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In this study, suspended cerium oxide nanoparticles stabilized with hexamethylenetetramine were used
for the removal of dissolved chromium VI in pure water. Several concentrations of adsorbent and adsor-
bate were tested, trying to cover a large range of possible real conditions. Results showed that the
Freundlich isotherm represented well the adsorption equilibrium reached between nanoparticles and
chromium, whereas adsorption kinetics could be modeled by a pseudo-second-order expression. The
separation of chromium-cerium nanoparticles from the medium and the desorption of chromium using

g}c’)‘;‘/?’rgggpartides sodium hydroxide without cerium losses was obtained. Nanoparticles agglomeration and morphological
Adsorption changes during the adsorption-desorption process were observed by TEM. Another remarkable result
Desorption obtained in this study is the low toxicity in the water treated by nanoparticles measured by the Microtox®
Kinetics commercial method. These results can be used to propose this treatment sequence for a clean and simple
Chromium VI removal of drinking water or wastewater re-use when a high toxicity heavy metal such as chromium VI
Toxicity is the responsible for water pollution.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Water treatment is one of the main health concerns around the
world. The world’s supply of fresh water is running out. Already
one person in five has no access to safe drinking-water. Improving
access to safe drinking-water can result in tangible improve-
ments to health. Therefore the development of new technologies
to improve process of products in the area of water treatment
is fundamental. One of the promising technologies is based on
nanotechnology devices and products. Nanotechnology is the engi-
neering of functional systems at the molecular scale, synthesized
“bottom-up”, which offer new products and process alternatives
for water purification, being the advantage of these materials the
large surface to volume ratio [1].

Some examples of nanodevices proved in water treatment are
based on nanoparticles, nanomembranes, bioactive nanoparticles,
carbon nanotubes and nanofibers [2-5]. In the future, the impact
of these nanomaterials on human health and environment would
be critical issues involving the materials and process selection for
water purification on large scale [6].
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Chromium (VI) is one of the contaminants that has been used
as target pollutant due to its high toxicity and also for the well-
documented human health problems associated to chromium [7].
The amount of chromium (Cr) allowed in purified water is very
low (50 g/l according to the Council of the European Union
[8]). A variety of products and processes have been used for
chromium removal in water [9]; nevertheless the adsorption pro-
cess is one of the more effective and versatile techniques for Cr
removal from water and when combined with an appropriate
desorption step the problem of sludge disposal could be solved
[10]. The absorbents used for Cr(VI) removal are alumina, silica
[11,12], activated carbon [13,14] or natural adsorbents [15]. In the
field of nanotechnology amino-functionalized magnetic nanoad-
sorbents [16], iron nanoparticles, cerium micro/nanocomposite
structures [17] or carbon nanotubes supporting cerium nanopar-
ticles [18] have been used. Cerium nanocrystal microspheres
[19] have been also synthesized and tested with the same
objective.

Cerium nanoparticles have been used in a variety of indus-
trial applications such as catalysis, solar energy devices, optical
display technology and corrosion prevention [20,21]. All of these
applications are related with chemical reaction at the surface,
while cerium nanoparticles reactivity is correlated to surface
defects.
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Another important issue is to determine the toxicity of the syn-
thesized materials and the prevention of future environmental
damages. The Microtox® assay based on the use of biolumines-
cent marine bacterium, Photobacterium phosphoreum/Vibrio fischeri,
adopted for the assessment of toxicity of polluted water [22] is
commonly used to test detoxification efficiency.

In the present paper CeO, nanoparticles (6.5nm mean size)
were synthesized and fully characterized to be used as adsorbent
for the removal of chromium (VI) from pure water solutions. The
adsorptionisothermsat0.6,37.5,80 mg/linitial chromium (VI) con-
centrations were obtained and different eluents were tested for
the chromium (VI) desorption. Because the application would be
for dinking or natural water treatment technologies, the experi-
ments were performed at pH = 7. The changes in morphology during
the adsorption-desorption process were studied by transmission
electron microscopy. The toxicity of the decontaminated effluents
was also studied using the Microtox assay to evaluate the overall
possibilities of this treatment.

