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Nano-hydrotalcite (nano-HT), particles have been supported on silica and tested for chromium(VI)
retention through anion exchange mechanism. Ultra high resolution has been achieved in the structural
characterization of the nano-hydrotalcite particles allowing identification of the Cr within few layers of
the nanoparticles. Compared to a reference hydrotalcite (HT), in which the Cr(VI) retention takes place via
memory effect, nano-HT/SiO, exhibits better adsorption capacity, for 4 mg/L Cr(VI) solutions, even when
the adsorption mechanism of the later is anion exchange. This higher adsorption capacity can be
attributed to the considerable smaller size of the crystals, which would favor adsorption kinetics and
would minimize possible hindrances between the layers of hydrotalcite. The adsorption behavior of
nano-HT/SiO, can be described by a Freundlich isotherm suggesting a non-uniform surface, which is
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consistent to their arrangement in nanocrystallites observed by TEM.

© 2015 Elsevier Ltd. All rights reserved.

Introduction

Environmentally hazardous wastewaters from tannery industry
are among the most polluted either due to chromium as well as to
organic residues [1]. Indeed, the most polluting species are the
chromates formed with chromium(VI) and chromium(III) cation.
Cr(VI) exposure causes marked irritation of the respiratory track
and ulceration and perforation of the nasal septum in workers in
the chromate producing and using industries and it may induce
cancer [2]. The maximum levels permitted in drinking water are
5mg/L for trivalent and 0.05 mg/L for hexavalent chromium. The
tolerance limit for Cr(VI) for discharge into inland surface waters is
0.1 mg/L and in potable water is 0.05 mg/L. Therefore, among heavy
metal ions, chromium requires considerable attention.

The cleaning of such sludge has been proposed using membrane
filtration [3], chemical agents and precipitation [4], ion exchange
resins [5] among many others. However, these techniques are
costly, energy-intensive and not efficient for low concentrations.
Nowadays, adsorption onto porous solids is receiving increasing
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attention for Cr(VI) removal because its effectiveness and low-cost.
Many adsorbents have been proposed such as inorganic solids,
active carbon, biosorbents and lignocellulosic materials among
others [6-8]. Furthermore there is a possibility to recover the metal
or even the retained chromium to be disposed for some useful
application such as catalysis [9,10].

An original and recent approach has been the use of ionic
exchangers such as hydrotalcites (HT) [11-15]. Hydrotalcites, also
known as layered double hydroxides (LDH), are anionic clays with
positively charged octahedral hydroxide layers, which are neutral-
ized by interlayer anions and water molecules, and which are
generally formulated as [M%**;_M3>"(OH),] (A™ )x/mnH;0,
where M?* and M3* are di- and tri-valent cations, respectively,
A~ is an anion whose charge is m—. Magnesium-aluminum
hydrotalcite with the formula [MggAl,(OH);6]?*-CO32~-4H,0, and a
layered structure is stable up to 400°C. They are structurally
formed by brucite-like (Mg(OH),) sheets where isomorphous
substitution of Mg?* by a trivalent cation like AI** produces a
positive charge in the layer that is compensated by anions, which
occupy the interlayer space along with water molecules. Hidro-
talcite-like materials with similar properties can be obtained by
substituting Mg?* by other divalent cation keeping the same
structure. The cation nature, the ratio M3*/M?*, the synthesis
method, among others determine the properties of the layered
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double hydroxides [16,17]. Hydrotalcites, as many clays, may be
expanded introducing compounds between the layers [18]. The
interlayer spaces in carbonate and nitrate exchanged hydrotalcites
are either 2.9 or 4.0A, respectively. One of the most exploited
properties of hydrotalcites is the so called “memory effect” which
consists in the spontaneous structural reconstruction of the
original layered structure after being calcined and then put in
water or aqueous solutions containing different anions [19-21].

