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Abstract Different phases of Cu—Mg—Al compounds, hydrotalcites, their oxides,
and reduced phases were prepared by co-precipitation and evaluated using the
ethanol reactions. The solids were characterized by surface area measurements,
X-ray diffraction (XRD), thermogravimetry coupled with differential thermal
analysis, H,-temperature-programmed reduction, CO, temperature-programmed
desorption and temperature-programmed oxidation. The catalytic runs were per-
formed at temperatures ranging from 250 to 350 °C. Activation with H, was pre-
viously carried out in situ at 300 °C for the reduced samples. The samples with
higher amount of Cu presented high ethanol conversion independent of the phase
evaluated. The characterization by XRD after the reaction revealed that all samples
exhibited only the metallic phase of Cu, independent of the phase before the
reaction. The high selectivity for dehydrogenation was responsible for the trans-
formation of hydrotalcites and mixed oxides into metallic phase during the ethanol
reaction. Samples with lower amounts of Cu were deactivated by carbon deposition
whereas samples with higher amount of Cu were deactivated mainly by sintering.
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Introduction

Layered double hydroxides (LDHs) are anionic clays, also known as hydrotalcite-
like compounds, which have structures similar to brucite [Mg(OH),]. The general
formula for these compounds is [M7* M} (OH),]* A}, - yH,0, where M+
corresponds to bivalent and M trivalent metallic cations, A" represents an
inorganic or organic anion and x is the molar ratio of cations usually between
0.20 < x < 0.33 [1]. The combination and the ratio of metallic cations influence the
structure and the chemical properties of LDH and mixed oxides [2]. LDHs are
widely investigated due to their properties and potential applications as ion
exchangers, adsorbents, catalysts, catalyst precursors and supports [3—10].

Thermal treatment of LDHs above a temperature of 350 °C causes the collapse of
the lamellar structure which results in the formation of mixed metal oxides [11]. The
structure and the catalytic properties after calcination depends on the chemical
composition of the LDH precursor, temperature, and atmosphere during calcination
[12, 13]. The mixed oxides derived from LDHs exhibit properties such as high
surface area and porosity, thermal stability, good homogeneity, and high dispersion
of metals [1].

The mixed oxides obtained from LDHs have shown great performance in
numerous reactions of industrial interest such as reforming reactions of ethanol [14],
methanol [15] and methane [16, 17]; Fischer—Tropsch synthesis [18]; selective
oxidation of ammonia to dinitrogen [19]; and ethanol decomposition [20, 21].

The ethanol dehydrogenation to acetaldehyde (Eq. 1) is favored thermodynam-
ically at high temperatures. The dehydrogenation of ethanol can also produce ethyl
acetate (Eq. 2). On the other hand, the formation of ethyl acetate according to Eq. 3
is favored thermodynamically by low temperatures. The formation of ethyl acetate
by Eq. 3 is the consequence of two consecutive reactions, with the production of
acetaldehyde as intermediate step [22].

C,HsOH — C,H,0 + H, AH = 68.83kJmol ™!, (1)
2C2H5OH — C4H802 + 2H2 AH = 25.02Kk]J 1’1101_17 (2)
C,HsOH + C,H,0 — C4HgO, +2H, AH = —43.39kJ mol . (3)

Catalysts containing copper were reported to be highly active and stable in
methane oxidation reactions. Their activities depend on the copper content and the
pH of coprecipitation [23]. Copper based catalysts also have been successfully
employed for the selective conversion of ethanol to ethyl acetate and acetaldehyde
[24], and for the hydroxylation of phenol [25].

Ethanol reactions performed using mixed oxide catalysts has been widely applied
for the production of chemicals such as ethylene, hydrogen, diethyl ether,
acetaldehyde, ethyl acetate, n-butanol and derivatives [26—30]. The selectivity of
the products depends directly on the acid—base nature of the catalysts. Catalysts with
acidic property have high selectivity for the ethanol dehydration, whereas the basic
catalysts favor the dehydrogenation of ethanol [31, 32].
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In this context, this work present the synthesis, characterization and catalytic
evaluation of Cu—-Mg-Al LDHs, their mixed oxides resulting from calcination, as
well as the metallic phases obtained after reduction. The catalytic activity of these
different phases was evaluated using the ethanol reactions. To the best of our
knowledge, this is the first report on the simultaneous evaluation of catalytic activity
for the different phases of Cu—Mg—Al (hydrotalcites, mixed oxides and metallic
phases).