2. Materials and methods
2.1. CeO, nanoparticles preparation

Ce0O, nanoparticles were synthesized in aqueous phase, using
milli-Q grade water. All reagents were purchased from Sigma-
Aldrich and used as received. All the synthesis procedures are
based in preexisted ones available in the scientific literature with
modifications to be adapted to large-scale yields. Briefly, CeO,
nanoparticles synthesis was based on Zhang et al. [23]. The Ce3*
ions from Ce(NO3 )3 salt are oxidized at basic pH conditions to Ce4*
using hexamethylenetetramine (HMT). Specifically, stock solutions
of 1 M of both reactants were prepared and stored at room temper-
ature. Afterwards, both were mixed and stirred during 24 h at final
concentrations of 37.5 mM for Ce(NO3)3-6H,0 and 0.5 M for HMT,
under mild stirring and room temperature conditions. In this pro-
cess, CeO, nanocrystals form and the same reagent (HMT) stabilize
them in aqueous medium, forming the double electrical layer to
prevent nanoparticles agglomeration.

2.2. Characterization and stability of nanoparticles

For the fully characterization of nanoparticles, the obtained
nanoparticles suspension was analyzed with dynamic light scat-
tering (DLS) to determine the nanoparticles size distribution (and
therefore if agglomeration had occurred) in a Nanoparticle Analysis
System (Malvern, UK). DLS is a well-known tool to determine the
hydrodynamic diameter of colloidal particles.

Zeta potential (ZP) measurements were also performed to study
some surface properties and changes after the experiments. ZP is a
useful technique to study nanoparticles stability and their surface
charge in colloids when they are electrostatically stabilized.

X-ray diffraction spectra (using a PANalytical X'Pert diffrac-
tometer with a Cu Ka radiation source) have also been taken to
determine the crystalline phase of the samples.

The dissolved cerium concentration from the desorption
experiments was obtained by inductively coupled plasma mass
spectrometry (ICP-MS) using an Agilent Equipment (Model
7500ce).

Transmission electron microscope (TEM, using a JEOL 1010
operating at an accelerating voltage of 80 kV) images of the samples
were also taken after nanoparticles synthesis, to characterize the
nanoparticles before and after the chromium adsorption process.

Table 1 shows some of the main characteristics of the used
nanoparticles as they were synthesized.

Table 1
Main characteristics of the used CeO, nanoparticles.

CeO, nanoparticle

Concentration (mg/ml) 0.64
Mean size (nm) 12

Shape Shapeless
Zeta potential (mV) +11.5
Stabilizer? HMT
Stabilizer concentration (mM) 8.3

pH (original) 9

Surface BET area (m?/g) 65

2 HMT, hexamethyltetramine.

2.3. Cr(VI) adsorption studies

The adsorption kinetics, the maximum adsorption capacity
(ge) of CeO, nanoparticles synthesized at different initial con-
centrations of chromium (VI) at pH=7, were performed using
the following procedure: chromium (VI) solutions were prepared
dissolving K,Cr,07 in deionized water and performing the corre-
sponding dilutions to obtain 0.6, 37.5 and 80 mg/l solutions. The
pH of each solution was adjusted at 7 using sodium hydroxide
1 M. Each of these solutions was added to equal volumes of CeO,
nanoparticles suspension adjusted to pH =7 and then the solutions
were continuously stirred at 150 rpm at room temperature. Final
concentration of CeO, nanoparticles was 320 mg/l. Samples were
taken at different times, separated by centrifugation and Cr(VI) was
analyzed in the liquid phase.