There are generally two mechanisms for adsorption of
chromate in HT, the first of them is the already mentioned,
memory effect, where the HT is calcined at high temperatures, i.e.,
350-800 °C for several hours, resulting in mixed metal oxide which
is more precisely a solid solution of the two metal oxides. The layer
structure is lost during the calcination. When this material is put in
contact to an Cr(VI) aqueous solution, the HT recovers its layered
structure and the chromate anions are trapped within the HT
layers [11,12]. The second mechanism, anion exchange, does not
require calcination and it is simply based on equilibrium between
the anions within the HT layers and the bulk solution.

Memory effect mechanism generally is much more efficient
than anion exchange, giving adsorption capacities for Cr(VI) ca.
10 times higher than the latter [13]. However, memory effect
largely depends on many factors, such as the HT composition and
the calcination temperature [14,15]. As an example, when
calcination temperature is as low as 350°C, the adsorption of Cr
(VI) in HT-like compounds by memory effect is comparable to that
by anion exchange [ 14]. It is obvious that, from the point of view of
simplicity and energy-efficiency, it would be desirable to find an
alternative to the calcination step for example, by increasing the
adsorption capacity by anion exchange of the materials. One
possible approach could be by reducing the size of HT particles to
nanometric dimensions (nano-HT). Nanostructured HT materials
are receiving growing interest to enhance the properties of bulk HT
for its applications in photocatalysis, heterogeneous catalysis and
adsorption [22]. However, the active sites in these new materials
are required to possess enough stability to assure long-term use
and recyclability [23]. One well-known approach is to disperse
nanoparticles onto different support materials to avoid aggrega-
tion. In the case of adsorption, nanostructured HT supported on
different substrates have shown enhanced adsorption capacities
for dyes [24] and Cr(VI) [25].

Silica (SiO,) is often utilized as catalyst support. Indeed, it is
inactive and it presents a very high specific surface area and
tunable porosity. Furthermore, it is thermally stable. The purpose
of this work is then to prepare nano-hydrotalcite particles
supported on silica and to test them in Cr(VI) retention through
anion exchange mechanism. The reference HT sample will be
presented in order to compare with memory effect mechanism.
Furthermore, atomic level has been achieved in the structural
characterization of the nano-hydrotalcite particles allowing
identification of the Cr within few layers of the particles. An
adsorption study is presented using the nano-hydrotalcite/SiO,
composite.

Materials and methods
HT and HT/SiO, preparation

SBA-15 was used as SiO, support in the synthesis of nano-
hydrotalcite (nano-HT) [26], 10.5 g of calcined SBA-15 [27] were
dispersed in NaOH (2 M) and aluminum and magnesium nitrates
solutions (2.5 M) in 50 mL of distilled water. The reactive amounts
were calculated for a molar ratio Mg/Al=3 and SiO,/HT=7/3 (w/
w). The mixture was treated in a microwave autoclave at 80 °C and
200 W for 10 min (MIC-I Sistemas y Equipos de Vidrio S.A. de C.V.).
This procedure of crystallization, i.e., in a closed reactor and in a

very short time (10 min), guarantees that no contamination with
inter-layered carbonate occurs. In this way, nitrates and hydroxyls,
from the reagents, may be expected as compensating anions
between the layers. A stirring mechanism is adapted to the reactor
to maintain constant temperature [28]. The solids were recovered
by decantation and washed several times with distilled water and
dried in an oven at 70°C overnight. For comparison purposes, a
conventional HT was prepared with Mg:Al 3:1 following the
procedure described by Tichit et al. [29]. In this work, the HT
sample was calcined at 500 °C for 8 h in order to destroy the layered
structure prior to the adsorption of Cr(VI) via memory effect.

Characterization

Powder X-ray diffraction (XRD) patterns were collected with a
Philips X'PERT diffractometer equipped with an X'Celerator
detector and using Cu Ko radiation. Scanning transmission
electron microscopy (STEM) was performed in a spherical
aberration corrected FEI Titan XFEG which was operated at
300KkV equipped with a corrector for the electron probe allowing a
maximum resolution of 0.8 A, the microscope was also equipped
with an EDS detector (EDAX) and a Gatan Tridiem energy filter.
Prior observations the samples were crushed, dispersed and placed
onto a holey carbon copper microgrid. Inductively coupled plasma
optical emission spectrometry, (ICP-OES) (Optima 3300 DV model)
was used to determine chemical weight percent composition of
the samples. Total Chromium for the control experiment was
determined by an Analitik Jena ZEEnit 700 P Atomic Absorption
Spectrometer.