Experimental
Catalysts preparation

The samples were synthesized through continuous co-precipitation following the
previously described procedure [33, 34]. Two aqueous solutions were prepared:
solution A containing a mixture of metal salts Cu(NO3),, Mg(NO3), and AI(NO3);;
solution B containing the precipitant Na,COs. The atomic ratio of cations M**/M>*
was fixed at 4, while the atomic ratio Mg/Cu was between 1 and 3. The co-
precipitation was conducted in a glass continuous stirred-tank reactor at a constant
temperature (50 °C). The solution A was added at a constant flow rate, while the
flow of the solution B was continuously adjusted to maintain the pH at a constant
value (8 + 0.1).

After the co-precipitation, the resulting material was collected and maintained
under agitation for crystallization at 50 °C for 1 h and afterwards it was filtered and
washed with deionized water. The slurry was dried at 80 °C for 12 h in an oven. The
calcined samples were obtained by thermal treatment under air flow rate of
50 mL min~" at 400 °C for 12 h.

Catalysts characterization

The catalysts were characterized by X-ray diffractometry (XRD), BET surface area,
thermogravimetry coupled with differential thermal analysis (TG-DTA), CO,
temperature-programmed desorption (CO,-TPD), and temperature-programmed
reduction (H,-TPR). X-ray diffraction (XRD) and temperature-programmed oxida-
tion (TPO) were used to characterize carbon deposited on the catalyst after of the
ethanol reaction.

The surface area measurements of hydrotalcites and calcined samples were
conducted using the conventional N, adsorption/desorption on a Quantachrome
Nova-1200 surface area analyzer at liquid nitrogen temperature. The samples were
pretreated at 250 °C under a flow rate of 30 mL min~' of He before the
measurements. The specific surface areas were calculated using BET method
(SpET)-

The XRD patterns were collected through the powder method with a Bruker D2-
Phaser diffractometer using Cu Ko radiation (A = 1.5406 A) at 30 kV and 10 mA.
The average crystallite sizes were determined by the Scherrer equation.
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The thermal analysis of the hydrotalcites was performed by thermogravimetry
(TG-DTA) using a TA thermobalance (Model SDT600). The samples were heated
in the temperature range of 20~1000 °C at 10 °C min~"' under an air flow rate of
100 mL min~".

The TPR (H,-TPR) profiles were obtained using a multipurpose system (SAMP3)
with a heating rate of 10 °C min~" up to 600 °C, using 30 mL min~" of a mixture
10% H,/N, (v/v). The data were recorded by a thermal conductivity detector.

To obtain the profiles of CO,-TPD, samples were pretreated under He flow
30 mL min~! at 100 °C. After that, the catalyst was saturated with CO, (30
mL min~") for 1 h at 100 °C. The desorption of CO, was conducted by heating the
sample at 10 °C min~" up 600 °C, under He flow 30 mL min~'. The desorption
profiles were deconvoluted using Gaussian curves in order to quantify basic sites.

The TPO analyses were performed using a TA SDT600 thermobalance. The
samples were heated at 10 °C min~' from room temperature up to 600 °C under an

air flow rate of 100 mL min~".

Catalytic activity

The catalytic activity for all the samples (hydrotalcites, calcined and reduced) was
evaluated by the ethanol reaction. The activity tests were conducted in a fixed-bed
quartz reactor loaded with 200 mg of sample, under atmospheric pressure at
temperature between 250 and 350 °C. Nitrogen and ethanol were fed with a flow of
100 mL min~" and 0.4 mL h™', respectively. For the reduced samples, the
reduction was previously carried out in situ at 300 °C during 1 h under a flow of
H, of 10 mL min~" and of N, of 100 mL min~". The products were analyzed using
an on-line Varian 3600CX gas chromatograph with a Porapak Q column and flame
ionization detectors.