The method used for the determination of chromium total
was the standard colorimetric method used for the examination
of water and wastewater [24]. The chromium VI concentration
is determined colorimetrically by reaction with diphenylcar-
bacide in acid solution. The reaction is very sensitive; being the
molar absorptivity based on chromium about 40,0001g~! cm~! at
540 nm. To determine total chromium, the sample was digested
with a sulphuric-nitric acid mixture to oxidize with potassium
permanganate before reacting with the diphenylcarbazide. The
determination of trivalent chromium on the liquid phase was
performed by oxidation with potassium permanganate as fol-
low: 1ml of sample was added into a 125ml conical flask. Acid
sulphuric—-nitric (1:1, v:v) solution was added dropwise until the
solution is acid, plus 1 ml in excess, the volume was adjusted to
40 ml and heat to boiling. Two drops of KMnOy, solution were added
and the resulting solution was boiled for 2 min more. 1 ml NaN3
solution was added. The sample continued boiling for 1 min after
colour has faded completely. The sample was cooled and then the
process for the determination of Cr VI is performed. The chromium
[V determination was obtained as follow: 1 ml of sample was added
into a 100 ml flask, 0.25ml H3PO4 was added and the pH was
adjusted to 1.0+ 0.3 with a 0.2 N H,SO4 solution. The solution was
transferred to a 100 ml flask, diluted to 100 ml, and mixed. 2.0 ml
diphenylcarbazide solution was added, mixed and wait for 10 min
for full colour development. An appropriate portion of the sam-
ple was transfer to a 1-cm absorption cell and its absorbance was
measured at 540 nm. The amount of Cr IIl in solution will be the
difference between total chromium (with oxidation step) and the
Cr VI amount. No difference between the Cr VI and Cr total was
obtained in the liquid phase after centrifugation.

Experiments were carried out in triplicate and the average val-
ues are presented. Standard deviation was very low (less than 5%
in all cases) and it is not presented.

2.4. Cr(VI) desorption studies

Desorption study was performed using the following procedure.
Samples of 0.7 ml of a suspension of 640 mg/l CeO, nanoparti-
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cles previously adjusted at pH=7 were shaken and then 0.7 ml of
80mg/1 of chromium (VI) solution were added. The suspensions
were stirred for 3h at 150rpm at room temperature and then
separated by centrifugation. In three samples chromium (VI) was
determined at the liquid phase. In the remaining 15 samples, the
solid phases were dried at room temperature for 24 h. 1 ml of each
eluent used (deionized H,0, 0.1 M HNO3, 0.1 M HCl, 0.1 M H,S04
and 0.1 M NaOH) were added to the solid samples and then the
suspensions were stirred for 3 h, separated by centrifugation and
chromium (VI) was analyzed in the liquid phase. The initial and final
concentrations of chromium (VI) were obtained by the same ana-
lytical method used for adsorptions studies. The amount of cerium
in solution was determined by ICP-MS. Experiments were carried
out in triplicate and the average values are presented.

2.5. Bioluminescent test

A Microtox Analyzer model 500 from Microbics Corporation
was used. Whole Effluent Toxicity (WET) test protocol was used to
obtain the toxicity of the initial chromium (VI) solution (30 mg/1),
the initial nanoparticles suspension of CeO, (320 mg/l) and the final
suspension obtained after 3 h of reactions at pH 7 and at room tem-
perature. The Microtox test is based on the percentage of decrease
in the amount of light emitted by the bioluminescent marine bac-
terium V. fischeri (P. phosphoreum)[22]. The light emitted reduction
isdirectly related to the relative toxicity of the sample. For the three
suspensions the half maximal inhibitory concentration (ICsg) was
calculated. ICsq is a measure of the effectiveness of a compound in
inhibiting biological or biochemical function and it was obtained
from plotting the percentage of luminescence reduction against
concentration after 5and 15 minincubation time. The experimental
procedure has been adopted from the official standards of several
countries [25,26]. Toxicity tests for stabilizer samples and nanopar-
ticles suspensions samples were performed in triplicate. pH of
stabilizers and nanoparticles suspension samples was previously
adjusted to 7. No visible precipitate was observed during the adjust-
ment. The procedure used is as follows: The pH of the samples was
adjusted at pH 7 with citric acid. 10 ml of samples was added to
a vessel containing 0.2 g of NaCl and mixed. 2000 .1 of the sus-
pension was added to a tube test. 1000 .l of diluent was added to
each test tube. Afterwards, 1000 .l of osmotically adjusted sample
was added to test tubes making 1:2 serial dilutions by transferring
1000 wl, mixing after each transfer. After 5 min, a vial of Microtox
Acute Toxicity Reagent was reconstituted in the following way:
pouring the reconstitution solution (precooled at 4°C) into the
opened vial, swirling the vial 3 or 4 times, then quickly pouring
the mixture back into the cuvette. Bacteria were thoroughly mixed
using a pipette by aspirating and dispensing 0.5 ml of solution at
least 10 times. Reconstituted bacteria should be used within 3 h
of reconstitution. Finally, 10 pl reagent are transferred to each test
tube and mixed in cuvettes by shaking. I5 light levels at 5 min and
15 min can be already read. The sample concentrations performed
were 320, 160, 80, 40, 20 mg/ml.

