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Aluminum was extracted from saline slags via an alkaline method and employed in the synthesis of Layered
Double Hydroxides (LDH) with various M?* cations (Co, Mg, Ni and Zn), while Al and Fe were the M3t cations,
using the co-precipitation method and a M?*/M3* 2:1 ratio. The structural characterization of the samples was
performed with powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), nitrogen physisorption at
77 K, thermogravimetric analysis (TGA), temperature-programmed reduction (TPR) and X-ray photoelectron

spectroscopy (XPS). Their catalytic performance was tested for the oxidation of olefins (cyclooctene) and their
biomimetic potential was analyzed. Results show a great selectivity towards epoxides with no other products
obtained. Reaction yields followed the descending order CosAlFe, ZnsAlFe, NisAlFe, and Mg4AlFe, the sample
with cobalt as M2* converting up to 85% of cyclooctene.

1. Introduction

Although the aluminum recycling process is carried out without the
loss of quality in the final product and saves between 80 and 95% of the
energy needed in the primary production (Gil, 2005), the use of salt
fluxes in order to obtain better performances produces an undesirable
and hazardous waste during this process (European Commission, 2014),
saline slags (waste code 100308*). Finding direct applications for the
slags such as inert filling for construction or road paving has been
studied (Gil and Korili, 2016; Javali et al., 2017) as it can reduce the
controlled landfill management costs although it also implies environ-
mental risks (Lin et al., 2021). Another much interesting option, chosen
in this work, is the extraction of the aluminum still present in the slag
and the synthesis of an added-value product with a direct application as
a heterogeneous catalyst.

Layered double hydroxides (LDH), also called hydrotalcite-like
compounds as they mimic the structure of hydrotalcite MgeAlo
CO3(0OH)16-4H20, are formed from an octahedral framework similar to
brucite (Mg(OH),) with a substitution of some of the M2+ for M3+ cat-
ions. This change generates an overall positive charge in the structure
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that is compensated by the placement of anions in the interlayer. Mul-
tiple combinations of various M%", M>* and anions can be used which
confer the LDH several characteristics and gives this family of clays
multiple applications: as catalysts (Qiu et al., 2019), adsorbents (Jawad
et al., 2019), in medicine (Asif et al., 2018), photochemistry (El Hassani
et al., 2019; Trujillano et al., 2020) or electrochemistry (Qiu et al.,
2019). This is due to several characteristics such as easy-to-tailor
properties or high versatility: LDH can be designed to fulfil specific re-
quirements (Li and Duan, 2005). The use of LDH as catalysts gives the
advantage of having a high degree of dispersion of the transition metal
in the catalytic structure. Many works have been reported on the use of
non-calcined LDH in catalytic reactions: the epoxidation of styrene by
MgAl LDH (Kirm et al., 2004), the hydroxylation of phenol by CoNiAl
LDH (Rives et al., 2003) or the carbonylation of methanol by NiAl LDH
(Kapoor and Matsumura, 2004). However, the mixed metal oxides ob-
tained by thermal decomposition of the LDH are usually the preferred
choice for the catalysts (Ahmed et al., 2012; Lee et al., 2021) as they
have large specific surface areas (up to 300 mz/g), basic properties, a
thermally stable dispersion of the metal ions and the possibility of
synergetic effects between the elements.
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Recent technological advances combined with the need for new
functions have increased the demand for new materials with multiple
functions. In order to improve the industrial applicability of the LDH-
based nanocomposites prepared here, their catalytic potential in the
oxidation of cyclooctene by iodosylbenzene was tested. Although LDH is
known for the presence of basic sites, proven here, the presence of iron
ions in the LDH-based catalytic materials could generate acid sites and
enhance their application in oxidation reactions, not to mention that
iron is known to be the active species in these reactions, mimicking
biological enzymes such as cytochrome P450. To confirm the possible
biomimetic potential of the LDH-based catalytic materials prepared
herein, cyclooctene was selected as substrate: it generally affords
cyclooctene oxide as the main product, and epoxides are useful and
expensive intermediates for chemical and pharmaceutical industries.
Thus, cyclooctene was chosen as a “diagnostic substrate” to determine
the catalytic activity of a new material (Antonangelo et al., 2017; Bizaia
et al., 2009; Caetano et al., 2006).