Results and discussion
Catalysts characterization

The nominal composition, the intended Mg/Cu ratio and the BET specific surface
area for the prepared samples are listed in Table 1. The samples have been named as

Table 1 Nominal compositions and BET surface areas for the hydrotalcites and calcined samples

Sample Composition (atomic ratio) Mg/Cu ratio Sger (m? gfl)
Cu/Mg/Al

HT-Cu20 20/60/20 3 81

HT-Cu40 40/40/20 1 52

C-Cu20 20/60/20 3 90

C-Cu40 40/40/20 1 53
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HT-CuX (hydrotalcite), C-CuX (calcined) and R-CuX (reduced), where X represent
the mol% of copper.

As seen in Table 1, the specific surface area increases when the Mg/Cu ratio
increases from 1 to 3, for both hydrotalcites and calcined samples, demonstrating
that Mg plays the role of structural promoter. On the other hand, comparing the
hydrotalcites and the calcined samples, slightly larger surface areas for the calcined
samples were observed, which is in agreement with the results in [35, 36].

The TG-DTA profiles are present in Fig. 1. It was observed that all the samples
showed endothermic decomposition in two stages, in agreement with typical results
for hydrotalcites [37, 38].

The first step in the range of 100-200 °C had a weight loss of approximately
14%, which can be attributed to the elimination of the interlayer water, resulting in
the desorption of OH™ ions. The second thermal decomposition occurred at a
temperature range between 500 and 700 °C. The weight loss in this stage is due to
the dehydroxylation and anion carbonates decomposition. Chmielarz et al. [39]
suggest that the introduction of Cu in the hydrotalcite structure stabilizes the
carbonate anions, which are decomposed at higher temperature.

The weight losses for HT-Cu20 and HT-Cu40 catalysts were 40 and 35%,
respectively. The sample with higher Mg content had a more accentuated weight
loss indicating improved structural organization of hydroxycarbonates. In addition,
the temperature for complete decomposition was in the same order: HT-
Cu20 > HT-Cu40, indicating that the thermal stability decreases in the same trend.

The X-ray diffractograms of the Cu—Mg-Al hydrotalcites, calcined samples and
reduced samples with different Mg/Cu ratios are showed in Fig. 2. The cell
parameter of HT-Cu hydrotalcites phase was calculated assuming a 3R polytype
with a hexagonal cell. The lattice parameters (a and c), as well as the crystallite size
are reported in Table 2.

It can be observed (Fig. 2) that all the uncalcined samples presented reflections at
angles 11.7°,23°, 34.5°, 60° and 62° in the crystalline planes of (003), (006), (012),
(110) and (113) [40, 41], which corresponds to the hydrotalcite structure (JCPDS
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Fig. 1 Thermogravimetric profile of the hydrotalcites: TG-DTA
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Fig. 2 X-ray diffraction patterns for the samples before reaction: hydrotalcites, calcined samples at
400 °C and reduced samples at 300 °C

Table 2 Lattice parameters for

hydrotalcites and crystallite Samples Crystallite size (nm) Lattice parameters
sizes for the catalysts before and Before reaction  After reaction  a (A) c (A)
after the ethanol reactions
between 250 and 350 °C HT-Cu20 10.2 9.2 3.056 2252
HT-Cu40 11.8 14.7 3.062 22.37
C-Cu20 n.d. 10.7
C-Cu40 n.d. 15.0
R-Cu20 7.6 10.1
R-Cu40 14.6 144

41-1428). With the increase of the Cu content, a decrease in the sharpness of
reflections at 60° and 62° was noticed. This is expected, since at higher
concentrations of Cu a Jahn-Teller distortion occurs, leading to poor long range
ordering [1]. The parameter a increases slightly with the increase of Cu content. The
parameter ¢ decreased with increasing Cu content, which indicates that the
intercalation distance was reduced by the introduction of Cu in the hydrotalcite
structure. In addition, the crystallite size increases as the amount of Cu increases
(Table 2). The reflection at 11° was used to estimate the size of crystallites.

