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A B S T R A C T   

The production of higher alcohols (C4+) via ethanol liquid-phase condensation is studied in this work, screening 
catalysts with different acid/base properties, observing similarities but also relevant differences with respect to 
gas-phase reactions in the gas phase. The mechanistic analysis demonstrates the relevance of acidity, mainly to 
promote the dehydrogenation steps. In the same way, side reactions and hydrogenations have less relevance than 
in gas-phase, promoting the condensations and, subsequently, obtaining heavy compounds. The highest alcohol 
selectivity is reached with MgAl (2/1), with more than 79% of C4+ selectivity, but the activity of this material is 
conditioned by the low conversion obtained. The presence of water reduces the activity because of a competitive 
adsorption on the catalytic sites whereas the activity increases significantly when using bifunctional catalysts. 
The best results, obtained with 1% Cu/MgAl (2/1), allow rising the conversion up to more than 460% respect to 
the parent mixed oxide, with almost 44% of the alcohol mixture enriched in heavy compounds, mainly C6 and 
C8.   

1. Introduction 

Ethanol is one of the most versatile and available biomass-derived 
molecules, with an increasing industrial production in the last years 
[1]. It is an interesting building block molecule used in the manufacture 
of drugs, plastics, and other compounds, both by enzymatic and catalytic 
routes [2–4]. Nevertheless, its main use is as biofuel, providing sus
tainable energy with properties close to gasoline, but its poor lubricant 
properties can negatively influence the engine’s durability. Mixtures of 
ethanol with higher alcohols (mainly branched ones) can overcome this 
problem. The Guerbet reaction is the most promising route to obtain 
these second-generation biofuels [5,6]. The complex mechanism of this 
reaction, involving dehydrogenation, condensation and hydrogenation 
steps, hinders its industrial application, requiring more research to in
crease the selectivity. Most of the previous works have been performed 
in the gas-phase, with temperatures relatively high (>300ºC), defining 
the 1-butanol as the target compound, and reaching maximum yields 
lower than 30% [7–14]. Due to the extended number of side reactions, 
complex mixtures are obtained, being difficult to purify because of the 

similar physiochemical properties of most of these products. 
It is expected that working in condensed phase, at high pressure and 

close to the ethanol critical point, the activity changes significantly and 
the product distribution control increases. However, there are only few 
studies based on the optimum conditions obtained in the gas-phase. 
Thus, Riitonen and co-workers reached selectivities towards 1-butanol 
up to 70%, working with different γ-Al2O3 supported metal catalysts, 
at 250ºC with 100 bar, with conversions between 10% and 30% 
[15–17]. Similar selectivities are reported with more complex configu
rations, using microwaves-assisted reaction and Ni/Al2O3 catalyst [18] 
or combining metal catalyst with homogeneous bases [19]. At the same 
temperature but at 176 bar, a selectivity to butanol higher than 83% is 
reported by Ghaziaskar and Xu, using 8% Ni/γ-Al2O3, with 35% of 
ethanol conversion [20]. With these bifunctional catalysts, the acid sites 
promote the condensation as well as the C––O hydrogenations by the 
Meerwein-Poondorf-Verley (MPV) mechanism whereas the metal 
nanoparticles enhances the dehydrogenation and C––C hydrogenation 
steps. The main route competes with undesired acid-catalyzed additions 
and different acetals and acetates are also obtained. The relevance of 
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these side reactions increases with the molecular weight of the com
pounds, whereas the acid-catalyzed condensation decreases. Conse
quently, the Guerbet mechanism is limited to the first condensation 
(C4). 

The co-presence of basic sites is expected to improve the initial 
dehydrogenation. This approach, scarcely studied, could be adapted to 
enhance the condensation step, increasing the size of the products to six 
and eight carbon atoms. Thus, mixed oxides have been considered, 
reaching selectivities of 1-butanol close to 70%, but with low ethanol 
conversions (<5%) [21]. Miller and co-workers propose a nickel sup
ported mixed oxide (Ni/La2O3-γ-Al2O3), obtaining 41% of ethanol 
conversion with more than 70% of butanol [22,23]. 

In the last years, the industry interest has shifted to these higher 
alcohols since they have a high value in the production of plasticizers, 
soaps, and fine chemicals, in addition to their properties as solvents and 
fuel additives [23,24]. However, the production of these heavy alcohols 
from ethanol has been poorly studied. Preliminary studies in gas-phase 
propose a sequential configuration (from ethanol to butanol and from 
butanol to 2-ethyl hexanol (2EH)) with different catalysts and reaction 
conditions [25–29]. This configuration is quite complex from the tech
nical point of view, because of the low selectivity of the first stage. The 
limited literature in liquid phase (batch configuration) proposes a 
maximum of 32% of conversion with selectivities of 22% of hexanol and 
60% of butanol, at 230ºC, using 7–10% Cu/MgAl, with a cata
lyst/reactant mass ratio close to 0.1 [6,30,31]. Despite these promising 
results, there is a lack of systematic study that allows identifying the 
relevant catalytic properties and the reaction conditions to improve the 
selectivity to higher alcohols (>C4) and their corresponding precursors. 

This work presents a comprehensive study of the liquid-phase 
ethanol self-condensation considering the production of heavy alco
hols (C6-C8) as a one-step process. The activity of different catalysts 
(HAP, MgAl, MgZr, MgFe, MgCaAl) was studied analyzing the results as 
a function of their morphological and physic-chemical properties. These 
materials were chosen considering the previous literature for Guerbet 
gas-phase condensations, with well-recognized works highlighting the 
activity and selectivity of HAP [32–35] and different mixed oxides [14, 
21,31]. Despite the different structures of these materials, the same type 
of active sites (acid and base ones) as well as their hydrogenation ca
pacity by the MPV mechanism are highlighted as the key parameters for 
the reaction, allowing the comparison. The reaction conditions (no 
solvent, low catalytic loading) were chosen to achieve a tight control of 
the activity to facilitate the identification of the catalytic behavior on 
each single step of the process. These results are analyzed to propose a 
mechanism, detecting similarities and differences with respect to the 
gas-phase configuration. Different metals were supported on the most 
promising materials, analyzing if the presence of nanoparticles with 
hydrogenation and dehydrogenation activity have a crucial role 
enhancing the production of the target compounds. 