In the present work, the preparation, characterization and catalytic
oxidation behavior of a series of LDH prepared with AI** extracted from
saline slags is reported. The presence of Fe>* together with AlI** and the
possible synergic effect of its presence, together with that of cobalt, zinc,
nickel and magnesium as divalent cations, was tested on the catalytic
performance of the catalysts on the (Z)-cyclooctene epoxidation to
cyclooctene oxide by iodosylbenzene.

2. Experimental procedure
2.1. Materials

The synthesis of hydrotalcites was performed using Co(NO3)2-6H20
(Panreac, > 98%), Mg(NO3),-6H,0 (Sigma-Aldrich, > 99.99%), Ni
(NO3)2-6H20 (Panreac, > 98%), Zn(NOs)2-6HoO (Sigma-Aldrich, >
98%), Fe(NO3)3-9H20 (Riedel de Haen, > 96%) and NayCO3 (Sigma-
Aldrich, > 99.99%). HNOs was used for pH adjustment and NaOH
(Panreac) for both pH adjustment and aluminum extraction (see next
section). (Diacetoxyiodo)benzene (Sigma-Aldrich, 98%), (Z)-cyclo-
octene (Sigma-Aldrich, 98%) and dichloroethane (ACS reagent,
>99.0%) were used for the oxidation reaction, being used as received,
without any modification.

2.2. Hydrotalcite-like compounds synthesis

Aluminum was obtained from the saline slag by an alkaline extrac-
tion process: 5 g of the slag were added to 100 mL of a NaOH 2 mol/L
solution, it was placed in a reflux system stirred at 500 rpm and at a
temperature of 373 K during 1 h. Filtration was used to separate the
slurries, and the aluminum present in the filtrated solution was 6.15 (+)
0.14 g/L (or 0.23 (£) 0.005 mol/L), determined by ICP-OES. Along with
aluminum, small quantities of other metals such as iron, calcium or
magnesium are also extracted, a more detailed description of the
chemical composition of the slag before and after aluminum extraction
can be found in previous publications of our groups (Santamaria et al.,
2022; Yoldi et al., 2019).

The LDH were synthesized by the co-precipitation method, with an
atomic ratio of M“:(Al, Fe)®*t 2:1. Four samples were synthesized with
the same ratio and changing the M2" (Co, Mg, Ni and Zn were used). As
an example, 0.08 mol/L of Ni(NO3);-6H20, 0.02 mol/L of Fe
(NO3)3-9H20 and aluminum from the extraction, slightly diluted (0.02
mol/L) were added dropwise to a 0.015 mol/L solution of Na;COs3 to a
total volume of 0.4 L. The synthesis pH was continuously adjusted to 10
by using both NaOH and HNOj3 as needed. The mixture was stirred at
500 rpm and 333 K for 1 h and then left to age for 24 h. Milli-Q water
was employed to wash the samples and they were then centrifuged
(8000 rpm, 5 min) as many times as needed until the pH lowered to 7.
All materials were dried for 353 K and 16 h and manually grounded with
a mortar. Samples were named by their stoichiometric proportions as
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CoyAlFe, Mg4AlFe, NijAlFe or ZnsAlFe, respectively.
2.3. Characterization techniques

Powder X-ray diffraction (PXRD) diagrams were recorded on a
Siemens D-5000 instrument using a Ni-filtered Cu Ka radiation (A =
0.15418 nm) in a 20 range from 5 to 70° and a 0.2° (20)/min scanning
rate. The working current of the X-ray source was 30 mA and the voltage
40 kV. The software Diffract-AT was used to analyze the patterns and the
identification of the crystalline phases present in the samples was per-
formed by comparison with the JCPDS diffraction files (ICDD database).

Scanning electron microscopy (SEM) was used to analyze the
morphology of the samples on a Phenomenom World, XL operating at
15 kV.