The XRD patterns for the calcined samples (Fig. 2) reveal poorly crystallized
samples and indicating a very small crystallite size. The diffractograms present a
broad reflection of low intensity at approximately 36° that may be related to CuO
(JCPDS 48-1548). The characteristic reflections of hydrotalcites disappeared in all
samples after calcination, indicating that the thermal treatment at 400 °C promotes
the collapse and the decomposition of the hydrotalcite structure [42].
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The XRD patterns for the reduced samples in Fig. 2 exhibit reflections at 43° and
50° which correspond to Cu® phase (JCPDS 04-0836). These results proved that
reducing conditions were sufficient to convert completely the oxides phases to the
metallic phase. In addition, the sample with the higher Cu content showed more
intense and sharp diffraction peaks; consequently, exhibiting the higher crystallite
size, as shown in Table 2. The R-Cu40 sample with higher amount of Cu displayed
sharper reflections than sample R-Cu20 that has lower amount of Cu. The crystallite
size for reduced samples corroborated the great difference between these two
samples resulting in crystallite sizes of 7.6 and 14.6 nm for R-Cu20 and R-Cu40,
respectively (Table 2). This difference was also observed in the uncalcined samples,
although to a lesser extent.

CO,-TPD profiles of the calcined samples are shown in Fig. 3. These profiles
were deconvoluted in three desorption peaks. The weak strength sites are related for
temperature lower than 200 °C. Peaks between 200 and 280 °C are assigned to
medium strength basic sites, and for temperatures above 300 °C to strong basic sites
[28, 43]. Table 3 shows the quantification of the basic sites from deconvolution of
CO,-TPD profiles. The amount of basic sites decreased with the increase in Cu
content. This decrease is related to the decrease of sites of medium and high
strength. These results showed that the amount and the strength of the basic sites can
be controlled varying the Cu/Mg ratio. This behavior was also reported by Marcu
et al. and Zeng et al. [28, 44].

The TPR was performed to determine the reducibility of different species of Cu.
The H,-TPR profiles of Cu—Mg-Al oxides are shown in Fig. 4. Two hydrogen
consumption peaks were observed, indicating different kinds of Cu species. The first
peak can be ascribed to reduction of Cu®" ions in lamellar structure and the second
reduction peak can be related to CuO species with a strong interaction with the
surface of Mg—Al mixed oxides [45].

The first reduction peak shifted to lower temperatures with the increase in the
amount of Cu. This indicates the reduction of further CuO particles with lower
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Fig. 3 CO,-TPD profiles of the calcined samples at 400 °C

@ Springer



696 Reac Kinet Mech Cat (2018) 123:689-705

Table 3 Density and strength

- s —1
of basic sites Samples Density of basic sites (mmol g~ )

Weak (%) Medium (%) Strong (%) Total

C-Cu20 0.07 (19) 0.19 (52) 0.10 (29) 0.36
C-Cu40 0.03 (31) 0.04 (38) 0.03 (31) 0.10
303
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Fig. 4 H,-TPR profiles of samples calcined at 400 °C for 12 h

interaction, since the peak intensity also increases. In addition, the H, consumption
increases by increasing the Cu content. These results indicate that the reduction
temperature and the peak intensity are dependent on the Cu amount on sample.

Catalytic activity

The catalytic activity for the different phases of Cu-Mg—Al compounds (hydro-
talcite, calcined and reduced) was evaluated using the ethanol reactions temper-
atures between 250 and 350 °C. Table 4 summarizes the results of catalytic
evaluation for all the samples. In this table, the ethanol conversion and the
selectivity to the different products were compiled.

The hydrotalcites samples showed high activity even at low reaction tempera-
tures. In the range between 250 and 300 °C, the catalytic activity was clearly related
to the Cu amount in the sample. Thus, the HT-Cu40 sample presented the highest
ethanol conversion. For temperatures higher than 300 °C, the ethanol conversion
dropped for both samples indicating the catalyst deactivation. However, the
deactivation was stronger for HT-Cu20 at 350 °C indicating a different mechanism
of deactivation for both samples. Taking into account the size of crystallites after
reaction for both samples (Table 2), the lower size for HT-Cu20 indicates that the
deactivation for this sample was by carbon deposition, whereas for HT-Cu40 it was
by sintering.