3. Results and discussion
3.1. Adsorption isotherms

CeO, nanoparticles crystallize in a cubic fluorite structure and
the predominant crystallographic planes exposed at the surface
in the synthetic procedure used are the (11 1) (Fig. 1), which are
responsible of the catalytic behaviour [27]. The average diameter
obtained was 11.7 + 1.6 nm of 6.5 nm (Table 1). The size distribu-
tion was obtained after image analysis of different TEM images,
counting at least 500 NPs (Fig. 1). These nanocrystals have more
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Fig. 1. X-ray diffraction spectra (a) and size distribution (b) of CeO, nanoparticles.

cerium atoms per unit of surface than oxygen atoms, inversely to
CeO; NPs (100)-terminated which are predominantly oxygen ter-
minated [28]. These are related with the storage and releasing of
oxygen, and the promotion of noble-metal activity and dispersion
[29,30]. Both phenomena are controlled by the type, size, and dis-
tribution of oxygen vacancies as the most relevant surface defects
[31,32].

The adsorption evolution through time, obtained at different
concentrations of chromium (VI), is shown in Fig. 2. A brown pre-
cipitate was observed in each case before the first measure of
Cr(VI) was made. In the three chromium concentration cases the
equilibrium concentration was reached almost immediately. After
30 min the systems reached equilibrium and were stable with time.
The removal efficiency after 4h of adsorption were found to be
96.5%, 67.8% and 50.6% and the maximum adsorption capacity of
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Fig. 2. Chromium adsorption evolution at pH=7 and room temperature. Initial
Cr(VI) concentrations are 0.6 (circle), 37.5 (square), 80 mg/l (triangle).
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Cr(VI) obtained after 24 h were 1.88 mg Cr(VI)/g CeO, nanoparti-
cles, 83.33 mg Cr(VI)/g CeO, nanoparticles and 121.95 mg Cr(VI)/g
CeO, nanoparticles at the initial concentration of Cr(VI) of 0.6,
37.5, 80 mg/l respectively (Fig. 2). Three samples of CeO, NPs with
adsorbed chromium were centrifuged and the total amount of
chromium and chromium VI were obtained from the liquid and the
solid (previous dissolution in acid medium) phases. Cr VI was not
detected in the solid phase. The total Cr obtained was chromium III.
In the liquor phase only chromium VI was obtained. These results
suggest an oxido-reduction process on the surface of the nanopar-
ticle. At these reaction conditions, the reduced chromium is not
liberated to the medium; remains on the NPs surface. The presence
of Ce3* at the oxygen vacancy has been reported [33].

To compare the adsorption capacity of the CeO, nanoparticles
synthesized with others adsorbents reported in the literature, the
reaction conditions must be similar. In Table 2 some previous val-
ues reported in the literature are compared. However, it should be
noted that it is not easy comparing adsorption results because the
experimental conditions are not the same. The NPs synthesized are
not supported under other material, all the surface area are avail-
able to adsorption process. Differences in the synthesis process of
NPs could change the physico-chemical properties of the surface.

CeO, nanoparticles synthesized adsorb 1.88 mg/g at low initial
Cr(VI) concentration adsorbate (0.6 g/ml and 320 mg/1 Cr(VI) and
CeO, respectively). This value is higher than the adsorption capac-
ity reported in the literature by Xiao et al. [19] (1.5mg/l) even
though the initial concentration and adsorbate mass were almost
two times smaller. At the same equilibrium Cr(VI) concentration
(15mg/1 Cr(VI)), Di et al. [18] showed that the adsorption capac-
ity of CeO, nanoparticles synthesized were higher than the values
reported. Yuan et al. [34] reported the use of montmorillonite-
supported magnetite nanoparticles for chromium removal even
though the removal efficiency at pH closer to 7 is low. These results
suggest the possibility of CeO, nanoparticles to be used for water
treatment process at pH 7 in a wide range of chromium concen-
tration for drinking water purification (small concentration levels
of chromium (VI)) to industrial wastewater treatment process to
remove high concentration of chromium. Finally, it must be pointed
that HMT, as stabilizer, is added in excess in the reaction bath, while
the precursor of cerium atoms, cerium nitrate, is the limiting fac-
tor. However, according to literature, HMT easily decomposes to
formaldehyde and finally to ammonia (NH4*OH~), CO, and H,0
[35,36].