2. Material and methods 

2.1. Catalysts preparation 

A commercial hydroxyapatite (HAP) (Sigma Aldrich) is used in this 
work, whereas the different mixed oxides (MgZr, MgAl, MgFe and 
MgCaAl) were prepared in the lab. The details of each particular prep
aration method are included in the Supplementary Information. 

Bifunctional catalysts were prepared supporting Pt, Ni, Cu, Ru or Pd 
by the dry-impregnation method, using nitrate precursors. This was 
done by adjusting the volume of the metallic precursor solution (pre
pared to achieve the target 1 wt% of metal loading) to the pore volume 
of the support, ensuring the total impregnation and a high dispersion. 
The impregnated catalyst was dried for 24 h, calcined to 700 ◦C and 
reduced with a H2 flow of 20 mL⋅min− 1, up to a temperature of 450 ◦C 
(ramp 5 ◦C⋅min− 1), holding this temperature for 3 h. 

2.2. Catalysts characterization 

The catalytic morphology was determined by N2 physisorption, 
using a Micromeritics ASAP 2020 instrument, applying the BET and BJH 
methods to calculate the surface area, the pore diameter and volume. 
The crystalline phases were analyzed by X-ray diffraction (PANalytical 
X′Pert Pro), working with the Cu-Kα line (0.154 nm) in the range 2θ = 10 
– 120◦. These analyses were done with fresh and spent materials to 
identify possible changes in the structure during the reaction. 

The acidity and basicity quantifications (fresh and spent catalysts) 
were performed by a programmed temperature desorption (TPD) in a 
Micromeritics AutoChem II 2920, following the desorption of the probe 
molecules (NH3 or CO2) by a Pfeiffer Vacuum-300 mass spectrometer. A 
previous cleaning step with He ensures the absence of physisorbed 
compounds. The saturation was done for 20 min with a 20 mL⋅min− 1 

flow (2.5% NH3 in He or 99.5% of CO2). The desorption was monitoring 
from room temperature to 950ºC, with a slope of 5 ºC⋅min− 1. 

The evolution of the catalytic surface with the reaction was analyzed 
by diffuse reflectance infrared spectra using a Thermo Electron Nicolet 
FTIR spectrometer equipped with a MCT/A detector. Spectra were 
recorded in the 4000–1200 cm− 1 range, with a resolution of 4 cm− 1, 
collecting 256 scans/spectrum. 20 mg of catalyst were used in each 
experiment, being placed inside a high temperature cell. Catalytic 
measurements were conducted at 230ºC under inert atmosphere (N2 
flow of 20 mL⋅min− 1) or under an atmosphere saturated in ethanol. 

The metal loading of the bifunctional catalysts was determined by 
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) using a HP 
7900 of Agilent. Approximately 50 mg of the sample were inserted into a 
microwave-assisted Teflon bomb; adding HCl (2.25 mL) and HNO3 
(0.75 mL) to dissolve the sample. The metal dispersion and particle size 
distribution was quantified by transmission electronic microscopy 
(TEM) using a MET JEOL 1011. Histograms and average particle size 
were calculated by analyzing 100 particles in each sample, using the 
software Confocal ImageJ. 

2.3. Catalytic performance 

The ethanol condensation was performed in a 0.5 L stirred batch 
autoclave reactor equipped with a PID temperature controller and a 
backpressure regulator (Autoclave Engineers EZE Seal). Firstly, 200 mL 
of ethanol (EtOH) (VWR, 100%) and the catalyst (0.5 or 2 g as a function 
of the experiment) was added to the reactor. The air was purged with N2, 
and condensation was carried out at 230 ◦C, under 30 bar of N2 (pressure 
at room temperature, increasing to 80 bar at 230 ◦C) under stirring 
(1000 rpm) for 8 h. This temperature is the average of those reported in 
the bibliography (from 200 to 250ºC) [6,22,23,31], considering the limit 
conditions allowed by the reactor. Based on these points, the conditions 
were selected as an equilibrium that guarantees the liquid state of all the 
compounds involved, the conditions that could promote the reaction to 
heavier compounds (>C4) as well as the minimum severity of the re
action, in good agreement with the desired sustainable character of the 
process. 

A filter placed inside the sampling port prevents the catalytic 
extraction during the sampling. The evolution of the different com
pounds involved in the reaction was analyzed by gas chromatography 
(GC) in a Shimadzu GC-2010 equipped with a FID detector, using a 30 m 
long CP-Sil 8 CB capillary column. Peak assignment was carried out by 
GC-MS in a Shimazdu GC/MS QP 2010 Plus Instrument, using a 30 m 
long TRB-5MS capillary column. EtOH and the majority peaks calibra
tions were done using commercial samples, whereas minority products 
calibration was carried out using the relative carbon concept proposed 
by Scanlon and Willis [36]. The analytical conditions (detailed in the 
Supplementary Information, Table S1) were chosen to guarantee that 
the ethanol signal does not saturate the detector, even in the case of 
initial samples (the highest signal expected). Each reported experi
mental point corresponds to the average value of at least two analyses. 
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The maximum standard deviation of the reported values is 6%. The re
sults were analyzed in terms of conversion, selectivities, and carbon 
balance, according to Eqs. (1), (2), and (3), where “ni˝ corresponds to 
the number of carbons in each compound, and ”Ci,t” is the molar con
centration of this compound at the time analyzed: 

Selectivity : φ(%) =
ni⋅Ci,t

2⋅
(
[EtOH]0 − [EtOH]t

) ⋅100 (1)  

Conversion : x (%) =
[EtOH]0 − [EtOH]t

[EtOH]0
⋅100 (2)  

Carbon Balance : CB =

∑
ni⋅Ci,t

2⋅[EtOH]0
(3) 

At reaction conditions, the presence of solid deposits is discarded 
(assumption corroborated by TPO analyses). The differences in carbon 
balance closures are then attributed to the formation of light com
pounds, not detected in the liquid phase. This hypothesis was corrobo
rated by the analysis of the gas phase, being recovered using a sampling 
bag. The gases accumulated were analyzed by GC-MS. Only a qualitative 
analysis is possible, the quantification and temporal evolution evalua
tion being not possible due to the accumulative sampling required. 