For the calcined samples no differences were found in ethanol conversions
between 250 and 300 °C. Moreover, the sample with the higher Cu amount (C-
Cu40) was more stable for temperatures above 300 °C, indicating better resistance
to deactivation. Higher ethanol conversion for C-Cu40 at high temperatures can be
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Table 4 Conversion and selectivity as a function of reaction temperature for all the samples

Samples Threac. XEoH Sca SacH Sprop Spur Skr0Ac Others
°C) (%) (%) (%) (%) (%) (%) (%)
HT-Cu20 250 81.0 0.1 99.1 0.8 - - 0.0
275 94.2 0.3 97.2 2.0 0.1 0.4 0.1
300 94.0 0.4 93.5 5.2 0.3 0.5 0.2
325 78.0 0.7 93.6 1.0 1.4 3.1 0.1
350 43.5 4.5 88.9 0.5 2.0 4.1 0.1
HT-Cu40 250 95.5 0.4 97.7 1.9 - - 0.1
275 97.8 0.8 92.3 2.7 1.0 2.8 0.4
300 97.0 1.1 88.6 1.4 3.0 5.1 0.8
325 78.9 4.3 81.1 0.7 3.7 6.4 3.8
350 61.6 9.3 71.6 0.5 3.5 3.5 11.6
C-Cu20 250 89.5 0.1 90.4 3.6 1.6 4.3 0.0
275 96.1 0.4 92.3 3.6 1.0 2.6 0.2
300 96.8 0.5 91.6 3.9 1.5 2.3 0.3
325 80.8 0.5 88.6 2.5 3.0 5.1 0.3
350 49.7 5.0 82.4 0.9 4.9 5.8 1.0
C-Cu40 250 86.9 0.2 87.7 4.6 1.5 6.0 0.0
275 95.6 0.7 87.1 4.2 2.2 5.6 0.2
300 97.9 0.9 88.3 33 2.0 5.1 0.4
325 95.6 1.0 86.2 2.3 3.2 6.8 0.5
350 75.4 42 78.1 1.8 4.1 9.3 2.5
R-Cu20 250 78.7 0.1 94.6 0.6 1.8 2.9 0.0
275 89.7 0.2 92.1 3.0 1.6 2.9 0.1
300 89.7 0.3 92.1 2.2 1.9 3.4 0.1
325 68.6 1.0 88.9 1.0 2.8 6.0 0.3
350 40.8 7.6 79.4 0.0 5.0 4.3 3.6
R-Cu40 250 82.0 0.2 87.0 3.5 1.1 8.2 0.0
275 95.8 0.4 87.8 2.6 2.2 6.9 0.1
300 97.3 0.7 88.7 2.8 2.6 5.1 0.2
325 94.3 1.1 84.7 3.5 3.7 5.7 1.2
350 75.4 3.9 78.4 2.3 3.9 5.6 5.9

Others C;, C4 and ethyl ether, XErOH ethanol conversion, C2 ethylene, AcH acetaldehyde, PROP
propanone, BUT butyraldehyde, EtOAc ethyl acetate

related to the excess copper in this sample. Nevertheless, the size of crystallites after
the reaction for C-Cu40 sample was higher than that of C-Cu20 (Table 2). This
suggests that the decrease in the ethanol conversion for C-Cu40 sample at high
temperatures is due to the agglomeration of Cu particles. The deactivation at higher
temperatures for samples with less Cu (C-Cu20) can be ascribed to carbon
deposition rather than sintering.
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For the samples that were reduced previously in H,, both samples showed similar
ethanol conversion at 250 °C. However, the difference in activity between the
samples also increases as the temperature increases. Thus, the largest difference in
ethanol conversion was observed at the highest temperature. Among the two
samples, R-Cu40 presented the higher conversion in the whole range of
temperature. In addition, this sample also shows higher stability, and thus better
resistance to deactivation.

As can be seen (Table 4), acetaldehyde was the main product of the reaction
resulting from the ethanol dehydrogenation. A high selectivity to this product was
obtained for all the samples, ranging between 70 and 99%. Other products were
ethylene, propanone, ethyl acetate and butyraldehyde, similar to the obtained in
[22, 26, 46].