Chromium adsorption experiments

Chromate starting solutions were prepared by dilution of the
corresponding amount of K,Cr,07 salt in distilled water. For the
comparative studies of HT and nano-HT/SiO,, 2.5 mL of 4 mg/L Cr
(VI) solution and the corresponding amount of adsorbent were
placed in a vial. All the dosage rates were based on weight of
adsorbent, i.e. including the SiO, support in the composite. For the
adsorption isotherm experiments 20mg of nano-HT/SiO, and
20mL of Cr(VI) solution (adsorbent dose 1g/L) at different
concentrations were placed in a beaker. All the mixtures were
stirred using a magnetic stirrer for a contact time of 24 h. After
adsorption, the mixture was centrifuged and the supernatant is
analyzed for Cr(VI) concentration. The starting solutions were also
analyzed in each case. Adsorption removal (%rem) was calculated
using the following expression:

%rem = <9 % 100 1)
Co
where c.q is the concentration of Cr(VI) after equilibrium is reached
and cq is the starting concentration. In order to be sure that all the
Cr(VI) has been removed from the solution by adsorption instead of
other parallel mechanisms (such as Cr(VI) degradation), the
remaining solution of an adsorption experiment (co=30mg/L,
adsorbent dose = 1 g/L) was analyzed for total chromium by atomic
absorption spectrometry. This control experiment revealed that
the concentration of total chromium matched to concentration of
Cr(VI) by UV-vis spectrophotometry within experimental error,
indicating that no degradation occurred.

Cr(VI) UV-vis spectrophotometry analysis

Chromium(VI) concentration was measured using a UV-vis
spectrometer (PerkinElmer UV WinLab 6.0.3.0730/1.61.00 Lambda
900) using the EPA method 7196A [30]. In order to improve
sensitivity, the sample is treated with the complexation agent, 1, 5-
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diphenyl carbazide (DPC) in acidic medium. 2.5 mL of DPC solution
(0.25¢g/L) and 0.5 mL of H,SO4 0.1 mol/L were added to 10 mL of Cr
(VI)sample. At least 30 min is needed until all the violet complex Cr
(VI)-DPC was formed. Dilution was accurately taken into account
by weighing the amounts of each component with a precision of
four decimal figures. The UV-vis spectra of the mixtures were then
measured in a 1cm quartz cell and maximum absorbance (540-
542nm) was recorded. For the calibration, a 100 mg/L stock
solution was initially prepared by diluting 0.283 g of K;Cr,0in 1L
distilled water. Calibrant solutions were prepared by dilution of the
latter. A calibration line was built (7 points, up to 2 mg/L Cr(VI))
yielding a slope with an uncertainty better than 1%. Cr(VI)
concentrations for all the solutions were analyzed following the
method above. Whenever necessary they were diluted to a
concentration lying within the calibration range. If the amount
of sample is less than 10 mL, amount of DPC and H,SO,4 added are
reduced proportionally. Calibration slope and dilution factors were
used to convert absorbance into Cr(VI) concentration.

Results and discussion
Structural study of HT and nano-HT/SiO»

The nature of the adsorption mechanism could be initially
characterized by X-ray diffraction of the solids before and after
exposing them to the CrO,2~ solution (Fig. 1). The memory effect
when using HT vs. the anion exchange route followed by nano-HT/
SiO, could be explained following the structure of the layers in
both cases. Fig. 1a collects the XRD patterns of conventional HT
after calcination, and upon CrO4?~ removal. The profile of HT
calcined at 500 °C shows the loss of the layered structure, showing
intensities due to the crystalline mixed oxide formed upon the
collapse of the layers. When the HT calcined is exposed to a water
solution of Cr(VI) the spontaneous structural reconstruction of the
original layered structure takes place due to the adsorption of the
CrO4%~ anions that become the scaffold for the cationic layers. The
XRD profile of HT exposed to 4 mg/L of Cr(VI) solution at 1g/L of
adsorbent dose can be indexed to the typical layered structure of
hydrotalcite. The presence of Cr in this solid could be corroborated
by ICP giving 0.24 wt% Cr.
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Fig. 1. X-ray diffraction patterns of HT (a) and nano-HT/SiO, (b) before and after
chromium removal.