The accuracy of GC-FID analyses in these conditions was probed 
analyzing ethanol signal and the standard deviation of 12 repetitions of 
the same sample, as indicated in the Supplementary Information (see 
Table S2). The values indicated are congruent with the theoretical 
conversion required to obtain the products detected. However, this 
second methodology is discarded with the aim to compare the relevance 
of permanent gases produced in the reactions, analyses that could be not 
possible if the conversion is calculated based on products. 

3. Results and discussion 

3.1. Catalyst screening 

Initial experiments were focused on the comparison between bulk 
materials to identify the catalytic properties that maximize the selec
tivity to higher alcohols, mainly C6 and C8, or their corresponding 
condensed precursors (in absence of metal particles with hydrogenation 
activity). In all the cases, anhydrous ethanol was used as reactant, 
setting the temperature at 230ºC. The evolution of ethanol conversion 
with time is analyzed in Fig. 1. 

The absence of an external solvent (high reactant initial concentra
tion, 789 g⋅L− 1) as well as the low catalytic loading (2.5 g/L) justifies the 
conversions obtained. Similar conversions are reported in most of the 

previous literature when working without external solvent, even with 
higher catalytic loading [14,17,21,23]. In fact, comparing the results in 
terms of mass of ethanol reacted per time and catalyst loading, the 
values obtained in this study (from 0.473 to 0.907 g/g⋅h with MgZr and 
MgAl (3/1), respectively) are better than most of those drawn from 
studies in absence of reduced metals (0.710 g/g⋅h [14,30], 0.647 g/g⋅h 
[21]), with the exception of Perrone and co-workers, who obtained values 
of 1.326 g/g⋅h with a partial substitution of Mg2+ and Al3+ by Cu2+ and 
La3+, respectively [31]. 

Although higher conversions could be anticipated working with 
higher catalytic loading, reported conversions are more useful for 
gaining further understanding on reaction mechanism and the role of 
the different surface sites. MgZr shows the poorest activity, maximum 
conversion of 1.2% after 8 h, suggesting that longer times could rise this 
value because of the increasing trend observed. Low conversions 
(1.3–1.5%) are also reached with MgAl (2/1) and MgCaAl, but in these 
cases, the values remain almost constant after the first 2 and 3 h, 
respectively. On the other hand, conversions obtained with HAP, MgFe 
and MgAl (3/1) are significantly higher, with values from 2% to 2.3%. 
As in the previous case, three different trends are observed, with a 
constant conversion in less than 2 h with MgFe, a continuous evolution 
observed with HAP, and an intermediate behavior of MgAl (3/1), with a 
fast increase during the first 2 h and a second and slower increasing 
trend at longer times after an intermediate and flat step. 

Table 1 summarizes the product distributions after 8 h reaction time, 
in terms of absolute and relative selectivity of main families of com
pounds. Considering the large number of products obtained, the abso
lute selectivities are lumped by families, according to their number of 
carbons. Thus, C2 only involves the acetaldehyde, whereas C4 corre
sponds to crotonaldehyde, butanal, and 1-butanol, with a similar dis
tribution for C6 and C8 families. Although quantitatively analyzed, side 
products (as esters) are not included in these families, being considered 
together as “undesired liquid by-products”. Reported carbon balance 
closure is calculated comparing the initial ethanol loading and the 
concentration of ethanol and all the desired and undesired reaction 
product analyzed in the liquid phase after performing the reaction. 
Although this carbon balance closure is very high, as the ethanol con
versions are low, selectivity to gas products can be important. Thus, 
apparent selectivities to gaseous by-products have been estimated from 
ethanol conversion and carbon balance, being these values also reported 

Fig. 1. Evolution of the pure ethanol conversion at 230ºC as a function of the 
catalyst (0.5 g). Symbols: ( ) HAP, ( ) MgFe, (▴) MgZr, (△) MgAl (3/1), 
( ) MgAl (2/1), ( ) MgCaAl. 

Table 1 
Summary of the results after 8 h of ethanol liquid-phase condensation at 230ºC 
using different catalysts.   

HAP MgFe MgZr MgAl 
(3/1) 

MgAl 
(2/1) 

MgCaAl 

Selectivity (%)       
C2 13.3 2.3 7.8 3.6 2.5 6.4 
C4 40.2 0.1 18.1 1.0 78.6 14.3 
C6 2.4 2.9 7.6 3.0 11.3 23.7 
C8 0.1 – – 0.1 1.4 2.1 
Alcohols (%) 34.9 0.1 14.2 0.7 79.1 14.1 
Butanol 99.7 100 90.7 92.7 98.6 78.6 
3-Hexen-1-ol – – – – 0.1 3.4 
Hexanol 0.3 – 9.3 4.9 0.5 9.8 
2-Etil-1-hexanol – – – – 0.3 4.7 
1-Octanol – – – 2.4 0.5 3.8 
Aldehydes (%) 21.0 5.2 19.3 6.9 14.8 32.9 
Acetaldehyde 77.2 70.4 50.7 75.0 36.7 42.1 
Crotonaldehyde 9.9 – 29.4 3.4 10.2 12.9 
Butanal 1.2 – 0.2 – 2.0 1.7 
Hexanal 15.7 29.6 19.7 20.9 50.3 43.2 
2-ethyl-hexanal – – – 0.2 0.7 0.2 
Undesired liquid 

by-products 
7.7 6.8 7.6 8.1 6.1 10.5 

Gaseous by- 
products 

36.3 87.9 58.9 84.2 0.1 42.5 

Carbon Balance 
(%) 