Regarding the selectivity for ethylene and acetaldehyde, an opposite behavior
was observed with increasing temperature. The selectivity for ethylene increases
with the increase of the reaction temperature as a result of the endothermic nature of
the dehydration reaction. The selectivity for acetaldehyde was highest at the lower
reaction temperatures, higher than 99% at 250 °C for HT-Cu20, although it
decreases with the increase in temperature to around 72% at 350 °C for HT-Cu40
sample.

The selectivity for ethyl acetate did not show a clear trend with respect to the
reaction temperature. Among the samples, the catalysts with the higher Cu content,
namely: HT-Cu40, C-Cu40 and R-Cu40 were those that provided the highest
selectivity to ethyl acetate of about 6, 9, and 8%. It is important to mention that the
increase in the selectivity to ethyl acetate is related to the decrease of acetaldehyde,
which is apparently consumed for the formation of ethyl acetate, in agreement with
reaction represented by Eq. 3. According to Carotenuto et al. [22], the rate
determining step should be the dual sites reaction between two adsorbed molecules
of ethanol and acetaldehyde to give adsorbed ethyl acetate and hydrogen.

From the examination of the selectivity for butyraldehyde, it can be observed that
it increases as the temperature rises. Among the hydrotalcites, the sample that
exhibited the highest selectivity for butyraldehyde was HT-Cu40. On the other
hand, the calcined samples showed no significant differences of selectivity for
butyraldehyde between them.

Characterization of the spent catalysts

Interestingly, the XRD patterns for hydrotalcites after the ethanol reaction in Fig. 5
showed only reflections assigned to Cu’ (JCPDS 4-0836) and Cu,O (JCPDS
5-0667) phases, revealing the destruction of the LDH structure of these samples
during the reaction. The formation of Cu metallic phase can be ascribed to the
reducing atmosphere. This is due to the presence of H, in large amount as the
product of ethanol dehydrogenation, since the selectivity for acetaldehyde was high
for both samples, around 98% at 250 °C (Table 4).

The diffractograms for the calcined samples (Fig. 5) mainly showed reflections at
43.3° and 50.4° ascribed to the copper metallic. The sample C-Cu40 also shows a
reflection at 36.7° corresponding to Cu,O, as residual of the oxides phases [47]. In
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Fig. 5 X-ray patterns of the samples after the ethanol reactions between 250 and 350 °C: hydrotalcites,
calcined samples at and reduced samples

addition, it can be noticed that sample with higher Cu content (C-Cu40) exhibited
sharper reflections than that of C-Cu20, indicating crystallites with larger size, in
agreement with the results obtained by the Scherrer equation (Table 2).

The XRD pattern after the reaction for previously reduced samples in Fig. 5
showed only diffraction peaks of Cu® phase. The R-Cu40 sample exhibited stronger
reflections compared to R-Cu20 due to higher relative amount of Cu on R-Cu40. So,
if the crystallite size for these samples (Table 2) are compared before and after the
reaction, it would be noticed that R-Cu40 has practically the same crystallite size
before and after the reaction (approximately 14 nm), while the particle size
increases from 7.6 nm before the reaction to 10.1 nm after the reaction for R-Cu20
sample. These results explain the great differences between previously reduced
samples in the ethanol conversions obtained at higher temperatures (Table 4).

Fig. 6 shows the TPO profiles for the spent catalysts after the ethanol reactions.
Due to the removal of volatile and easily oxidizable species, the TPO profile for HT-
Cu40 sample showed a weight loss until around 150 °C. After that, a weight
increase was observed between 150 and 350 °C which can be attributed to the
oxidation of copper metallic particles still present after the reaction [33, 48]. On the
other hand, sample HT-Cu20 shows a continuous weight loss. The weight loss
between 200 and 450 °C reveals the oxidation of amorphous carbon deposited on
the surface of the catalyst. This carbon may be responsible through the deactivation
of this sample for reaction temperatures higher than 300 °C (Table 4). Taking into
account that sample HT-Cu40 did not show carbon deposition in TPO profile, the
deactivation for this sample at high reaction temperatures can be ascribed to the
sintering of Cu particles, as shown in Table 2.