The experimental data fit well the Freundlich adsorption
isotherm model [29], which represents the relationship between
the amount of adsorbate 15.77 adsorbed per unit mass of adsor-
bent (ge) and the concentration of adsorbate at equilibrium (Ce),
being K and n are constants representing the adsorption capacity
and intensity of the adsorption (Eq. (1)):
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Fig. 3. Adsorption pseudo-second-order kinetic model for chromium adsorption
at pH=7 and room temperature. Initial Cr(VI) concentrations are 0.6 (circle), 37.5
(square), 80 mg/1 (triangle).

The correlation coefficient obtained was R% = 0.9554 and n value
was 2.1 and k value was 20.57.

3.2. Pseudo-second-order kinetic model

A pseudo-second-order model based on the assumption that
the rate limiting step are the chemical sorption involving valence
forces through sharing or the exchange of electrons between sor-
bent and sorbate [37] was used as kinetic model. The kinetics of the
sorption reaction has been described as a function of the sorption
equilibrium capacity (ge), the initial metal ion concentration, the
adsorbent dose and the nature of solute ion.

The pseudo-second-order rate constants (k,) and the amount of
Cr(VI) adsorbed at equilibrium (ge ) were calculated experimentally
by plotting (t/q:) versus t according to Eq. (2). ge is the amount of
Cr(VI) adsorbed (mg/g) at equilibrium, and q; is the amount of the
adsorption (mg/g) at any time t. The kinetics of the removal process
is shown in Fig. 3.

t 1 1
— =4 (=)t 2
qt kzqg (Qe) ( )

ge = kCe (1) The obtained values fitted well according to this model (Table 3).

Table 2

Maximum chromium (VI) sorption capacity of various adsorbents.
Adsorbent Adsorbent capacity (mg Initial Cr(VI) Equilibrium Cr(VI) Initial adsorbent References

Cr(VI)/g adsorbent) concentration (mgj/l) concentration (mg/l) concentration (g/1)

Synthesized CeO, nanoparticles 1.88 0.6 0.320 This work
Synthesized CeO, nanoparticles 83.33 37.5 0.320 This work
Synthesized CeO, nanoparticles 121.95 80 0.320 This work
Cerium microsphere 1.5 2 1 [18]
Commercial Cerium 0.37 [18]
Synthesized CeO, nanoparticles 70.41 15 [17]
CeO,/ACNTs 26 15 [17]
Activated carbon EA-200 10 15 [17]
vAL, O3 7.5 15 [17]
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Table 3

Maximum adsorption capacity at equilibrium and pseudo-second-order rate con-
stants (k;) obtained using the pseudo-second-order kinetic model for 0.6, 37.5 and
80 mg/l initial Cr(VI) concentration.

Cr(VI) initial ge (mgCr(VI)/gCe03) ka (g CeOa/ R?
(mg/1) mgCr(VI) min)

0.6 1.88 0.2525 1
37.5 83.33 0.012 0.9998
80 121.95 0.0082 0.9992

3.3. Cr(VI) desorption studies

The chromium desorption study was performed at neutral, acid
and basic conditions (deionized H,0, 0.1 M HNO3, 0.1 M HCI, 0.1 M
H,S04 and 0.1 M NaOH). The chromium desorption at acid eluents
have higher recovery percentage, around 100% with H,SO4, 80%
recovery with HCI and 86% with HNOs (Fig. 4); however a consid-
erable redissolution of CeO, was detected (Fig. 4).