99.8 98.2 99.4 98.1 99.8 99.4  
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in Table 1. 
As anticipated, the liquid-phase configuration promotes a different 

distribution than the gas-phase one, with a decrease of C4s in favor of a 
higher number of heavy compounds (C6 and C8), mainly observed with 
MgAl (2/1) and MgCaAl. These compounds are the heaviest detected in 
this study, concluding that subsequent dehydrogenations and/or aldol
izations require more severe conditions. In the gas-phase reactions, only 
some traces of C6s are detected using bimetallic modified mixed oxides 
[31,43]. 

More than 26% of the total compounds correspond to C6 and C8 
when using MgCaAl, the best catalyst promoting condensation. In the 
case of MgAl (2/1), this percentage decreases to one half of this value. In 
terms of functional groups, MgAl (2/1) shows a high hydrogenation 
activity, alcohols representing almost 80% of the total. On the other 
hand, with MgCaAl, alcohols only correspond to 14%, suggesting that 
condensation prevails over hydrogenation. In both cases, all the C6-C8 
alcohols are obtained following the same ratio as the carbon families. 
Regarding the aldehydes, both materials produce hexanal, which hardly 
condensates with other ethanol molecule, limiting the production of 
C8s. 

C6 are the heaviest compounds detected with MgZr (7.6%). A similar 
distribution of aldehydes and alcohols is obtained. The high concen
tration of crotonaldehyde (almost 30%) with respect to butanal (almost 
negligible) suggests that the C––O hydrogenation is easier than the C––C 
one, most of the butanal being directly converted into butanol. 

HAP, MgFe, and MgAl (3/1) do not show relevant activity for heavy 
condensations, with less than 3% of C6 and C8 compounds. In the case of 
HAP, the results are congruent with a lack of activity promoting the 
condensation of heavy compounds, obtaining a sample enriched in C4 
(>40%) with a good balance between aldehydes and alcohols (35% of 
butanol). On the contrary, MgFe and MgAl (3/1) demonstrate a poor 
condensation activity, with total selectivities lower than 10%, producing 
almost 90% of undesired gases (ethylene and diethyl ether). 

To sum up, these materials reveal differences not only in terms of 
conversion but also in the product distribution. The instability of some 
of the catalysts at reaction conditions could be a possible justification of 
these discrepancies. IPC results indicate the absence of metals in the 
reaction liqueur since Mg, Al, Ca, Fe or Zr are not detected. The catalytic 
leaching is then discarded as a deactivation cause. On the other hand, 
the comparison between crystallographic phases of fresh and spent 
materials (XRD diffractograms shown in Fig. S1 and Table S3, discussed 
below) reveals a good correspondence between peaks before and after 
the reaction, prevailing the amorphous structure of these materials, 
without observing the parent hydrotalcite structure (crystalline one). 
Thus, the physical and morphological stability of these materials is also 
corroborated. In this context, a relevant role of their catalytic properties 
is suggested, promoting different steps of the main mechanism, pre
venting undesired lateral reactions, and minimizing the adsorption of 
different compounds. This discussion requires the analysis of the 
morphological and physico-chemical properties of these materials, main 
data being summarized in Table 2. 

Morphological results discard any relevant role of the external sur
face area or mass transfer limitations. In general, materials with a fast 
initial conversion (MgFe, MgAl (3/1), MgAl (2/1)) exhibit high con
centration of acid sites (mainly weak and medium ones), whereas ma
terials with a lower acidity require longer times. These results 
demonstrate the relevance of acid sites adsorbing the ethanol molecule. 
This conclusion was verified by DRIFT spectroscopy, observing more 
pronounced bands with MgAl (3/1), the most acidic material. The 
identification of all the DRIFT bands, based on previous literature [37, 
38], as well as their discussion, is detailed in Fig. S2. 

MgAl (2/1), MgCaAl, HAP and, in a small extent, MgZr have the 
highest capacity to promote the condensation, in agreement of their high 
concentration of medium and strong basic sites, releasing water. Pre
vious literature indicates that some oxides derived from a hydrotalcite- 
type precursor undergo rehydration in presence of water, modifying 

their surface chemistry by the reconversion of the O2- basic sites to OH- 

ones (Brønsted sites responsible of aldol condensations) [39]. This hy
dration depends on their surface structure and can also occur with HAP 
[40]. This fact would be enough to increase its condensation capacity, 
not so relevant to observe differences in the crystallographic structure 
(surface phenomenon). This effect was corroborated by comparing the 
acidity and basicity of fresh and spent catalysts. Results obtained (shown 
in Figs. S3-S4 and Table S4) indicate the relative enrichment in 
medium-strength basic sites of MgZr and HAP, the materials that suffer 
reactivation, whereas the strength of acid sites remains almost invari
able, resulting in stronger basic/acid pairs. According to the literature, 
these sites promote the dehydrogenation of ethanol via E1cb elimination 
mechanism [41], justifying the reactivation observed with these mate
rials. This reactivation has not been reported in gas-phase reactions, 
suggesting that Brønsted sites are not stable at high temperatures. 

