution
treated with different doses of the calcined ferrite NPs. The inset
depicts selected photos of the treated solutions in comparison
with the untreated solution.

Based on the calibration curve and the absorbance values
measured for the treated solutions, it is possible to deduce
the removal percentage of Cr(VI) after 1 h of contact:

c,-C

Removal(%) =—0 hr » 100 3)

0

where C  and C,, are the concentrations of Cr(VI) (mg L™)
before (t = 0) and after 1 h of contact with the ferrite NPs,
respectively.

Removal percentage as a function of selected adsorbent
dose is presented in Fig. 12. It is obvious that NP dose affected
the adsorption remarkably.

With the increase of the adsorbent quantity, the removal
percentage begins to increase rapidly and then increases
slowly to finally reach an almost constant value for high
doses. As an example, the removal of 10%, 50%, and 80%
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Fig. 12. Removal percentage and adsorbed quantity (mg g™) of
10 mL of 20 mg L' Cr(VI) solution treated with various doses of
calcined ferrite NPs.
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of Cr(VI) occurs for NP doses of =1.0, 2.5, and =3.9 g L7,
respectively. The trend can be explained as follows: For a
fixed number of Cr(VI) species, the increase of sorbent NPs
means an increase of NP surface area, thus giving larger
number of adsorption active sites and therefore high removal
percentage of Cr(VI). For higher adsorbent doses and for a
sufficient contact time, the available Cr(VI) species can be
totally consumed by the NPs and the removal percentage
attains its maximum value of 100%. For a given number of
adsorbate species, the removal increase can be explained
by the fact that the increase of sorbent NPs leads to surface
area increase, thus giving larger number of adsorption sites
and therefore larger number of adsorbed Cr(VI) species [50].
Removal capacity for an hour of contact can be evaluated in
milligrams of the Cr(VI) species adsorbed by a gram of NPs:

- Co=Ci <V (4)

qlhr
NPs

where ¢, is the adsorption amount (mg g') and C, and
C,,. are the same as those defined before. V is the volume
of supernatant (L) and m,_is the mass of NPs used (g). q,,.
values vs adsorbent quantity are presented in Fig. 12. As
the dose of the adsorbent increases, the adsorbed Cr(VI)
quantity decreases with an almost monotonous manner but
with a much rate for the low NP dose. The removed quanti-
ties for the lowest (0.6 g L) and the highest (4.6 g L) doses
are ~16 and 3 mg g, respectively. Similar trends regarding
the removal percentage and the adsorption capacity were
observed by Gupta and Rastogi in their study of the removal
of Cr(VI) by the biosorbent N. muscorum [51] and Tahar et al.
in their study of the removal of Cr(VI) by maghemite NPs
[25]. For a given adsorbate quantity, aggregation caused by
Van Der Waals due to high surface to volume ratio and by the
magnetic interactions between NPs is a plausible explanation
of a such trend in adsorption yield. The higher the quantity of
the NPs, the higher the physical interactions and thereby the
higher agglomeration degree, leading to the decrease of the
screened fraction of the adsorbing active sites.

3.4.3. Kinetics study

In addition to sorption affinity, it is important that the
magnetic NPs achieve rapid sorption to minimize the time
required to remove cations. A 7.5 mL of 10, 20, 30, 40, 50, 60,
80, and 100 mg L Cr(VI) solutions and a fixed quantity of
NPs (4.0 g L) were shaked at pH 2.0 at room temperature
at various contact times, and their UV-Vis spectra were
then recorded. The effect of contact time on the rate and the
removal efficiency of Cr(VI) is shown in Fig. 13 for different
initial concentrations of Cr(VI).

The removal percentage of Cr(VI) was calculated
applying Eq. (4) for any time t. It can be seen that the rate
of Cr(VI) uptake takes place in two phases: An initial phase
involving rapid uptake of metal species, followed by a
subsequent much slower removal rate leading gradually
to an equilibrium state. For all concentrations, more than
50% of the removal of Cr(VI) takes place during the first
5 min. The rapid adsorption of Cr(VI) by the calcined CoZn
NPs is attributed to the external surface adsorption, which
is different from the other adsorbing mechanism like the
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Fig. 13. Cr(VI) removal efficiency by the calcined CoZn NPs
(4 g L) as a function of contact time at various initial Cr(VI)
concentrations. The inset depicts the removal percentage vs the
initial Cr(VI) concentration at equilibrium state.