Both calcined samples showed a marked weight loss up to 250 °C. The C-Cu40
sample had slight weight increase above 250 °C, which corresponds to the oxidation
of the metallic phase. However, considering the total weight loss, it can be seen that
the carbon production was higher in sample C-Cu20.
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Fig. 6 TPO profiles for samples after the ethanol reactions between 250 and 350 °C: hydrotalcites,
calcined samples, and reduced samples

The highest weight loss was observed in R-Cu20, indicating a greater coke
formation on this sample during the reaction. The R-Cu40 sample first showed a
slight weight loss up to 150 °C due to the oxidation of volatile compounds, followed
by a weight increase in two steps. The weight increase can be related to the
oxidation of Cu® derived from CuO at around 250 °C and to the oxidation of Cu’
with strong interaction with the mixed oxides at around 350 °C.

Discussion

A large difference in surface area was observed for both hydrotalcites and oxides
samples while comparing samples with different compositions (different Mg/Cu
ratios). Samples with higher Mg/Cu ratio (lower amount of Cu) provided solids with
higher specific surface area. These results are in agreement with those found by
Basag et al. [19], who obtained a BET surface area of 239 m? g~ for a sample with
Mg/Cu = 12.4. This ratio is higher than those used in the present work.
Nevertheless, the XRD patterns of the uncalcined and calcined samples were not
significantly influenced by these differences. The uncalcined samples showed
typical pattern of hydrotalcite-like compounds and both calcined samples showed
similar XRD pattern, typical of poor crystalline oxides. More remarkable
differences were observed in the XRD patterns of the reduced samples with
different Mg/Cu ratio.

The catalytic activity results for the uncalcined samples or hydrotalcites clearly
show a strong deactivation at reaction temperatures higher than 300 °C. The
deactivation was more marked for HT-Cu20. This behavior was surprising if the
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crystallite size is considered, because the sample with the lower crystallite size (HT-
Cu20) showed stronger deactivation than that with the greater crystallite size (HT-
Cu40). The XRD patterns after the reaction showed a smaller crystallite size for HT-
Cu20 whereas it was greater for HT-Cu40. This reveals that deactivation of HT-
Cu20 was not due to the sintering. However, the TPO results showed a great
formation of carbon on HT-Cu20, differently from sample HT-Cu40 where
practically no carbon was formed. This demonstrates that the deactivation of HT-
Cu20 was due to carbon deposition. Regarding HT-Cu40, although sintering
occurred because its crystallite size increased after the reaction, this sample showed
higher ethanol conversion than HT-Cu20 at 350 °C. This result can be ascribed to
the larger amount of Cu present on HT-Cu40. From the TPR results, it can be
inferred that Cu with low interaction undergoes sintering while Cu with strong
interaction is preserved. Thus, the Cu phase with strong interaction would be
responsible for the greater resistance to deactivation, avoiding the carbon
deposition.

It is also clear that the differences in the catalytic activity for the hydrotalcites
cannot be related to the specific surface area because the sample with the larger
specific surface area is the sample with the lower amount of Cu (HT-Cu20), which
presents lower activity compared to HT-Cu40 in the whole temperature range.

Another interesting result was the complete transformation of the double layered
structure after the reaction in the metallic phase for uncalcined samples. The
reaction temperatures used in the catalytic runs were probably responsible for the
thermal decomposition of the hydrotalcites; however, the presence of metallic
copper as the single phase in the spent samples would only be possible under
reduction atmosphere. This condition was provided by the high selectivity for the
dehydrogenation reaction [22], since the selectivity for acetaldehyde and conse-
quently for hydrogen production was higher than 90%. According to Freitas et al.
[46] the high selectivity to acetaldehyde can be associated with the presence of Cu™
species.

