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RESUMEN

Chromium is widely used in the ceramic industry in formulating various ceramic pig-
ment compositions. Owing to the oxidising atmosphere during the firing process, most
of the chromium oxidises to form Cr(VI), which is very soluble in agueous media. This is
a disadvantage because solutions rich in Cr(VI) are highly polluting and harmful to the
environment and human health, so that all such waste must be treated as highly toxic.
This study shows the removal capability of compounds of the hydrotalcite type, also
known as laminar double hydroxides, owing to their great adsorption capacity of Cr(VI)
in aqueous media. These compounds have a multi-layer structure, consisting of divalent
and trivalent hydroxide layers, whose excess charge is compensated by the anions loca-
ted between the layers. An extensive variety of metals can be used, thus changing the
type of inter-laminar anion. Three different systems have studied, varying the divalent
cation (Mg, Co and Ni), the systems being placed in contact with a solution that con-
tained Cr(VI) in order to verify the adsorption process as such. The study showed the
ability of this compound to adsorb Cr(VI) in aqueous solution, which allows recovery of
such waste by introducing it as a source of chromium in different industrial processes.
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1. INTRODUCTION

Chromium is widely used in the ceramic industry as a colouring oxide in formula-
ting many ceramic pigment compositions. Owing to the oxidising atmospheres during
the sample calcination processes, much of this chromium oxidises to Cr(VI), which is
very soluble in agueous medium. This is a major disadvantage because solutions rich in
Cr(VI) are highly polluting and harmful to the environment and human health, so that all
such waste must be treated as highly toxic.

Cr,0, is isostructural with Al,O,, i.e. it has a compact hexagonal packing, the Cr
occupying two thirds of the available octahedral holes [1-3].

One of the relatively more simple systems is that made up of the Cr oxide and the
Al oxide, consisting of one region with a liquid phase and another with a solid phase se-
parated by a two-phase (solid-liquid) region. The Al,O,-Cr,0, solid solution is substitu-
tional and, in this, AI(III) substitutes Cr(III) and vice versa. This solution exists for any
composition below the melting point of Al,O,, as the chromium and aluminium cations
have the same charge and similar radii.

The ease with which this type of solid solution forms, together with the wide ran-
ge of oxidation states that Cr (II to VI) can exhibit, makes it a very versatile element
when it comes to designing ceramic pigments, thanks to the enormous range of colours
that can be obtained. Thus, green, red, pink, black, brown, and orange pigments can
be found, obtained by varying the Cr contents and oxidation state in the corresponding
crystal structures.

The industrial preparation of ceramic pigments takes place by means of the tradi-
tional solid-state reaction procedure, as this provides the best results at present: the
reagents are cheaper and not very complicated reaction facilities are required. However,
one of the problems involved is the high energy input needed to produce interdiffusion
between the reagents and formation of the corresponding crystal structure. Another
problem is the presence of raw materials that have not been incorporated into the syn-
thesised crystalline phase and need to be removed to avoid colorimetric distortions in
the final ceramic pigment [4].

The removal of these unreacted reagents is performed by a pigment washing pro-
cess. Owing to the high temperature needed for synthesis, as well as the use of oxidising
atmospheres and mineralisers, the Cr that is not incorporated into the crystal structure
of the pigment oxidises to Cr(VI), which is soluble in water. When the relevant washings
are performed, this solubilises, making the resulting wastewater a liquid that cannot be
cleaned by the traditional route and that requires handling as toxic, hazardous waste.

Chromium is of great importance, as it is used in different industrial activities.

Although chromium can exist in different oxidation states, in nature the only sta-
ble states are (III and VI). The environmental behaviour of chromium depends on its
oxidation state; the compounds with hexavalent chromium (mainly chromates (CrO,*)
and dichromates (Cr,0,%)) are highly toxic for aquatic and land organisms, in which they
can lead to genetic alterations [5]. This is because of the different chemical properties of
these ions: Cr(VI) compounds are highly soluble, strong oxidisers that can easily cross
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biological membranes, whereas Cr(III) compounds tend to form relatively inert preci-
pitates at a pH close to 7. Chromium (VI) compounds are toxic if ingested, the lethal
dose being a few grams. At non-lethal levels, Cr(VI) is a carcinogen. Most chromium (VI)
compounds irritate the eyes, the skin, and the mucous membranes. Chronic exposure to
chromium (VI) compounds can cause permanent damage to eyes.