Specific surface area and porosity of the samples was evaluated at 77
K with a Micromeritics ASAP 2020 Plus adsorption analyzer. The sam-
ples (0.4 g) were outgassed before measurement, under vacuum at 423 K
for 24 h. The specific surface area (Sger) was evaluated by the BET
method in the range between 0.05 and 0.20 of relative pressure. The
total pore (Vp) and micropore volumes (Vup) were also calculated using
the Gurvitsch and the t-plot methods.

The thermogravimetric measurements (TG) were recorded in a Hi-
Res TGA2950 apparatus (TA-Instruments). The samples were heated
up from room temperature to 1173 K with a 10 K/min heating rate under
a dry air atmosphere (60 mL/min).

Temperature-programmed reduction (TPR) runs were performed on
a Micromeritics TPR/TPD 2900 instrument from Micromeritics under a
30 mL/min flow of 5% Hy (Hy/Ar, Praxair) carrier gas to reduce the
samples. The gas at the reaction exit was passed through a cold trap
(melting isopropanol) to retain vapors and condensable gases formed
during the precursor decomposition, before entering the detector.

X-ray photoelectron spectra (XPS) were recorded using a SSX 100/
206 spectrometer for Surface Science Instruments (USA) equipped with
a monochromatized and microfocused Al X-ray source powered with 20
mA and 10 kV. The pressure within the analysis chamber was around 10
6 Pa. The zone analyzed was around 1.4 mm?, and the pass energy was
set to 150 eV for the general spectra and to 30 eV for the elementary
spectra. An electron gun set at 8 eV and the charge was stabilized with a
nickel grid placed 3 mm above the surface of the samples. The surface
adventitious carbon peak, C 1 s at 284.8 eV, was used as a reference for
all the binding energies.

2.4. Catalytic performance

Iodosylbenzene (PhIO) was collected for the first time by hydrolysis
of iodosylbenzene diacetate (Sharefkin and Saltzmann, 1963), iodo-
metric titration was employed to test the purity of the compound ob-
tained (Lucas et al., 1963). Iodosylbenzene (0.023 mmol) was added to a
4 mL vial sealed with a teflon-coated silicone septum containing
Co4AlFe, Mg4AlFe, NigAlFe or ZnsAlFe (10 mg); 1,2-dichloroethane (1
mL); (Z)-cyclooctene (previously purified on alumina column) (1.15
mmol); and di-n-butyl ether as internal standard (5 pL). The mixtures
were kept under magnetic stirring at room temperature, the reaction
was followed for 96 h, with aliquots extracted and analyzed at several
times: 4, 6, 12, 24, 48, 72 and 96 h. A HP 6890 gas chromatograph was
employed to analyze the reaction products using a hydrogen flame
ionization detector and a capillary column (HP-INNOWax-19091 N-133,
polyethyleneglycol length = 30 m, internal diameter = 0.25 pm). The
products were quantified using a calibration curve obtained with a
standard solution and the yields were based on added oxidant (iodo-
sylbenzene). All the reactions were performed in triplicate. In all cases, a
control of the reaction was carried out in the absence of catalyst.

At the end of the tests for (Z)-cyclooctene oxidation, the catalysts
were recovered by centrifugation and washed 5 times with 1 mL
methanol to ensure that any remaining iodosylbenzene was removed
from the catalyst. The catalysts were then dried for 3 h at 333 K, before
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being used again.

3. Results and discussion

3.1. Characterization of the catalysts

Fig. 1a and 1b show the powder XRD patterns of the samples. The
crystallographic phases present on the fresh LDH (dried at 353 K,
Fig. 1a) show single-phase materials with the 3R; polytype and the
general formula M4Al,CO3(OH);2-4H20. Although in some cases the
segregation of hydroxides or oxides can occur and be quantified (Misol
et al., 2020), the reflections show that the samples have very few to no
side products with samples having different peak intensities. These
peaks increase as we move right on the Periodic Table and even though a
bigger sharpness in the peaks cannot be directly correlated to an
enhancement in the sample crystallinity because of phenomena such as
constructive interference, a large increment in sharpness is expected to
correlate with crystallinity refining (Naseem et al., 2019). The crystallite
sizes of the four samples were calculated from the most intense
diffraction peak (003) of hydrotalcite phase, placed at 11°, with the
Scherrer equation:

KA
T =
P.cosO

where K is the shape factor = 0.9; fz is the width of the peak at half of the
maximum intensity (FWHM) after subtraction of instrumental broad-
ening and 6 is the diffraction angle. ZnsAlFe LDH pattern is best defined
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Fig. 1. Powder X-ray diffraction (PXRD) patterns of non-calcined (a) and
calcined samples (b).
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than the other three samples and has at least the double of crystallite size
(see Table 1). Samples in the descending order Zn > Co > Mg > Ni show
similar trend to LDH samples with no Fe in their composition (Santa-
maria et al., 2020a). ¢ parameter was calculated from the d-spacing of
the samples from the dgg3 and dgg¢ reflections located at 26 ~ 11.6 and
23.3° using Bragg’s equation. It is related to the interlayer distance
representing three times the basal spacing and was determined with the
formula ¢ = 3/2(dpos + 2dgos). The results are shown in Table 1: the
interlayer space is close to 0.3 nm (as the thickness of the brucite layers
is 0.48 nm (Cavani et al., 1991)) and no significant differences are
shown as all the samples have carbonate anions with their molecular
plane parallel to the brucite-like layers (Fernandez et al., 1998). The
lower value of Cos4AlFe sample indicates that carbonate anions are
involved in stronger intermolecular interactions in this sample (Chagas
et al., 2015). The average distance between cations is seen with a
parameter, calculated a = 2d(110). The increased distance correlates
with the ionic radius of M?* and a general shift to lower 20 values is
observed when compared to LDH samples with only aluminum as M3t
(Santamaria et al., 2020a) suggesting an introduction of Fe®' in the LDH
structure in octahedral coordination (ionic radius = 0.645 nm), which is
bigger than AI®" (ionic radius in octahedral coordination = 0.535 nm)
(Greenwood and Earnshaw, 1997). The attempts to introduce Fe* in the
structure of LDH have been previously successful, however with the
increment of Fe>* content a limit is reached after which iron does not
enter the brucite structure. This does not show as new peaks in the form
of iron oxide or oxohydroxide because of its low percentage but can be
observed as a noticeable decrease in the intensities of the peaks (Parida
et al., 2012), something that cannot be seen when comparing our sam-
ples with those without iron (Santamaria et al., 2020a), thus indicating
that a good substitution degree was achieved.

The calcination of the samples at 673 K for 4 h (Fig. 1b) led to the
removal of the volatile carbonates and water from the interlayer and the
hydroxyl groups, and the corresponding divalent oxides M2tO were
formed, except in the case of cobalt where Co304 was detected. The
presence of other M2*M3*,0, spinels could not be confirmed as they
usually appear after calcination at higher temperatures, depending on
the metal cations involved, although small traces of MgFe,O4 have been
detected from 723 K (Fernandez et al., 1998).

The micrographs of the calcined samples are shown in Fig. 2 where
the layered structure can be deduced especially from Fig. 2a. A small
proportion of silicon (<1% atomic) is found by the EDX analysis which is
something to be expected. Even though the alkaline aluminum extrac-
tion process of the slag is more selective than the acid procedure, which
dissolves other unwanted metals, a small proportion of silicon is usually
extracted along with the aluminum (Murayama et al., 2012; Yoldi et al.,
2019).

The specific surface area of the four samples, fresh and calcined, as
determined from the nitrogen adsorption isotherms at 77 K can be seen
in Table 2. The isotherms, shown in Fig. 3 (3a for uncalcined and 3b for
calcined samples), belong to type II and correspond to unrestricted
adsorption and do not show the layered structure of the solids, as the
nitrogen molecules are not capable of entering the interlayer space (0.3
nm) that is already filled with water and carbonate anions (Hernandez
et al., 2017). The specific surface area values for the uncalcined samples
go from 88 and 91 m?/g of Co4AlFe and ZnsAlFe to 122 and 155 m?/g of

Table 1
Diffraction spacings (see Fig. 1), crystallite size, and ¢ and a parameters of the
non-calcined layered double hydroxides (LDH) samples.