A similar reactivation and increase in the basic/acid sites strength is 
observed with MgAl (3/1), but it shows low condensation capacity (5% 
of >C2). This fact is justified by the lack of correlation between basic/ 
acid pairs, prevailing the activity only catalyzed by acidity. In this case, 
water is released by undesired acid additions (yielding 1,1-diethoxye
tane, selectivities up to 8%) and ethanol dehydrations, producing 
ethylene and diethyl ether in large amount (>84%). These two com
pounds were identified in the analysis of the gas phase by GC-MS. In 
good agreement with their presence, the carbon balance closure with 
this material (98.1%) is the lowest one. In other materials, a clear 
decrease in the acidity without a relevant change in the strength dis
tribution is observed (43%, 61%, and 62% with MgAl (2/1), MgFe, and 
MgCaAl, respectively). With these materials, the expected rehydration 
effect is shielded by the adsorption of unsaturated intermediates, 
severely blocking the acid sites and hindering further reaction 
progresses. 

The different profiles of the two MgAl mixed oxides deserves special 
attention, suggesting a strong influence of the preparation method and 
the Mg/Al ratio. The minor differences in terms of weak and medium- 
strength acidity discard a different dehydrogenation capacity. In fact, 
the conversions during the first 3 h are very similar. XRD diffractograms 
(Fig. S1) illustrate relevant differences, consequences of the interaction 
between oxide phases during the preparation. In good agreement, a 
spinel (MgAl, JCPDS 00–021–1152) is detected in MgAl (2/1), in addi
tion to periclase (MgO, JCPDS 03–065–0476), the only phase observed 
with MgAl (3/1), suggesting that Al is in an amorphous phase or in 
crystals too small to be identified with the resolution of this equipment. 
The different coordination state of Mg and Al on these crystalline phases 
(and the corresponding morphology of the acid sites) seems to play a key 
role in the interaction of reaction intermediates with the catalysts, 
producing opposite effects in the catalytic activity. DRIFT spectra 
(Fig. S2) visualize these differences. Thus, signals of ethoxide species 
(1460 cm− 1 [42]) are significantly more evident in the case of MgAl 
(3/1) than in MgAl (2/1). 

Table 2 
Surface and physicochemical properties of the different catalysts. Results cor
responding to N2 physisorption and NH3 and CO2-TPD.   

HAP MgFe MgZr MgAl 
(3/1) 

MgAl 
(2/1) 

MgCaAl 

SBET (m2⋅g¡1) 48 215 111 262 179 52 
dp (nm) 17 18 18 16 8 24 
Total acidity 

(μmol⋅g¡1) 
1086 2165 735 2692 1857 1635 

Weak (<250ºC) 157 1374 227 872 726 662 
Medium 572 568 331 1150 959 747 
Strong (>500ºC) 357 223 177 670 172 226 
Total basicity 

(μmol⋅g¡1) 
1363 304 498 478 716 1659 

Weak (<250ºC) 335 122 363 305 185 224 
Medium 204 68 118 110 441 1100 
Strong (>500ºC) 824 114 17 63 90 355  
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The reaction products from the two materials with the lowest weak 
acidity (HAP and MgZr) are enriched in acetaldehyde, suggesting that 
these sites are involved in the condensation, directly by an acidic 
mechanism ore stabilizing the basic sites (basic/acid pairs). The high 
acidity justifies the poor results obtained with MgAl (3/1) and MgFe, 
with more than 84% of carbon as gaseous by-products. The sampling 
method for the analysis of these gases does not allow accurate and 
continuous quantification, but in both cases more than 90% corresponds 
to ethylene, with lower amounts of diethyl ether and other compounds 
in traces. These results contrast with those obtained with MgAl (2/1), 
material that prevents the formation of gaseous by-products. The high 
acidity of this material is well balanced with its basicity, suggesting the 
primacy of basic/acid pairs over isolated acid sites, promoting the main 
route of the Guerbet reaction. 

There is a good correspondence between the medium-strength basic/ 
acid sites and the total selectivity to C6 and C8 compounds, indicating 
that these sites are the most relevant ones to promote condensations, as 
induced from the total C6-C8 selectivity of MgCaAl (25.8%) and MgAl 
(2/1) (12.7%). Even with this amount of C6 and C8, MgAl (2/1) pro
duces the maximum amount of C4 (78.6%), followed by HAP (40.2%), 
being suggested as promising supports for next studies. These catalysts 
produce the maximum total alcohol selectivity, being enriched in 
butanol. 

Thus, the conversion is not always related with a high activity in the 
Guerbet reaction since also undesired ethanol dehydration and acid- 
catalyzed additions occur, obtaining light gases. MgFe and MgAl (3/1) 
produce selectivities to diethoxyethane at initial times higher than 9.7% 
and 10.4% (values that corresponds to relative weights of 39% and 24% 
of this compound in the products’ mixture), respectively. Only in the 
case of MgAl (2/1), this conversion corresponds to desired products, 
observing 1-butanol since the first samples. 

To explain these results, a separate experiment with MgAl (2/1) and 
pure butanol as reactant was done. The evolution of the main in
termediates is detailed in Fig. S5. Less than 1.7% of conversion is 
reached after 8 h (99.8% carbon balance), with ethanol and butanal 
(16.3%) as the main reaction products and less than 1% selectivity for 
C6s and C8s (0.2% 3-hexen-1-ol, 0.4% of 1-hexanol, 0.2% of 2-etil-1- 
hexanol). Thus, the C6 adducts are suggested to be produced mainly 
by the condensation between crotonaldehyde and acetaldehyde, but not 
so easily from butanal (the selectivity of this compound is more than 20 
times higher than when using ethanol). Thus, once crotonaldehyde is 
partially hydrogenated to butanal, the condensation capacity decreases. 
This hypothesis is congruent with the stability of the enol intermediate 
produced during the condensation in presence of C––C double bonds. 
The quantification of acetaldehyde and ethanol suggests a partial 
reversible character of condensation not observed in gas phase or when 
ethanol is used as reactant since the reverse reaction is catalyzed by the 
same active sites than the direct one, the condensation prevailing in 
presence of aldehydes. According to this study, strong acid sites and 
basic/acid pairs are required to promote the butanol double dehydro
genation and condensation. Their low concentration as well as the 
adsorption of the C6 and C8 compounds with the subsequent active-sites 
blockage conditions the low second condensation ability and justifies 
the prevalence of hydrogenated C4 compounds. 