The results of ethanol conversion for the calcined samples were practically the
same for both samples between the range 250 and 300 °C (Table 4). However,
taking into consideration the amount of Cu on sample, we can say that HT-Cu20
sample is more active by unit of Cu. These results proved that the activity was
independent of the surface area (90 and 53 m* g~' for C-Cu20 and C-Cu40,
respectively). However, the differences in activity were more pronounced above
300 °C, since C-Cu20 showed lower conversions than C-Cu40 at higher temper-
atures. The XRD patterns of the spent samples showed more sharp reflections of Cu’
phase for C-Cu40, demonstrating the sintering on this sample as revealed by the
crystallite size of 15 nm determined after the reaction (Table 2). On the other hand,
the calcined samples showed remarkable differences in the carbon formation
(Fig. 6), where sample C-Cu20 presented a great carbon amount in comparison with
the C-Cu40 sample [49]. Therefore, it is very reasonable to suppose that the
deactivation of C-Cu20 is due to the carbon deposition and more specifically to the
carbon encapsulation, because the crystallite size after the reaction for this sample
was 10.7 nm. Conversely, considering that the sample with the high amount of Cu
(C-Cu40) presented a higher crystallite size, the deactivation of this sample would
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be related mostly to the sintering of Cu’ rather than carbon deposition. Also, by
taking into account the activity differences at higher temperatures, it can be said that
the deactivation by carbon deposition have greater effect on the catalyst activity
than sintering.

The XRD pattern for R-Cud0 showed sharps reflections of Cu® phase than for
R-Cu20 sample. The crystallite size for R-Cu40 was approximately twice of R-Cu20
as shown in Table 2 (14.6 and 7.6 nm). These results are in agreement with the TPR
profiles, since R-Cu40 showed a low reduction temperature (250 °C) for the first
peak. Taking into account that these samples were reduced at 300 °C before the
reaction, a sintering of the CuO phase corresponding to the first peak in TPR is
expected for sample R-Cu40. The deactivation by copper sintering has been
reported in the literature [50, 51] due to its low thermal resistance. Interestingly, the
crystallite size before and after the reaction was practically the same for R-Cu40,
but different for R-Cu20 sample. In addition, for the whole temperature range, the
ethanol conversion was higher for R-Cu40 compared to the R-Cu20 sample. The
TPO profiles also revealed that R-Cu20 presented a higher carbon deposition
compared to the R-Cu40 sample. These results explain the catalytic behavior of both
samples, since R-Cu20 deactivated by carbon deposition combined with sintering.
The results of ethanol conversion for the reduced samples also proved that the
deactivation by coke deposition was more deleterious than sintering.

Conclusion

The specific surface area for hydrotalcites and their oxides was strongly dependent
on the amount of Cu in the sample. Samples with Mg/Cu = 3 ratio showed higher
surface area than samples with Mg/Cu = 1, independent of the samples being
calcined or not.

The characterization by XRD showed LDH or hydrotalcite-like structure for
uncalcined samples. These materials resulted in poor crystalline oxides after the
thermal treatment. The reduced samples showed single Cu® crystalline phase. The
crystallite size for samples with the high amount of Cu (Mg/Cu = 1) was higher
than samples with Mg/Cu = 3.

The catalytic activity of uncalcined and calcined samples was independent of
their specific surface area. The samples with higher amount of Cu presented high
ethanol conversion, independent of the phase evaluated (uncalcined, calcined or
reduced). These results were related to the excess Cu in the samples with Mg/
Cu = 1 ratio and to the lower carbon deposition on these samples. All the samples
showed high selectivity for acetaldehyde as a product of ethanol dehydrogenation.
The selectivity for acetaldehyde was higher at lower reaction temperatures.

The characterization after the reaction revealed that all the samples exhibited
only the metallic phase of Cu in the XRD pattern, independent of the phase present
before the reaction (hydrotalcites, oxides or metallic). The high selectivity for
dehydrogenation was responsible for the transformation of hydrotalcites and mixed
oxides into metallic phase during the ethanol reaction.
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All samples showed deactivation to a greater or lesser extent for reaction
temperatures higher than 300 °C. Samples with lower amount of Cu were
deactivated by carbon deposition; whereas samples with higher amount of Cu
were deactivated mainly by sintering. Samples with lower amount of Cu showed
stronger deactivation than samples with higher Cu amount, suggesting that the
carbon deposition was more deleterious than sintering. These results are supported
by XRD and TPO characterization.
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