Sample doos dwoe) da1o) ¢ (nm) a (nm) Crystallite size (nm)

0.3104  16.38
0.3085 7.93
0.3067 6.34
0.3096  29.84
0.3054 -

Co,AlFe 0.759  0.380 0.155  2.280
Mg,AlFe 0.778 0.385 0.154 2.323
NisAlFe 0.774  0.385 0.153 2315
ZnyAlFe 0.762  0.382  0.155  2.290
Mg,Al, Reference code: 01-070-2151 2.281
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Fig. 2. Scanning electron microscopy (SEM) micrographs of the cobalt (a), magnesium (b), nickel (c¢) and zinc (d) samples.

Table 2
Textural properties of the non-calcined and calcined layered double hydroxides
(LDH) samples.

Sample Sper (m*/g) Vp, (cm®/g) Vyp (em®/g)
Co4AlFe (423 K) 88 0.458 0.005
Co4AlFe (673 K) 124 0.606 -

Mg,AlFe (423 K) 122 0.413 0.006
Mg.AlFe (673 K)) 202 0.677 0.004
NiAlFe (423 K) 155 0.694 0.007
NijAlFe (673 K)) 195 0.894 0.007
Zn,AlFe (423 K) 91 0.369 0.002
Zn,AlFe (673 K)) 78 0.417 0.003

Mg4AlFe and NisAlFe. The calcination of the samples at 673 K brings the
end of the layered structure (as seen in the PXRD analysis) and this
usually means an increase in the surface area value of the samples,
which actually occurs in all samples but ZnsAlFe, where the specific
surface area decreases from 91 to 78. This behavior has been described
before in LDH with a zinc:aluminum ratio of 3:1 (Hadnadjev-Kostic
et al., 2013; Santamaria et al., 2020b) due to a different response to
calcination. These results show that the crystallinity of the samples is
responsible for these values. The more amorphous a sample is, the bigger
its specific surface area when calcined (Fernandez et al., 1998), as can be
seen in the sharpness of the peaks in Fig. 1 and the crystallite size from
Table 1.

Representative thermogravimetric (TG) and derivative thermogra-
vimetric (DTG) curves for the samples are shown in Fig. 4. Mass loss stars
at room temperature and is completed at around 900 K. There are
different steps which show minor mass loss differences between the
samples, shown in Table 3. The first step, up to 400 K, comes from the
loss of adsorbed water and gases. The second step goes up to 500 K and
represents around a 10 % of mass loss which corresponds to the inter-
layer water. In the third step the biggest differences between the samples
are displayed, it shows another large mass loss which can go from up to
550 K with an 8.9 % decrease in the case of CosAlFe to up to 700 K and a
20.5 % mass loss in the case of Mg4AlFe. The last steps are minor and
correspond to the formation of mixed metal oxides (step 4) and the
sintering process starting point (step 5) that causes a collapse of the
pores. A variation of the equation taken from (Naseem et al., 2019) was
employed to calculate the difference in mass losses from the theoretical
values, considering that water and carbon dioxide exit the system:

A
{M_yFe. AL,y (OH),} 4 CO33nH,0 (1

- X)MO'X/4F6203'X/4A1203 + yH20 -+ X/2C02

Table 4 shows a comparison between the expected and experimental
mass loss results. The atomic masses of the M?" are responsible for the
difference between the samples. The variance from the theoretical
values is minor except in the case of ZnsAlFe sample where a 6.5 % extra
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Fig. 3. Nitrogen adsorption—desorption isotherms of non-calcined (a) and calcined (b) series of layered double hydroxides (LDH) samples.
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Fig. 4. Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of the layered double hydroxides (LDH) prepared with extracted aluminum.

mass is left.