Since 1958, the World Health Organisation (WHO) has recommended a maximum
concentration of 0.05 mg/litre of chromium (VI) in water for consumption. Though this
value has been reviewed and new studies have been conducted on chromium (VI) effects
on health, it has remained constant.

Owing to the importance of chromium pollution in the last decade, the scientific
community has conducted numerous studies aimed at finding a method for adsorbing
and recovering the Cr(VI) present in liquid effluents [6-15].

The performance of this process by laminar double hydroxides affords a series of
very important advantages. These include low cost, possible reusability, appropriate for
a pH close to 7, and ease of hydrotalcite synthesis [16].

Hydrotalcite belongs to a class of compounds known as anionic clays or, when they
are synthetic, known as laminar double hydroxides. Hydrotalcite structure is similar
to that of brucite, Mg(OH),, in which magnesium is octahedrally coordinated with six
hydroxyl groups. As these octahedrons share their vertices, they form bidimensional
sheets [17].

When some Mg(II) cations are replaced with AI(III), hydrotalcite forms and it acqui-
res a positive residual charge. To compensate this positive charge, an anion is required,
generally located in the interlaminar area, together with water molecules. The interlami-
nar anion can be exchanged with many other anions in an aqueous or organic medium.
Hydrotalcites or similar materials can be readily synthesised in the laboratory. The va-
riety of families of materials of the hydrotalcite type that can be prepared is enormous.

[M?*1xM3+,(OH),I** [A™ ]x/n - mH,0

Where M(II) can be divalent cations of the Mg(II), Zn(II), Ni(II) type, etc. and M(I-
IT) cations of the AI(III), Fe(III), Ga(III) type, etc. The A anion can be (CO,)*, CI, (NO,),
(S0,)%, iso and heteropolyanions, and carboxylates, among others.

Hydrotalcite-type compounds can only be obtained when 0.2 < x < 0.33: for values
of x outside this range, hydroxides or oxides without an excess cation form, mixed with
hydrotalcite.

The calcination temperature significantly affects hydrotalcites and produces various
changes in their physico-chemical properties.

Hydrotalcite calcination products have the ability to reconstruct the initial laminar
structure when they come into contact with aqueous solutions that contain the initial
anion or another, different ion [18-22].
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2. EXPERIMENTAL PROCEDURE

The experimental procedure for preparing hydrotalcite is described by I.Nebot-Diaz
[17]. The systems studied were MgAl, CoAl, and NiAl. In each system, the stoichiometric
ratio between the divalent and trivalent cations was varied, the nomenclature indicating
the stoichiometric ratio between them (e.g. MgAl41, is the system Mg-Al, with a ratio of
4:1 Mg:Al).

The method of radiation absorption at a certain wavelength was used to determine
a curve calibration by the Lambert-Beer Law. The wavelength used was 360nm, as this
was the experimentally determined wavelength at which radiation absorption by the
chromate anion maximised.

2.1. CHARACTERISATION METHODS

o X-ray diffraction (XRD): The X-ray diffraction technique was used to determine
the crystalline phases in the sample, after the synthesis process.

A BRUKER-AXS, Mod D4 Endeavor, instrument with Cu cathode, in a range 2°q
from 5 to 759, with a measurement parameter of 0.05° 26 every 1.5sec was used.
Samples were prepared by milling and subsequent deposition on a plastic mount
4mm in diameter.

° Differential thermal analysis and thermogravimetric analysis: The thermal
analyses used in characterising the samples were thermogravimetric (TG) analysis
(variation of mass as a function of temperature) and differential thermal analysis
(DTA) (heat absorption or release as a function of temperature). DTA/TG allows the
different processes (crystallisation, sintering, decomposition, etc.) that take place
when a sample is subjected to thermal treatment at high temperatures to be stu-
died.

A BAHR, Mod. STA503, instrument was used, using alumina crucibles and calcined
alumina as reference material. A heating cycle at 1200°C with constant-rate hea-
ting of 109C/min was used.

o Infrared spectrometry: The use of infrared radiation allows the type of atomic
bond in the sample to be characterised, thanks to the characteristic energy absorp-
tion of the different types of vibration from the different bonds.