In all the cases, the hydrogenation capacity decreases with the size of 
the aldehydes. This is an anticipated result considering the absence of 
metal nanoparticles and the prevalence of the MPV route. According to 
this mechanism [8], the hydrogenation requires the co-adsorption of the 
aldehyde and an alcohol, on an acid site, obtaining a cyclic compound as 
the reaction intermediate. The stability of this intermediate decreases 
with the size, being the most unstable the one of six carbons (croto
naldehyde + ethanol). Thus, the ratio of butanol to the total C4 family of 
compounds reaches values higher than 99% with Mg/Al (2/1) whereas 
this percentage decreases to 45% when analyzing the C8 hydrogenation 
capacity. 

To establish a reaction mechanism, these results after 8 h must be 

analyzed together with the evolution in time of the different in
termediates. The most relevant data are shown in Fig. 2, excluding MgFe 
and MgAl (3/1) because of their negligible condensation activity. 

Acetaldehyde is the first intermediate obtained with all the mate
rials, with initial selectivities of 100% and a continuous decreasing trend 
with the time. This decreasing trend is more marked in those catalysts 
with higher condensation activity. According to these results, the 
ethanol dehydrogenation to obtain acetaldehyde is the starting point of 
the process, discarding the direct coupling between two ethanol mole
cules as a relevant step. Despite the lack of total agreement about the 
ethanol condensation in gas-phase, this mechanism prevails in the 
literature over the ethanol direct condensation [25,44]. 

The typical evolution of a successive condensation C4-C6-C8 is 
observed with MgZr and, being not so marked, with HAP. With these two 
materials, C4s and C6s compounds reach a maximum in selectivity, 
slightly displaced in conversion in the case of C6s, according to their 
intermediate character. The high hydrogenation activity of MgAl (2/1) 
alters these curves, observing a high accumulation of C4s due to the 
stable character of butanol. The high condensation activity of croto
naldehyde is observed with MgCaAl, material with which C4s and C6s 
almost appear simultaneously, with a high proportion of the last ones, 
consuming most of the crotonaldehyde obtained in the first 
condensation. 

As to the evolution of each intermediate, a first hydrogenation of 
C––C bonds is observed for the C4 family (Fig. 3a), suggesting a 
consecutive production of butanal and butanol that is assumed to be 
extrapolated to heavier compounds (C6 and C8). The C––O hydroge
nation by the MPV mechanism as well as the subsequent condensations 
justify the low selectivity to these aldehydes, with a fast production of 
heavy compounds or alcohols once these intermediates are obtained. 
The slow but continuous hydrogenation activity of these materials (see 
Fig. 3b) suggests that longer times could enhance the selectivity of these 
target compounds with all the catalysts except MgFe and MgAl (3/1) 
because of their lack of condensation activity. 

According to these results, the basis of the mechanism in the liquid 
phase is based on the one in the gas phase but with some modifications. 
Different side reactions are observed (ethoxides not detected in gas 
phase and quite relevant in the liquid one). The softer conditions of this 
configuration and the absence of noble metals justify the slow rates of 
hydrogenations, increasing the opportunity to obtain heavier chemicals 
by the condensation of unsaturated compounds. The presence of isomers 
as well as partially hydrogenated derivatives rises the total number of 
compounds. Considering the experimental results, the scheme proposed 
for the liquid-phase ethanol condensation can be updated to a more 
complex one considering the different compounds detected with more 
than four carbon atoms, as shown in Scheme 1. In this scheme, the 
different isomers that could be simultaneously obtained are indicated, as 
well as the fact that C8s are produced by the sequential addition of an 
acetaldehyde molecule to crotonaldehyde, the direct condensation of 
two crotonaldehyde molecules or the condensation involving butanal 
being discarded as relevant at these conditions. 

The temporal evolution of reaction products also supports the pre
viously mentioned required trade-off between hydrogenation and 
condensation activity, the fraction of heavy compounds reaching a 
maximum with those materials highly selective to alcohols, whereas 
observing a slow but continuous increasing trend with MgAl (2/1) and 
HAP, as shown in Fig. 4. These results indicate that higher selectivities 
can be obtained modifying the reaction conditions. 

3.2. Influence of the catalytic loading 

According to the preliminary analysis, a higher catalytic loading is 
anticipated to have a positive influence on the product carbon-length if 
the condensation activity prevails over the hydrogenation one. To check 
this hypothesis, the results obtained with 2.5 g/L are compared with 
those reached using 10 g/L. Once the catalytic loading is increased, the 
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conversion is 160% higher with MgAl (2/1), from 1.5% to 3.9% (with a 
continuous increasing trend during the 8 h), whereas a lower increase 
from 2.1% to 2.9% is observed with HAP (flat conversion after 5 h). 
However, the main differences are related to the selectivity distribution, 
compared in Fig. 5. 

There is an increase in the selectivity of the C6s, in detriment of the 
C4s and, in the case of the HAP, of acetaldehyde too. The amount of C8 
compounds is negligible in both cases, suggesting that stronger sites are 
required to promote this step. The increase in the condensation activity 
is in detriment to the hydrogenation one. This is congruent with the 
decreasing stability of MPV intermediates with the size of the in
termediates, as discussed before. Thus, hydrogenated compounds 

decreased from 79.1% to 35% MgAl (2/1), whereas the initial 34.9% 
reached with 2.5 g/L of HAP declines to 10.4% with 10 g/L. In both 
cases, these reductions are proportional to the increases in C6s. Butanol 
is the main alcohol in both cases, 30.9% and 9% with MgAl (2/1) and 
HAP, with only 2.9% and 1.4% of hexanol, respectively. No significant 
differences in terms of side products were observed with any of these 
materials (selectivities from 6% to 11%), being more than 80% due to 
the 1,1-dietoxiethane, the side product obtained by the ethanol dimer
ization. On the contrary, the control over the reaction decreases, 
observing 19.2% (MgAl (2/1)) and 55.4% (HAP) of undetected gases. 