The four calcined samples were subjected to a temperature-
programmed reduction (TPR) process with Hy up to 1100 K and the
TCD output is displayed in Fig. 5. Mg4AlFe sample can be used as a
reference for the iron content of the samples as a calcined hydrotalcite
with only magnesium and aluminum gives little to no signal in TPR

analysis (Santamaria et al., 2020a). The first peak at about 720 K is
related to the reduction of Fe;O3 to FezO4 and the second peak, a
combination of the reduction of Fe304 to FeO and that to Fe can be found
from 850 K and ends out of the range of this analysis (Webb and Orr,
1997). The signal from ZnsAlFe solid seems to be a convolution of the
three peaks. Both Co4AlFe and NisAlFe have added peaks due to their
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Table 3
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Mass losses (wt.%) in the steps indicated from the thermogravimetric analyses of the layered double hydroxides (LDH) samples.

Step — 1 2 3 4 5 TOTAL (mass loss wt.%)
Sample |
Co,AlFe 300-400 K 400-480 K 480-550 K 550-750 K 750-1000 K

31% 14.0 % 8.9 % 2.8% 1.1% 29.9 %
Mg,AlFe 300-400 K 400-500 K 500-700 K 700-800 K 800-1000 K

5.7 % 11.2% 20.5% 3.6 % 2.2% 43.2%
NisAlFe 300-400 K 400-500 K 500-650 K 650-800 K 800-1000 K

5.9 % 9.7 % 15.4 % 3.1% 0.7 % 34.6 %
Zn4AlFe 300-375 K 375-475 K 475-650 K 650-850 K 850-1000 K

2.6 % 11.0 % 11.4 % 2.6 % 0.7 % 28.3 %

Table 4

Comparison of the theoretical and measured remaining mass of the layered double hydroxides (LDH) samples.

Measured remaining mass (%) Variance from theoretical value (%)

LDH Theoretical oxides structure Theoretical remaining mass (%)
Co,4AIFeCO3(OH);5-4H,0 4/3C0304 + Aly05 + Fe,03 69.0
Mg4AlFeCO3(0H);2-4H20 4MgO + AlyO3 + Fey03 57.9
NigAlFeCO3(OH);2-4H,0 4NiO + Al,03 + Fe;03 65.7
Zn,4AlFeCO5(OH);5-4H,0 47Zn0 + Al,O5 + Fe,03 67.1

70.1 1.5
56.8 0.4
65.4 -0.5
71.7 6.5

0.6
0.5 4 — CO4A|Fe
—— Mg, AlFe

044 |——Ni,AlFe
Zn,AlFe

0.3 4
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TCD output (arbitrary unit)

0.1+

0.0 ~
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Temperature (K)

Fig. 5. Ha-temperature-programmed reduction (TPR) profile of CojAlFe,
MgsAlFe, NijAlFe and ZnsAlFe calcined samples.

M?2* reduction capacity, and in the first case the reduction effects are
increased by the oxidation of cobalt during the calcination process.
Thus, Ni4AlFe has a peak with a maximum at 725 K that corresponds to
the change from NiO to Ni in which the reduction of Fe is included, while
CoyAlFe shows two peaks at 600 K (from Co304 to CoO) and 950 K (from
CoO to Co). The reduction of Fe;03 to Fe3O4 can be seen here at 700 K as
the signal does not reach the baseline between the peaks.

XPS analysis were performed to analyze the surface concentrations of
the metals in the four different samples. Table 5 shows the surface
concentrations (% atomic) and relative proportion of metals in the
calcined samples. The relative proportion of aluminum in three of the
samples could be due to its smaller mass, which make it easier to migrate

Table 5
Surface concentration (% atomic) and metals proportions on the calcined
layered double hydroxides (LDH) samples.

Surface concentration M2 Al Fe (0] C
(% atomic)

Proportions of
metals

Co4AlFe 173 6.6 50 57.8 132  CosAl sFe;
Mg, AlFe 19.0 52 37 583 138 MgsAl  Feps
NigAlFe 216 56 50 534 143 NisAlFe

Zn,4AlFe 176 51 3.6 512 225  ZngAl oFeps

to the surface as the calcination process occurs (Li et al., 2009). The
proportions of iron in the surface of the samples could be partly
responsible for the different results of the calcinated samples perfor-
mances; as will be shown in the next section, as the proportion of iron
descends, so does their cyclooctene oxide yield.