The amount of Cr(VI) obtained using water as eluent could
be the chromium physically sorbed at the surface when the
cerium-chromium particles were dried, before the addition of the
eluents. Regarding the cerium detected in deionized water eluent
(5% of the initial cerium) it could be due to nanoparticles suspended
at the liquid phase. It is evident that Cr VI ionic forms change with
pH. However, one of the main advantages of CeO, nanoparticles for
adsorption process is the wide maximum adsorption as a function
of pH (from 3.0 to 7.4) [18]. A slight diminution of pH during the
adsorption process was observed, the final pH value after 24 h was
6.5.

The chromium desorption process performed with NaOH as elu-
ent was less efficient (64% recovery) than the acid eluents but the
amount of Ce in dissolution was minimum 0.07%. Probably at higher
NaOH concentrations higher chromium desorption should be pro-
duced; then the CeO, nanoparticles could be re-used without a
complicated separation process. In fact, After 24 h desorption pro-
cess treatment with 0.1 M NaOH solution, the NPs were separated
by centrifugation process and were re-used for chromium removal
(triplicate). 75% of chromium removal was obtained in this second
cycle.

According to the obtained results desorption and regeneration
of CeO, nanoparticles should only be feasible, from a practical point
of view, in the case of basic desorption.

3.4. Transmission electron microscopy

Transmission electron microscopy (TEM) images of initial CeO,
nanoparticles are shownin Fig. 5a and b. Octahedral CeO, nanocrys-
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Fig. 4. Chromium (VI) desorption from nanoparticles of CeO, after 3 h of reaction
with different eluents (black bars) and percentage of the initial cerium dissolved
after desorption experiments, analyzed by ICP-MAS (white bars).

tals with a uniform size distribution of 12nm (Table 1) were
obtained. A control sample was also performed without the addi-
tion of Cr(VI) solution, with deionization water being used instead,
maintaining the same conditions of agitation and time than in
the adsorption experiments. These CeO, nanoparticles (Fig. 5c¢)
show a fine homogeneous agglomerate of particles around 12 nm
of diameter conformed by smaller rounded nanoparticles with
homogeneous size and morphology. A change in morphology
was observed without the addition of chromium VI solution. The
octahedral nanocrystals of the nanoparticles synthesized were
not observed in the images of CeO, nanoparticles with deion-
ized water added. A diminution of nanoparticles size was also
observed. These morphology variations in the nanostructures are
attributed to an intra-agglomerate re-orientation to attain the
low energy configuration [38]. TEM images of CeO, nanopar-
ticles after chromium (VI) adsorption showed the presence of
spherical homogeneous interconnected agglomerates with approx-
imately 70nm in diameter (Fig. 5d). These agglomerates are
ensembles of spherical nanoparticles. An estimation of the par-
ticle size is possible from a few isolated nanoparticles in the
periphery of the agglomerates (Fig. 5e); the diameter particle
is in the order of 2nm. However, an accurate measure of the
particle size distribution of these nanoparticles could not be
obtained.

Fig. 5f shows the homogeneous agglomeration of CeO, nanopar-
ticles obtained after desorption treatment using 0.1M NaOH
as eluent. 80nm agglomerated diameter and 4nm nanopar-
ticles approximately in diameter were measured. Electrostatic
forces between these particles could result in particle agglomer-
ation.

3.5. Adsorption mechanism

The CeO, nanoparticles with a positive charge (Z potential
11.5mV) were stabilized via electrostatic repulsion with a cov-
ered hexamethylenetetramine molecules shell on the particle
surface. When the chromium (VI) solution was added to the
nanoparticles, a brownish agglomerate was immediately observed.
Attractive forces (e.g. induced dipole interaction, Van der Waals
force, hydrogen bonds, bi- or multivalent, oppositely charged ions
or polyelectrolytes) can bridge the particles by electrostatic attrac-
tion, causing destabilization of the nanoparticles [39,40]. In this
case the presence of chromium ions in solution could destabi-
lize the nanoparticles dispersion, reacting and forming aggregates.
The charge and the species in solution is one of the most impor-
tant issues in agglomeration phenomena, in the case of chromium
(VI) solutions, the solution species are a function of the pH and
total Cr concentration [41]. At pH 7 the major species in solution
are HCrO4~ and CrO42~. The charge attraction of the chromium
anions to the positive charged nanoparticles could be the first
step process, then a chemisorption process could proceed and a
multibranche homogeneous in size and shape network is formed
with the chromium ions acting as a bridge between different
CeO, nanoparticles surface via an anionic interchange between
the ionic chromium species and the hydroxylation surface [10].
Nevertheless, the heterogeneous metal oxide surface, for exam-
ple oxygen vacancy, step edges [42,43] and small amounts of
Ce3* on the surface remaining from the reaction synthesis could
contribute to the chromium elimination by chromium reduction
process.