In the case of the composite the nanometric nature of the HT is
envisaged by the presence of broad diffraction peaks with very low
intensity (Fig. 1b). The high background is also indicative of the
amorphous nature of the SiO, support with no diffraction observed
at low angle, which corroborates that the initial SBA-15 structure is
no longer hexagonal after the synthesis of the nano-HT.
Nevertheless, since this material is not calcined prior de adsorption
experiment, there is no change in the overall profile. On the
contrary, the XRD profile is identical after adsorption of 4 or 10 mg/
L of chromate anions at 1 g/L adsorbent dose. The profiles could be
indexed again as the layered structure of HT, and the presence of
identical structure before and after adsorption experiment
corroborates that in this case, the mechanism is by anion exchange
with no change in the d-spacing between the layers. Once again,
the presence of Cr in these solids could be corroborated by
elemental analyses (ICP), obtaining 0.38wt% in the 4mg/L
experiment and 1.29 wt% Cr in nano-HT/SiO,10 mg/L.

Further electron microscopy studies were carried out in order to
understand the nature of the composite. Spherical aberration (C;)
corrected Scanning Transmission Electron Microscopy coupled
with High Angular Annular Dark Field detector (Cs-corrected
STEM-HAADF) instead of conventional TEM was chosen due to the
high analytical power of this mode, while maintaining atomic
resolution thanks to the Cs corrector in the condenser system.
Besides, it has to be mentioned that HT are extremely unstable
under the electron beam due to the large amount of water
contained in the layered structure, thus, a precise control on the
exposure to the electron beam has to be taken into account [31-
33].

This mode yields to images with dark background, while the
solid shows light contrast, and thus the brighter areas are
commonly directly related to the higher atomic number of the
elements. Low magnification STEM-HAADF images already allow
observing different morphology of the particles forming the
adsorbent. In the case of conventional HT (Fig. 2a), the particles are
uniform and rather large, although in the composite sample
(Fig. 2b), within the same range of magnification, it is possible to
observe the agglomerated nature of the particles, showing an
uneven surface and morphology. A closer look to conventional HT
reveals uniform crystals (Fig. 3a) with layered structure with d-
spacings of 0.64 nm (Fig. 3b). The microscopy study was carried out
after Cr(VI) removal in 4 mg/L solution, thus small amount of Cr
could be detected by EDS, although the layered structure analyzed
seems to be perfectly recovered after calcination, proving the
memory effect mechanism. Fig. 4a and b show the high
magnification images of nano-HT/SiO, in which due to the high-
resolution achieved three layers with d-spacing of 0.62 nm (Fig. 4a)
can be observed. Given the lack of stability of these materials, this
result implies an unprecedented high resolution imaging of
hydrotalcites most probably due to the strength provided by the
SiO, support. EDS analyses was conducted in the area imaged as
Fig. 4b, yielding the Mg, Al in the ratio expected by the HT
structure, and Si coming from the support, as well as Cr in a higher
amount than before since this sample was observed after 10 mg/L
adsorption experiment.