Results obtained with MgAl (2/1) (>71% of target compounds) are 
significantly better than those reached with HAP, suggesting a good 

Fig. 2. Evolution of the selectivities versus conversion in the ethanol condensation at 230ºC with (a) MgZr; (b) HAP; (c) MgAl (2/1); (d) MgCaAl. Symbols: ( ) C2; 
( ) C4; ( ) C6; ( ) C8. 

Fig. 3. : (a) Selectivity evolution of (•) crotonaldehyde, ( ) butanal, and (△) butanol as a function of the ethanol conversion obtained with HAP at 230ºC. (b) 
Temporal evolution of alcohols concentration during the ethanol condensation at 230ºC with different catalysts. Symbols: ( ) HAP, ( ) MgFe, (▴) MgZr, (△) MgAl 
(3/1), ( ) MgAl (2/1), ( ) MgCaAl. 
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alcohols production by a second hydrogenation step. The poor increase 
of activity observed with HAP suggests that the positive effect of rehy
dration has a limited impact, and the results are mainly conditioned by 
other aspect, whose negative role is more evident as the reaction ad
vances. In this context, previous literature suggests that water can play a 
double role, with a negative influence if the interaction with the catalyst 
occurs via adsorption on the strong sites [43]. 

3.3. Role of water on catalyst performance 

The analysis of the influence of water content is of great interest, 
from the catalytic point of view and to evaluate the technical-economic 
viability of this process. As to the mechanism, it allows to identify the 
rate determining step. As to the technical approach, the use of aqueous 
ethanol is preferred in terms of costs since anhydrous ethanol is more 

expensive due to the required additional dehydration steps. Simple 
separation processes such as distillation allow reaching a maximum 
ethanol purity of 95% (v/v), limited by the minimum-boiling ethanol- 
water azeotrope, requiring expensive technologies (azeotropic distilla
tion with benzene or cyclohexane, distillation combined with adsorp
tion) to fully remove water from ethanol. 

The results obtained in absence of water (anhydrous ethanol used as 
reactant) were compared to those introducing 2.5% and 5% (v/v) of 
water. Main results after 8 h are summarized in Table 3. Results in terms 
of ethanol conversion seem to be not very conclusive, with some ma
terials for which the water promotes it (an increase in conversion of 44% 
observed with MgAl (3/1)), and materials with the opposite trend, more 
evident with HAP and MgFe (decreases of 52% and 60%, respectively). 
An intermediate situation is observed with MgAl (2/1), with almost 
constant conversion despite the water content. 

These results corroborate that water preferentially interacts with the 
catalysts via dissociative adsorption on the strong sites, producing the 

Scheme 1. Proposed scheme for the ethanol liquid-phase condensation.  

Fig. 4. Evolution of the relative weight of selectivity to higher compounds 
(C6 + C8) during the ethanol conversion at 230ºC as a function of the catalyst. 
Symbols: ( ) HAP, (▴) MgZr, ( ) MgAl (2/1), ( ) MgCaAl. 

Fig. 5. Product selectivities after 8 h of ethanol liquid-phase condensation at 
230ºC and 30 bar of N2 using MgAl (2/1) as catalyst with a loading of 2.5 g/L 
(white) and 10 g/L (purple); or HAP, 2.5 g/L (yellow), 10 g/L (brown). 
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deactivation of the materials. This phenomenon has been previously 
reported by Miller and co-workers [45]. Thus, Lewis strong basic sites 
(O2-) are converted into weaker Brønsted sites (OH-), modifying the 
catalytic activity of these materials [6,14,46]. At the same time, Lewis 
acid sites are blocked by the adsorption of hydroxyl anions. In fact, the 
activity decreases in those catalysts that have the highest concentration 
of strong basic sites. The increase in the activity observed with MgAl 
(3/1) is explained by the lowest dissociation due to the lowest strong 
basicity (prevailing the molecular adsorption), and the subsequent 
lower blockage of the acid sites that promote the dehydrogenation. 

The condensation capacity is also altered, enriching the final mix
tures in acetaldehyde (more than 60% in all the cases), observing a total 
disappearance of C8 compounds and a very significant decrease in C6 
and C4 condensed ones. A reduction in the condensation capacity is 
observed with all the materials. This result is congruent with the 
adsorption of water on the condensation active sites, preventing the 
advance of the reaction. Thus, in presence of water, the Guerbet reaction 
is limited by the condensation step and, even in those cases in which the 
ethanol dehydration is promoted, there is not a clear advance to the 
target compounds. 

Acid sites are also involved in the hydrogenation by MPV mecha
nism. In good agreement, their blockage explains the almost total 
absence of alcohols even when feeding only 2.5% of water. This situa
tion affects to all the fractions, observing only traces of butanol (lower 
than 1% in all the cases), with a total disappearance of C6 and C8 al
cohols, even in those cases when the corresponding condensated adducts 
are still produced in significant amount, such as in the case of both MgAl 
materials. 

Water also promotes the production of 1,1-diethoxyethane, except 
for HAP, with a constant selectivity of 5.6% with and without water. 
This acetal is obtained by the reaction between an alcohol and an 
aldehyde molecule, and it has been observed in the literature with se
lectivities close to 40% in presence of acid materials [14]. With these 
basic-acid materials, its selectivity reaches a maximum of 14.1% with 
MgAl (3/1) and 5% of water. In all the cases, this compound represents 
more than 90% of the total undesired products detected. 