microporous adsorption process. Since an important fraction
of the adsorption sites of the NPs is located in the exterior
of the adsorbent compared with the porous adsorbent, it
is easy for the adsorbate to access these active sites, thus
resulting in a rapid approach to equilibrium. Additionally,
it is clearly seen that the equilibrium time is a concentra-
tion-dependent parameter. It is very short for low Cr(VI)
concentrations and increased gradually with the increase
of concentration. For instance, the equilibrium time is of
~3 min for the concentration 20 mg L™ and is of ~120 min
for 100 mg L. Further, the similar shape of the curves indi-
cated that the removal efficiency increased inversely with
the concentration of initial Cr(VI). This is expected because
for a fixed adsorbent dosage, the total available adsorption
sites are limited, thus leading to a decrease in percentage
removal of the adsorbate. At equilibrium, the removal effi-
ciency of Cr(VI) was found to vary between 100% and ~65%
for the concentrations ranging from 20 to 100 mg L™ (see the
inset in Fig. 13). Therefore, the produced NPs are very prom-
ising for practical applications point of view. They showed
better efficiency in contact with diluted wastewaters. From
the study of the effect of adsorbent dose (see last section),
we can expect that an appropriate adjustment of NP dose
could further reduce the Cr(VI) concentration to the max-
imum allowable discharge limits. Environmentally, the
allowable Cr(VI) dose depends on the medium in which
the waste is discharged. It has been reported that in gen-
eral, toxicity for most microorganisms occurs in the range of
0.05-5 mg chromium per kilogram of medium. Some aquatic
species are more sensitive, and the allowable Cr(VI) dose is
less than 102 mg L™ [11]. Technologically speaking, we can
expect that high reduction of Cr(VI) concentration could be
achieved by subsequent treatment by passing the wastewa-
ter in a cascade system of magnetic NP beds appropriately
mounted in the flow effluent. Then, efficient separation
and retention of the NPs from the output-treated effluents
could be readily achieved performing magnetic field-based
separation techniques [52].
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A number of adsorption kinetic models are known [53].
In our case, the best fit of adsorption data was found with the
pseudo-second-order rate kinetic model. The integrated form
of the pseudo-second order is expressed as:

£ 1t ;
qt kadXC]f qe ( )

where g, and g, refer to the adsorption capacities (mg g™')
of the NPs at any time ¢ (min) and at the equilibrium time,
respectively. These quantities are calculated applying an
equation like that of Eq. (5). The parameter k_, (mg g™ min™)
refers to the adsorption rate constant. The Cr(VI) adsorption
kinetic plots are presented in Fig. 14.

Parameters of pseudo-second order for Cr(VI) adsorption
onto the calcined CoZn NPs along with the corresponding
correlation coefficients (R?) are summarized in Table 3.

The correlation coefficients for the linear plots t/q, against
t are very close to unity, and the g, values (g, ) calculated
from pseudo-second-order model agree with the experimen-
tal values (q,, ) inferred from Fig. 14. The results indicated
that the pseﬁcPlo—second—order sorption mechanism is pre-
dominant for the sorption of Cr(VI) species onto our NPs,
and it is considered that the rate of the sorption process is
controlled by the chemisorption process. The mechanism
involves valance forces through sharing or exchange of
electrons between sorbent and sorbate as covalent forces [53].
In our case, the exchange of electrons of the NP surface and
the Cr(VI) species is unfavorable for two reasons: (i) In all our
experiments, chromium is dissolved in a strong oxidizing
medium (HNO, 10 M) in its highest oxidation state, +VI (as
K,Cr,O, salt). (i) Based on the well-known Pourbaix diagram
of chromium [54], at room temperature and for pH 2.0, Cr
is predominantly present in the form of HCrO; in which
Cr is in the oxidation state +VI. These proofs excluded the
transformation of Cr(VI) to Cr(IIl) and therefore excluded
the presence of Cr(Ill) species in our hexachromium sys-
tems. Similar interpretation has also been reported by Hu et
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Fig. 14. Pseudo-second-order sorption kinetics of Cr(VI) species
onto the calcined CoZn NPs (4 g L) at various initial Cr(VI)
concentrations. The dashed lines correspond to the best linear fit
to the experimental data points.