A JASCO Mod. FT/IRFT-6200, instrument in a range of 4000-400cm ! with a resolu-
tion of 1cm™ was used. The samples were prepared in pellets using KBr as a base
transparent to the radiation.

o Scanning electron microscopy (SEM): The SEM technique is of major impor-
tance for the microstructural characterisation of the elements. In this technique,
electrons are accelerated in an electric field in order to use their wave behaviour;
this takes place in the column of the microscope, where they are accelerated by a
voltage difference of 1000 to 30000 volts. The accelerated electrons leave the gun
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and are focused by the condenser lenses and objectives, which reduce the image of
the filament, so that the smallest possible electron beam impinges on the sample.
When this beam impinges on the sample, many interactions take place between the
electrons in the beam and the atoms in the sample. On the other hand, the energy
that the electrons lose when they hit the sample can cause other electrons to be
ejected and produce X-rays.

The instrument used was a LEICA Leo 440i unit with microanalysis by OXFORD Ins-
truments. The samples were coated with carbon. The microscope operating condi-
tions were as follows: acceleration voltage 10-20kV, focal distance 10-25mm, and
secondary and backscattered electron detectors were used. The filament used was
made of W and of LaB,.

UV-Vis spectrophotometer: The UV-Vis radiation absorption technique by dilu-
ted solutions allows, by means of the Lambert-Beer equation, the determination of
the target concentration as a function of the absorption of a certain wavelength,
using calibration straight lines.

A JENWAYS, Mod.6405, instrument at a fixed wavelength of 360nm was used.

3. RESULTS AND DISCUSSION

3.1. Mg-Al SYSTEM

The XRD analyses (Figure 1) showed that a hydrotalcite phase was obtained in

every case, though in the MgAI12 sample, the excess aluminium that did not become
part of the hydrotalcite precipitated as bayerite (Al(OH),), as was to be expected. It may
also be observed that, as the molar ratio between Mg and Al decreased, the crystallinity
of the hydrotalcite phase decreased, the worst being in the ratio MgAl12.
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Figure 1a. XRD MgAl41 system. Figure 1b. XRD MgAl12 system.
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The thermal tests show what was to be expected in view of the diffraction results
(Figure 2). Two endothermic signals were detected in the differential thermal analysis,
accompanied by mass losses at about 200 and 400°C. These signals corresponded at
200°C to hydrotalcite hydration water loss, while the (stronger) signal at 400°C corres-
ponded to interlayer carbonate and water loss. In the case of sample MgAl12, this signal
was weaker than in the others, owing to the poor formation of the hydrotalcite structure,
as was observed in the corresponding X-ray diffraction diagram (Figure 2b).
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Figure 2a. DTA/TG MgAl41 system. Figure 2b. DTA/TG MgAl12 system.

The infrared absorption spectra (Figure 3) show two clearly differentiated regions.
In the first to about 1200cm?, three well-defined signals can be observed: 3500cm?,
corresponding to the stretching vibration of the -OH group; at 1650cm-1, corresponding
to the u; mode of the CO, group; and at 1400cm™!, corresponding to the bending vibra-
tion of H,O [23].

In the second region, at wavelengths below 1200cm™, a multitude of signals may
be observed, which corresponded to the translation vibrations of the Mg-OH and Al-OH
bonds. Owing to the multitude of possible vibrations, the signals in this region were very
difficult to assign.

21
40000 2000 2000 1500 1000 000

Figure 3a. IR MgAl41 system. Figure 3b. IR MgAl12 system.

In all images obtained by the SEM technique (Figure 4), it may be observed that the
synthesised material had a nanometric particle size. Particles sized below 200nm were
involved in every case, which provided the material with a high specific surface area, as
well as many future possibilities in applications where a nanostructured material would
be required.
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In sample MgAl41 (Figure 4a), the plate-like structure of the hydrotalcite phase can
be clearly observed. As the Mg/Al ratio decreased, this definition was lost, it again being
the MgAl12 sample where the plate-like structure could hardly be seen (Figure 4b).