Chromium adsorption studies of HT and nano-HT/SiO,

Table 1 shows the adsorption removal (%rem) of HT and nano-
HT/SiO, for a 4 mg/L solution of Cr(VI) at different dosage rates. The
Cr(VI) removal is significantly high for both adsorbents even at low
dosage rates. For 10g/L the adsorption removal is 100% in both
cases but upon decreasing the dosage rate to 1g/L the adsorption
removal is only decreased down to 85.4% for HT and 94.6% for
nano-HT/SiO,. Similar results are obtained by Lazaridis and
Asouhidou [34] for dosage rates ranging from 0.2 to 0.5 mg|/L.
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Fig. 3. (a) Cs-corrected STEM-HAADF image of the HT particle where the chemical analysis was performed. (b) A closer look into the HT showing the layers that form the
structure with interlayer d-spacing of 0.64 nm. (c) EDS spectrum which displays the HT composition, Al, Mg and O, and corroborates the absorption of Cr.
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Fig. 4. (a) and (b) High-resolution images of 50 nm nano-HT/SiO, crystals revealing the interlayer d-spacing of 0.62 nm. (c) EDS spectrum which displays the composition of
the composite: Si, Al, Mg and O, and corroborates the absorption of Cr.

Table 1 Initial Cr(VI) concentration of 10mg/L and a similar adsorbent
Adsorption removal (%) of HT and nano-HT/SiO, for a 4 mg/L solution of Cr(VI) at composition and calcination temperature. However, it is possible
different dosage rates. to observe that nano-HT/SiO, exhibits better adsorption capacity

Dosage rate Adsorption removal (%) than HT, for the conditions evaluated, even when the adsorption
mechanism of the former is anion exchange. The higher adsorption

10 (g/L 5 (g/L 2 (g/L 1 (g/L . . .
(g/L) (e/L) (e/L) (g/L) capacity of the latter can be then attributed to the considerable
HT 100 88.7 87.8 85.4 : : : -
nano-HT/SiO, 100 8.6 963 0456 smaller size of the crystals, which would favor adsorption kinetics

and would minimize possible hindrances between the layers of HT.
These results are also in agreement with the structural
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observations described earlier, and with the amount of Cr detected
by ICP in the HT and nano-HT/SiO, samples at 1 g/L.

The behavior of the equilibrium of adsorption between
adsorbates and adsorbents is usually rationalized by adsorption
isotherms, which establish a relationship more or less empirical
between the adsorption capacity of the adsorbent (amount of
adsorbate retained per mass of adsorbent, geq) and the concentra-
tion of the bulk solution in equilibrium. geq can be calculated using
the following expression:

(Ceq ;CO)V 2)
where V is the volume of solution treated and m the mass of
adsorbent utilized.

Two of the most utilized isotherms are the Langmuir isotherm
[35] (Eq. (3)) which considers monolayer coverage and uniform
surface of the adsorbent, and the empirical Freundlich isotherm

[36] (Eq. (4))

Qeq =

_ GmbCeq
e 3)
Qeq = kfcéén (4)

gm (Mmaximum adsorption capacity) and b are fitting constants for
the Langmuir equation and krand n (sorption intensity) are fitting
constants for the Freundlich equation.

Fig. 5a shows the adsorption capacity expressed in percent of Cr
(VI) removed vs. the initial concentration for a dosage rate of 1 g/L.
As expected, for low initial concentrations, the proportion of
chromium removed is high (>80%) and it decreases upon
increasing initial concentration. The adsorption isotherm is
represented in Fig. 5b that plots the relationship between the
equilibrium capacity, geq of the adsorbent (expressed in mg of Cr
(VI) per gram of nano-HT/SiO,) and the concentration of the
solution in equilibrium. Representation of Inge vs. Inc. fits to a
straight line (Fig. 5c¢), indicating that the data are described by a
Freundlich isotherm. From the slope and zero intercept of the
fitting the Freundlich parameters can be obtained: n=3.540.3;
kf=3.3540.14. The data do not fit to a Langmuir isotherm.

1
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The report by He et al. [25] compares Cr(VI) adsorption of a
supported nano-structured HT to adsorption on the same neat HT
powder. They fit adsorption data to Langmuir and Freundlich
isotherms obtaining values of R* higher for the fitting to the former.
However, a closer look to the fittings reveals that only the neat HT
fits to the Langmuir isotherm whereas the nanostructured material
fits to the Freundlich isotherm. The Freundlich constants obtained
(n=2.24; ky=3.73) are comparable to those in this work. The fact
that these nanostructured materials do not fit a Langmuir model,
suggests a non-uniform surface, which is consistent to their
arrangement in nanocrystallites.