3.2. Catalytic performance

PhIO was chosen as oxygen source because it has traditionally been
employed in oxidation reactions involving cytochrome P450 biomimetic
systems based on metalloporphyrins or transition metals as catalysts
(Antonangelo et al., 2017; Bizaia et al., 2009; Caetano et al., 2006); it
produces good oxidation conversion; it is relatively inert in the absence
of catalysts; it may react with biomimetic catalysts to generate high-
valent oxo-metal species; and its use prevents the free radical chain re-
actions that are normally initiated by oxidants like alkyl hydroperoxides
(R-O-0-H) (Caetano et al., 2006; Groves, 2006).

Fig. 6a shows the results for cyclooctene oxidation catalyzed by the
LDH-based catalytic materials without heat-treatment. All the tested
materials selectively catalyzed cyclooctene oxidation to cyclooctene
oxide (epoxide), the sole product. The overall accountability for the
oxidant was achieved by measuring the iodobenzene (Phl) yield in all
the reactions, to find that PhIO was totally consumed, and that the Phl
yields were ca. 100%. Therefore, all the oxidant was converted to Phl,
and the competitive reaction between the active intermediate and
another PhIO molecule, to form PhIO, did not occur.

As expected for heterogeneous systems, longer reaction times pro-
vided better yields because substrate access to and product diffusion
from the active site was facilitated. In general, the best yields start to be
attained after 24 h of reaction for all the LDH-based catalytic materials.
For comparison purposes, controls were carried out for all the reactions
in the absence of catalytic material and in the presence of LDH. The
control reactions in the absence of iron did not show detectable substrate
oxidation, and that reactions in the absence of oxidant did not yield any
product.

The epoxide yields obtained followed the descending order: Co4AlFe,
Zn4AlFe, NijAlFe, and MgsAlFe. The LDH-based catalytic material
CoyAlFe gave 54% epoxide yield while the other three samples showed
similar performances with an epoxide yield between 15 and 18%. As
also seen on a previous work on kaolinite (Bizaia et al., 2009), surface
area and catalytic results were not related.

To understand the effect of metals on the catalytic process, the LDH-
based catalytic materials were heat-treated at 673 K for 4 h (Fig. 6b).
Epoxide yields increased with respect to the uncalcined solids, and the
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Fig. 6. Oxidation of cyclooctene using catalysts without thermal treatment (a)
and after thermal treatment at 673 K for 4 h (b).

relative order of activity among the different solids changed, finding for
the calcined solids the following descending order, CosAlFe, NisAlFe,
MgsAlFe, and ZnsAlFe, with heat-treated LDH-based CosAlFe solid
providing 70 % epoxide yield. When results were compared to the data
in Table 2, no direct relation was found between catalyst surface area
and epoxide yield, but heat-treatment increased the surface area and
pore size of the LDH-based catalytic materials, improving exposure of
the active sites to the substrate and diffusion of the epoxide back to the
reaction bulk. It was observed that all the LDH-based catalytic materials
needed 24 h for improved and stable epoxide production to be achieved,
indicating that the products were initially adsorbed on the LDH-based
catalytic materials and slowly released into solution. To check
whether the products were really adsorbed onto the LDH matrixes, the
reactions were repeated for 24 and 48 h and an extraction process was
conducted. It involved adding 200 pL aliquots of the reaction solvent to
the solid LDH-based catalytic material obtained at the end of the reac-
tion, withdrawing each aliquot, and placing the removed aliquot in a
flask until a total volume of 10.0 mL of extract was obtained. The
products were analyzed again, to notice 14 to 15% extra epoxide yield
for all the reactions after the extraction (see Fig. 7). All the reactions
were selective to the epoxide, which was the sole product: the surface
basicity of the hydrotalcite has been suggested to have an advantage in
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Fig. 7. Oxidation of cyclooctene using heat-treated catalysts and extraction of
products from solids.