EHT =20.00 kV

Mag= 3000KX Wi ZDON sgaia=ser  Tmeome ﬁ

Mag= 2000KX Tl 200K sgnaa-ser  Tmonen

Figure 4a. MEB sistema MgAl41. Figure 4b. MEB sistema MgAl12.

The results obtained after the adsorption process and reconstruction of the
hydrotalcite in the Cr(VI)solution are detailed in Tablel.

AMP d ab art Do d bp C red 0
MgAl41Cr 0.11 100 2.66 97.34
MgAI21Cr 0.13 100 3.37 96.625
MgAI12Cr 0.17 100 5.21 94.792

Table 1. Reduction of Cr(VI) concentration in the water using the MgAl system.

The degree of reduction of the Cr(VI) concentration was always above 90%,
indicating the high Cr(VI) removal capability from aqueous media. A detail to be taken
into account was the high reduction obtained with the MgAIl12 sample, which suggests
that Cr(VI) removal occurred mainly by a surface adsorption process, while the smallest
part entered the interlayer, reconstructing the hydrotalcite-type compound.

A possible explanation for this fact could be the high affinity of the calcined
compound for the CO,> anion in order to proceed with the reconstruction. This CO*
would come from environmental CO, that dissolves in the reaction medium.

3.2. Co-Al SYSTEM

In the CoAl system, the hydrotalcite phase formed in the two studied ratios (2:1 in
red and 1:2 in blue). When the CoAl ratio was greater, the degree of hydrotalcite deve-
lopment improved (Figure 7).

The halite (NaCl) phase was detected in both samples, owing to lack of thorough
washing (2:1 in blue and 1:2 in red).

www.qualicer.org m 7



CASTELLON (ESPARA) & QUALI(22 14

Lin (Counts)
&8 B 3B EEEEIER

W G [ .

2-Theta - Scale 2-Theta - Scale
EB12- Fle sciOndsi- 12 aw-Type 2T oed- St /D0 Ent SO0 - Sip 005G~ Septime: 155 -Temp. 25 G o) - Tre Sited 2 - 2Thei: 5000 -Thela 200" G- 000 “-PHEAL0 -3 0 13- Pl 6100454 13- Tpe: 2T focke- St 500" ¥k 5.0 et Q050" - e tme: 155 Temp.: 25°C (Do) e Satet 25~ 2Thei-S000 *-Theiar 2 60 -G 00" -Fri 0407~ X0
Operatn:ingat ‘Opsraons irgert
[ED0905062 ()t sy 1aCl- - 000% - GX0y. 1+ as ¥ T00%-dxny oW mom
3 v 00%-axoy s w1 [Sovossoms e-axoy 1o om 22514 79,475 -1 FOF 44

Figure 5a. XRD CoAl21 system. Figure 5b. SEM CoAl12 system.

Thermal analysis (Figure 6) showed no clear separation between the signals for
hydration water and carbonate loss, as had been noted in the MgAl system. Carbonate
loss took place at temperatures close to 300°C, the signal overlapping with that of hy-
dration water loss.

The presence of a pronounced endothermic signal at about 820°C, without a rela-
ted mass loss, was attributed to the melting process of the NaCl present in the samples.
Above 850°C, a continuous mass loss began, associated with a sintering process of the
sample, owing to the presence of the molten NaCl.

Temperature - DTA / TG . Temperature - DTA / TG
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Figure 6a. DTA/TG CoAl21 system. Figure 6b. DTA/TG CoAl12 system.

Using the SEM technique, the plate-like structure of the hydrotalcite in sample
CoAI21 could be observed in detail (Figure 7a). A hydrotalcite particle was involved,
which is viewed from above. As this particle slopes slightly, the different superimposed
sheets can be observed.

The crystals with cubic symmetry correspond to the NaCl that precipitated during
sample drying.

In the CoAl12 sample (Figure 7 b), the laminar structure of hydrotalcite was not
observed, as had been verified in the case of the CoAl21 sample. Cubic crystals corres-
ponding to NaCl could be observed, as is the case in the image shown in detail.
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Figure 7a. SEM CoAI21 system. Figure 7b. SEM CoAl12 system.