Discussion

High anionic exchange capacity and high temperature resis-
tance are the advantages of hydrotalcites compared to organic
anionic exchangers. Our results show that calcined hydrotalcites
present a high Cr(VI) exchange capacity as already reported in the
literature [14,34,37]. However, the morphology or the particle size
of hydrotalcite is not often considered although it should explain
the variety and high dispersion of values reported in the literature.
Such determinations are crucial as adsorption mechanism is not
only the exchange of interlayered anions but also adsorption on the
external surface and mouth of the layers. In this work, the
retention of small hydrotalcite particles supported on SiO, is
compared to the performance, through the memory effect of
calcined hydrotalcites whose resulting particle size is rather large.
In order to try to evaluate the possible contribution of sorption on
the SiO, support, a control experiment was run on a pure silica
SBA-15 in similar conditions, showing no removal at all at 2 and
5g/L. According to these data, the sorption capacity obtained for
the composite nano-HT/SiO,, with 98.6% removal capacity at 5 g/L,
could be only due to the nano-HT, and thus, the only way that the
HT can remove efficiently is by ion exchange. In this case, through
electron microscopy images it was possible to determine the d-
spacing after chromium adsorption (0.64nm) but in the nano-
hydrotalcite supported on SiO, it turned out to be 0.62nm for
particles whose size is between 5 and 10nm. The difference
between chromium retention on these two materials has, then, to
be attributed to the hydrotalcite particle size. At least, it seems that

q,,/mgg

o]

0 ! Il 1 0

0 10 20 30 0 10
C,/ ppm

Ceq / ppm

20 2 1 0 1 2 3
lnCeq

Fig. 5. (a) Cr(VI) % removal from solutions at different concentrations. (b) Adsorption isotherm (geq vs. equilibrium concentration). (c) Linearized Freundlich adsorption

isotherm (Inge vs. Inceq).
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chromium removal may be improved in 10% diminishing particle
size with the advantage that no calcination is required. Still, such
comparison is reinforced if one takes into account that it
corresponds to 1 g of each material but not 1 g of each hydrotalcite;
the amount of hydrotalcite present in the nano-HT/SiO, should
beat most 30%, considering that all hydrotalcite precursors were
reacted.

It has to be emphasized that no other report has obtained such
high resolution imaging of the corresponding materials. Only in
this way it was possible to show the stacking of ca. six layers of
hydrotalcite in the 50nm particles. It seems that due to the
presence of SiO, during the synthesis, the growth of HT crystals
was inhibited or limited, leading to a highly agglomerated
composite in which the layers are no larger than six unit cells.
Furthermore, the presence of SiO, around the HT nanocrystals,
although it does not contribute to the retention of chromates,
seems to be indirectly favoring the adsorption helping to stabilize
the HT nanocrystals.

Conclusions

Mg/Al hydrotalcite structured in crystals of nanometric
dimensions supported onto silica (nano-HT/SiO,) was synthesized
and tested for Cr(VI) adsorption from aqueous solutions. The
structure and crystal size of the materials has been observed by
TEM. Images of hydrotalcite nano-crystals of 5-10nm and few
layers thick have been obtained, which is an unprecedented
resolution result. Adsorption of Cr(VI) within the layers of nano-HT
has been confirmed by ICP. The nano-HT/SiO, adsorbs Cr(VI) by
anionic exchange more efficiently than the macroscopic counter-
part even though the adsorption mechanism of the latter is by
“memory effect”. Moreover the inter-layer separation is similar in
both cases indicating that the difference between chromium
retention on these two materials has to be attributed to the
hydrotalcite particle size. A study of adsorption of Cr(VI) onto
nano-HT/SiO, vs. equilibrium concentration (adsorption isotherm)
has been done and the data fit well to the Freundlich isotherm and
does not to the Langmuir isotherm, probably due to the non-
uniformity of the materials caused by its arrangement in nano-
crystals.
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