The stability of the aggregates formed still remains after basic
desorption treatment. In any case, the agglomeration of the CeO,
nanoparticles provides an easy way to remove the product in order
to separate and re-use the CeO, nanoparticles and to obtain a con-
centrated chromium solution by desorption.
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Fig. 5. TEM images of the initial CeO, nanoparticles (a) and (b); control CeO, nanoparticles in deionized water (c); CeO, nanoparticles after adsorption of chromium (VI) at
different amplifications (d and e) and CeO; nanoparticles after desorption with 0.1 M NaOH eluent (e).

3.6. Bioluminescent test

The bioluminescent test is broadly used to evaluate the poten-
tial harmful effects of effluents discharged into surface waters [25].
Some proposed regulations set limit values for bioluminescent tox-
icity at 25 Equitox/m? [44]. The IC5q obtained for the Cr(VI) solution
was 1.92mg/l at 5min exposure time (Table 4). In the case of
CeO, nanoparticles the ICso value obtained was 21.76 mg/l. The

Table 4
Half maximal inhibitory concentration (ICsp) of a 30 mg/l chromium solution, initial
Ce0; nanoparticles and CeO,-Cr(VI) suspension.

1Cso (mg/1) 1Cs0 (mg/l)
Compounds 5min 15 min
Cr(VI) solution 1.92 1.2
Ce0O, nanoparticles suspension 21.76 25.16
CeO,-Cr(VI) suspension 19.72 13.6

CeO, nanoparticles are positively charged at neutral pH and thus
display a strong electrostatic attraction towards bacterial outer
membranes. In this sense, Thill et al. [45] suggest that the first
step for toxicity in Escherichia coli bacteria is the adsorption of it by
the CeO, nanoparticles. The authors’s study concluded that direct
contact between the E. coli and the CeO, nanoparticles need to be
assumed for CeO, cytotoxicity to occur and that the reduction of
the nanoparticles occurs at or close to the surface of the bacteria
and may be associated with cytotoxicity. The toxicity of the sus-
pension obtained from an adsorption process after 3 h of reaction
(37.5mg/1 of initial chromium) was 19.72 mg/l at 5 min exposure
time. The differences between them (21.76 mg/l and 19.72 mg/1)
and the high toxicity of the chromium solution (1.92 mg/l) sug-
gest that the chromium adsorbed on the CeO, nanoparticles reduce
the intrinsic chromium toxicity against the bacteria tested. Even
though after 15 min of exposure time the ICsy diminish to 13.6 mg/1,
and the ICs¢ for chromium solution also diminish at this time. A
study of the toxicity of these nanoparticles at longer periods of
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time has to be done in order to know the possible environment
impact. A dissolution process or aggregation phenomenon has to
be in account.

4. Conclusions

The results obtained in this study demonstrate that the use of
the cerium oxide nanoparticles synthesized can be an excellent
option for the removal of low amounts of dissolved chromium VI
in the purification of drinking water or in the re-use of wastewater.
The agglomeration of nanoparticles during the adsorption process
allows the use of common technologies in wastewater procedure
to eliminate them. The adsorption of chromium onto nanoparti-
cles is well described by the Freundlich isotherm, whereas kinetics
corresponds to a pseudo-second-order equation. Both facts ensure
a practically complete removal of chromium under the condi-
tions tested. Following the treatment process, nanoparticles can be
removed from water by centrifugation, whereas chromium can be
desorpted using sodium hydroxide, closing the cycle of chromium
removal, although some morphological changes are observed in
the nanoparticles used. Of course, other parameters influencing the
adsorption process such as pH, ionic strength, and temperature can
the object of further studies. Finally, the toxicity of the resulting
solutions is not significantly altered using this treatment.
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