al. who demonstrated the absence of the trivalent Cr(IIl) in
their hexavalent chromium-maghemite NP systems [28]. For
our hexachromium-ferrite systems, the plausible mechanism
involves the immobilization of Cr(VI) species on the NP sur-
face as follows: At pH ~2.0 (far below the pH of the zero point
of charge of spinel-type ferrites), the ferrite NPs are positively
charged at their surface with the dominant (OH,)" entities
along with the cations of Fe*, Co*, and Zn* of the ferrite
compound, while the Cr(VI) species are negatively charged,
and they are predominantly present in the form of HCrO;.
This leads to an electrostatic attraction between the NP sur-
face and the Cr(VI) species, and then the HCrO; species are
chemisorbed on the NP surface via a chemical complexation
mechanism to form surface coordination compounds as

M + HCrO, | M "HCrO, | ()

where M# represents either Fe** or Co?" species acting as
Lewis acids (electron acceptors), while HCrO; entities acting
as Lewis base (electron donor).

It can be noticed from Table 3 that with the increase of
the initial adsorbate concentration, the total amount of Cr(VI)
adsorbed increased successively. This can be explained by
the fact that more targets of Cr(VI) provide higher driving
force to facilitate the ion diffusion from the solution to the
positively charged NP surfaces and therefore more collisions
between Cr(VI) ions and active sites of the sorbent [55].

3.4.4. Adsorption isotherms

The equilibrium data for the adsorption isotherms of
Cr(VI) onto 4 g L' NPs are analyzed by the well-known
Langmuir and Freundlich adsorption isotherm models
[56,57]. Their respective linear Egs. (7) and (8) are as follows:

R — %
Qe Qmax DX

1
ln(qe)—ln(kf)+;1n(Cf) 8)

where the different parameters introduced in the above
equations correspond to their usual meanings as defined by
Langmuir and Freundlich. The values of the above-defined
parameters are determined from the plot of C/gq, vs C, and
log(g,) vs log(C,) plots. The experimental data were treated
by the Langmuir and Freundlich models (Fig. 15). As can
be seen from Fig. 15(a), the adsorption data were satisfacto-
rily fitted to the Langmuir model with g, and b values of
15.6 mg g and 0.15 L mg™, respectively. This suggests that
the mechanism of adsorption is rather chemisorption than
physical adsorption. For the Langmuir model, it is estimated
by a dimensionless separation factor if the sorption is favor-
able or not. The separation factor, R, is calculated from the
following relation:

1

R, =
1+bC,

©)
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30

Table 3
Parameters of pseudo-second order for Cr(VI) adsorption onto the calcined CoZn ferrite nanoparticles
Initial Cr(VI) concentration (mg L) 20 30 40 50 60 80 100
R? 1.0 0.9990 1.0 0.9999 0.9900 0.9980 0.9997
Removal (%) 100 100 91.8 83.2 81.7 69.6 65.9
o (MG ™) 49 7.3 9.0 10.2 12.3 14.0 16.6
o (MG g™ 49 7.3 9.0 10.2 12.2 13.9 12.6
C,(mgL™) 0.0 0.0 8.1 16.8 18.3 30.4 34.1
K ,(mg g? min™) 243 0.85 0.37 0.33 0.076 0.022 0.018
28 3.4.5. Reusability of the NPs
R%=0.96 (a) " Adsorption—desorption-regeneration tests were conducted
24 ) on a 15 mL Cr(VI) solution with an initial concentration of
. 80 mg L and an NP dose of 4.0 g L. To test the reusability
- 20 of the nanoadsorbent, the following detailed procedure was
=t ' adopted: In a first step, the NPs were shaked with the Cr(VI)
s . solution for 30 min. Then, the absorbance of the supernatant
g 16 m was measured after decantation with the aid of NdFeB mag-
o net. After this, to remove the adsorbed Cr(VI), the Cr(VI)-
1.2+ loaded NPs were dispersed in an excess (about 30 mL) of
. 0.5 M NaOH and then the mixture was sonicated for 5 min.
0.8 Clearly, the supernatant shows the characteristic yellow color
of water-soluble Cr(VI) entities. The last step was repeated
10 15 20 25 30 a5 until no detectable Cr(VI) was observed in the washing as
c -1 confirmed by UV-Vis spectrum. The nanoadsorbent was then
e(mol) thoroughly washed with ult deionizing water und
ghly washed with ultrapure deionizing water under
sonication till the pH of the wash water became neutral. It
1.6 is to be noticed that the supernatant appears colorless, indi-
R?=0.79 (b) . cating in particular the high chemical stability of our NPs;
" otherwise, redbrick color will appear due to the liberation
1.4 of Fe** ion consequence of partial dissolution of the ferrite
NPs. Then, the washed nanoadsorbent was dried at 60°C for
. 24 h to be reused for the subsequent adsorption-desorption—
g, 124 . regeneration cycle as described above. Ten consecutive
g
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Fig. 15. Langmuir (a) and Freundlich (b) isotherms of Cr(VI)
adsorption onto the calcined CoZn NPs (4 g L) at various initial
Cr(VI) concentrations. The dashed lines show the best fit of the
experimental data points to the two models.