The degree of reduction of the Cr(VI) concentration differed greatly with respect
to that of the MgAIl system (Table 2). A possible explanation is that the presence of
chlorides in the sample, owing to lack of washing, inhibited the hydrotalcite adsorption
capacity.

AMP d ab a DD d pp % red O
CoAl21Cr 1.22 100 48.87 51.125
CoAl12Cr 1.43 100 57.62 42.375

Table 2. Reduction of Cr(VI) concentration in the water using the CoAl system.

Once again it may be observed that with better hydrotalcite formation, in the case
of sample CoAl21, there was a greater reduction in the Cr(VI) concentration in the
solution. In this case, the difference was much more noticeable than in the MgAl system.

3.3. Ni-Al SYSTEM

The same trend was repeated as in the previous cases: that is, with a 2:1 Ni:Al ra-
tio, hydrotalcite was formed and detected, whereas in the lower Ni:Al ratio, hydrotalcite
did not form, though the bayerite phase, Al(OH),, appeared.

Once again, lack of washing generated NaCl, halite, and as Ni(NO,), was used as Ni
precursor salt, NaNO, also formed in both samples.
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Figure 8a. XRD NiAl21 system. Figure 8b. XRD CoAl12 system.
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The thermal behaviour was analogous to that of the previous cases (Figure 10).
In the case of the NiAlI21 sample, the signal corresponding to carbonate loss could be
slightly differentiated, whereas that in the NiAl12 sample overlapped with the hydration
water loss signal.

The signal corresponding to NaCl fusion and NaNO, decomposition, by mass loss at

about 700°C, was also observed.
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Figure 9a. DTA/TG NiAl21 system.
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Figure 9b. DTA/TG CoAl12 system.

The micrograph obtained by SEM of the NiAl21 sample displays a detail of the pla-
te-like structure of hydrotalcite (Figure 10a).

In sample NiAl12, this laminar structure was not observed, though the particle mor-
phology seemed to resemble the structure of NaCl and NaNO, (Figure 10b).

Figure 10a. SEM NiAI21 system.

Figure 10b. SEM CoAl12 system.

The values obtained for Cr(VI) reduction (Table 3) were similar to those obtained in
the CoAl system. In addition to the explanation suggested for that system, Goswamee et
al. [24] showed that Cr(VI) adsorption by laminar double hydroxides based on the system
Ni-Al and Zn-Al decreased notably in comparison with adsorption by Mg-Al systems.

SYAV [ = End abs Start ppm End ppm % reduction
NiAI21Cr 1.15 100 45.96 54.04
NiAl12Cr 1.38 100 55.54 44.46

Table 3. Reduction of Cr(VI) concentration in the water using the NiAl system.
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4. CONCLUSIONS

When the molar ratio between M(II)/M(III) was reduced, hydrotalcite formation
decreased, the hydrotalcite exhibiting a very low degree of crystallinity.

Calcined hydrotalcite had a greater Cr(VI) adsorption capacity owing to the elimina-
tion of the CO,* anion and H,O from the interlayer and increased specific surface area.

The MgAI hydrotalcite was saturated in the first 5 minutes of contact with the Cr(VI)
solution, but the CoAl and NiAl hydrotalcites displayed a slower adsorption process of
about 30 minutes. This is because the MgAl hydrotalcite exhibits better formation and is
therefore the standard hydrotalcite.

When the molar ratio between the divalent cation and aluminium was 1:2, as the
work was not performed in the stoichiometry corresponding to hydrotalcite, an aluminium
segregation took place and bayerite (AI(OH),) formed.

When the molar ratio in the same system was decreased, the hydrotalcite adsorption
capacity decreased, as hydrotalcite formation was also impaired.

The NaCl found in hydrotalcite owing to lack of washing of the hydrotalcite reduced
the hydrotalcite adsorption capacity.

The use of precursors of the hydrotalcite type for obtaining compounds of the spinel
type could be applied to the ceramic pigment industry. This would reduce energy costs in
the synthesis process, as well as completely eliminate all mineralisers, with the ensuing
environmental benefit. This could all be done without the synthesis process entailing any
modification of current industry infrastructures.

The use of hydrotalcite as a Cr(VI) adsorbing medium can be considered a valorisa-
tion system for toxic waste, as it can be used as a source of Cr in different reaction
media.
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