the epoxidation of olefins (Dai et al., 2020). The epoxide yields obtained
followed the descending order, CosAlFe, NijAlFe, MgsAlFe, and
Zn4AlFe, with LDH-based CosAlFe giving 85 % total epoxide yield (that
is, the sum of 70% epoxide of the initial analysis with the additional 15%
obtained after the extraction procedure), which was similar to results
previously reported by our group (Saltarelli et al., 2019) employing as
catalyst an aminoiron(III) porphyrin immobilized on an alumina matrix
prepared by the sol-gel non-hydrolytic route; the reaction under similar
conditions gave 87% epoxide yield after 24 h. This similarity allowed us
to infer that iron ions in LDH played an essential role in catalysis.
Indeed, taking a look at Table 5, the sample with higher surface iron
content also gave better catalytic results for the epoxidation reaction
(85% yield). It should be also noted that the double bond oxidation to
epoxides is favored by transition metals that are able to adopt high
oxidation states as demonstrated by Wentzel et al. (1998, 2000, 2004)
which could help us to understand the good performance of CosAlFe
sample. Indeed, the LDH present similar characteristic to a previous
system prepared by the non-hydrolytic sol-gel process (Caetano et al.,
2006) and involving the high-valent oxo-metal species Co'V = O as the
most probable active species in this transfer, for cobalt aluminum sili-
cate complexes. In fact, these systems could present a combined effect of
two catalytic active sites — iron(IlI) and cobalt(Ill) — leading to a
mechanism that resembles the cytochrome P-450 mechanism. The
epoxidation mechanism comprises two steps: the first step generates the
coV=0 species via two-electron oxidation of the tetrahedral Co?* ions
or one-electron oxidation of octahedral Co®" ions by iodosylbenzene; in
the second step, the Co' = O species transfer the oxygen atom to the
epoxide carbon—carbon double bond, to form the epoxide. The combined
mechanisms proposed for epoxidation of olefins with Co304 and Fe304
systems involves the coordination of the oxidant to the metal center. The
Lewis acidity of the Co or Fe center could increase the oxidizing power of
the metal-oxo group, as previously reported by Askarinejad et al. (2010).
These authors verify that nanosized cobalt ions present a higher catalytic
activity, the LDH induce the site isolation of Co and Fe active sites,
mimicking biological enzymes. It should be also emphasized that, as
previously discussed on TPR section, Fig. 5, the Co and Fe redox
mechanism described for LDH-based CosAlFe was proven to be
compatible with the metal-oxo mechanism.

To prove that catalysis was genuinely heterogeneous, the LDH-based
catalytic materials were filtered (with and without heat-treatment) off
the reaction mixture, then extra oxidant was added to the resulting su-
pernatant, and the oxidation reaction allowed to proceed under the same
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initial conditions for another 96 h. After this period, no cyclooctene
oxide yields were detected, indicating that the catalytic activity of the
LDH-based catalytic materials was truly heterogeneous, and that metals
played an essential role in catalysis.

The stability of the catalysts prepared herein was confirmed via
catalyst reuse. For this purpose, the solid catalysts were separated from
the reaction mixture after each experiment by simple filtration, ac-
cording to the procedure described in the experimental part, and dried
before being used in a subsequent run. In all cases the catalyst was
reused in three consecutive runs without any decrease in catalytic
performance.

4. Conclusion

Aluminum recovered from saline slags originated in the aluminum
recycling industry was used to succesfully synthesize layered double
hydroxides. All the samples contained iron and aluminum as M>* and
different divalent cations. Their capacity as catalysts for the oxidation of
cyclooctene was tested to evaluate their biomimetic potential. Results
highlight the great potential of these catalysts, which obtained a yield up
to 85% and great selectivity to the epoxide (100 %), a sought after in-
termediate in chemical industries. The iron present in the surface of the
solids was responsible for their performances and its combination with
the divalent cations gave diverse results attributed to their redox
mechanism. Thus, reaction yields followed the descending order
CosAlFe, ZnsAlFe, NisAlFe, and MgsAlFe. This advanced LDH show
major improvements not only by reducing the production costs but
specially by giving a new life to a hazardous waste that was bound to
finish in landfills and cause a water and soil contamination issue.
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