where the different parameters of Eq. (9) correspond to their
usual meanings as defined by Langmuir and Freundlich.
Values of R, are found between zero and unity indicating
that the sorption is favorable. In the present study, R, lies
in the range of 0.063 and 0.25, which demonstrated that
the adsorption of Cr(VI) onto our moderately calcined NPs
is feasible.
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Fig. 16. Reusability of the calcined CoZn nanoadsorbent for
adsorption-desorption of Cr(VI) during ten cycles. pH: 2.0;
initial concentration of Cr(VI): 80 mg L, NP dose: 4.0 g L;
contact time: 30 min; regenerating solution: NaOH 0.5 M.
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adsorption—-desorption-regeneration cycles were carried
out to validate the reusability of the produced nanoferrite
for the removal and recovery of Cr(VI). Fig. 16 shows the
removal efficiency of Cr(VI) during ten cycles of adsorp-
tion-desorption-regeneration. As can be seen, a good
reproducibility of the adsorption capacity (mean value » 61.0,
standard deviation < 3) in the adsorption capacity of the
nanoadsorbent during the ten cycles was achieved, which
indicated that there were no irreversible adsorbent sites on
the surface of the adsorbent. The results demonstrated that
the moderately calcined CoZn nanoferrite can be used for
the removal of Cr(VI) species over an important number of
cycles, indicating its suitability for the design of a continuous
process for the removal of Cr(VI)-bearing wastewaters.

4. Conclusion

The phase purity, the structure, the microstructure, the
surface functionality, and magnetic properties of a new
polyol-made CoZn nanoferrite and its moderately calcined
one were investigated by various characterization techniques.
EDX, XRD, and IR analyses showed that the as-produced
powder and that obtained by moderate calcination of the
former at 300°C are pure ultrasmall NPs with ~10 nm size
possessing the chemical formula CoyZn,Fe, ,O,. The two
kinds of NPs exhibited a superparamagnetic behavior with
reasonable saturation magnetization (M_, (300 K): 64 and
70 emu g for the calcined and the as-prepared, respec-
tively) and high Curie temperature (T.: 644 and 734 K for
the as-prepared and the calcined, respectively). The interest-
ing structural and magnetic properties make the produced
nanoferrites good candidates for the removal of heavy
metals from contaminated waters. Owing to its high chemi-
cal stability at pH 2.0, only the room temperature chromium
(VI) adsorption capability study of the calcined nanocrystals
was carried out. The Cr(VI) percent uptake was found to
be strongly dependent on the NP dosage, the time, and the
initial Cr(VI) concentration. It was shown that the adsorption
phenomenon was rapid due to the greater number of active
sites for interaction with chemical Cr(VI) species. Further,
the equilibrium time is Cr(VI) concentration dependent; it
increased with the increase of concentration. For instance, for
an NP dose of 4.0 g L and Cr(VI) concentrations varying
between 20 and 100 mg L7, the equilibrium time was found
to range between ~3 and ~120 min. Moreover, on the basis of
the Langmuir isotherm model, the maximum uptake (q, )
of Cr(VI) was found to be at ~16 mg g™ for an adsorbent
dose of 4.0 mg mL™". These results showed that the moder-
ately calcined NPs could potentially serve as nanoadsorbent
of hexachromium, particularly by contact with low concen-
trated Cr(VI)-bearing liquid media. The nanoadsorbent was
reused in ten adsorption—-desorption cycles with negligible
decrease in its sorption capacity, indicating in particular
a highly chemically stable material. Thus, the moderately
calcined CoZn nanoferrite has the potential to be used as an
efficient and economic sorbent material for the removal of
chromium (VI) from real wastewaters.
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