To sum up, a negative influence of free water is demonstrated, in 
agreement with the conclusions obtained in gas-phase, even with those 
catalysts showing reactivation in presence of the small amount produced 
during the reaction. Thus, the typical percentage of water presents in an 
azeotropic ethanol inhibits the reaction. Considering the increase in 
costs, the economic viability requires an improvement in the selectivity 

towards the target alcohols. The hydrogenation via the MPV mechanism 
is not enough to promote it, suggesting the use of bifunctional catalysts 
to activate the hydrogen produced during the dehydrogenation. 

3.4. Bifunctional catalysts 

Improving the dehydrogenation, the excess of acetaldehyde is ex
pected to promote the condensations. Among the transition metals, the 
dehydrogenation activity of Cu is highlighted in the literature [47]. On 
the other hand, alcohols are produced by hydrogenation steps. The 
presence of noble metal nanoparticles could have a positive effect acti
vating the hydrogen produced during the dehydrogenation, enhancing 
the hydrogenation activity [5]. This section analyzes the activity of 
different bifunctional catalysts (Cu, Ru, Pd, Pt) using MgAl (2/1) as 
support. Although most of the C4 obtained with MgAl (2/1) is butanol, 
the presence of dehydrogenation active metals could enhance the eno
lization of crotonaldehyde or butanal prevailing over the total hydro
genation of these intermediates. Improving the hydrogenation, not only 
the alcohols selectivity but also the conversion is expected to increase 
reducing the relevance of adsorption processes. In all the cases, a 
theoretical 1 wt% of metal loading is used, to limit the interference on 
the support properties and to guarantee the appropriate metal disper
sion. Main results related to the catalytic characterization are summa
rized in Table 4. 

The specific metal loadings measured by ICP-MS (>0.93) indicate a 
high similarity between materials, discarding any effect of this param
eter in the discussion of their catalytic behavior. In the same way, TEM 
microscopy (Fig. S6) reveals the presence of metal particles in the range 
of 4–5 nm, with a very similar dispersion of Pd and Pt (29–30%), being 
slightly lower in the case of Cu (24%), and a bit higher with Ru (38%). 
As expected, the presence of metal particles partially modifies the 
acidity and basicity of the support. Thus, all the materials show a 
decrease in the acidity (more relevant in the cases of weak and medium 
sites), as well as the corresponding decrease (with the exception of Ru/ 
MgAl) in the basicity. The slight increase in the strong acidity of some 
materials (Cu and Ru) is explained by the strong acid character of metal 
ions, suggesting the coexistence of some cations on the surface, together 
with the metal particles visualized by TEM. To sum up, the character
ization of these materials corroborates a partial alteration in the 
morphological and chemical properties of the support, justifying the 
need of working with low amounts of metal (1%) to minimize these 
effects and guarantee a correct analysis of these effects. 

Table 3 
Influence of the water percentage on the conversion and selectivity distribution.   

HAP MgFe MgAl (3/1) MgAl (2/1) 

Water (%) 0 5 0 5 0 2.5 5 0 2.5 5 

Conversion (%) 2.11 1.01 2.07 0.84 2.25 2.35 3.24 1.58 1.3 1.25 
Selectivity (%)           
C2 13.3 17.4 2.3 17.2 3.6 14.1 33.5 2.5 18.2 13.7 
C4 40.2 0.6 0.1 0.7 1.0 2.9 1.4 78.6 2.4 0.7 
C6 2.4 0.2 2.9 1.9 3.0 6.5 3.1 11.3 12.9 1.9 
C8 0.1 – – – 0.1 – – 1.4 0.1 – 
Alcohols (%) 34.9 0.1 0.1 0.3 0.7 1.0 0.2 79.1 1.0 0.2 
Butanol 99.7 0.1 100 100 92.7 100 100 98.6 100 100 
3-Hexen-1-ol – – – – – – – 0.1 – – 
Hexanol 0.3 – – – 4.9 – – 0.5 – – 
2-Etil-1-hexanol – – – – – – – 0.3 – – 
1-Octanol – – – – 2.4 – – 0.5 – – 
Aldehydes (%) 21.0 18.1 5.2 19.5 6.9 22.4 37.8 14.8 32.6 16.1 
Acetaldehyde 77.2 96.1 70.4 88.2 75.0 62.9 88.6 36.7 55.8 85.1 
Crotonaldehyde 9.9 2.2 – 2.1 3.4 4.5 2.0 10.2 1.5 2.5 
Butanal 1.2 0.1 – 0.4 – 3.6 1.2 2.0 3.4 0.6 
Hexanal 15.7 0.6 29.6 9.3 20.9 29.0 8.2 50.3 39.3 11.8 
2-ethyl-hexanal – 0.6 – – 0.2 – – 0.7 0.3 – 
Undesired liquid by-products (%) 7.7 6.1 6.8 8.8 8.1 9.0 15.0 6.1 9.4 6.2 
Undesired gaseous by-products (%) 36.3 75.7 87.9 71.5 84.2 67.5 47.0 0.1 57.0 77.5 
Carbon Balance (%) 99.8 99.2 98.2 99.4 98.1 99.1 98.5 99.8 99.5 99.1  
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Fig. 6 compares the main results, in terms of ethanol conversion and 
product distribution. A clear improvement in the conversion is observed 
with Pd (3.4%) and mainly Cu/MgAl, reaching a final value of 6.8% 
(2.68 g of EtOH converted per g of catalyst and hour). This value is 
higher than those reported in the literature for systems with similar 
metal loading, even working with catalyst/reactant mass ratios four 
times higher [14,21]. The closest value published (2.46 g/g⋅h) corre
sponds to a catalyst involving Cu and Ni, two metals for dehydrogena
tion [48]. This supports the hypothesis of the high relevance of the first 
dehydrogenation on the global reaction. 

The conversion is proportional to the weak-strength basic/acid pairs 
(see Fig. 7a) for all the materials expect for the Cu/MgAl, material with 
which the conversion is almost double than the expected one. This result 
indicates that the presence of reduced metals (Pd, Pt, Ru) is not relevant 
for conversion, only affecting to the product distribution, whereas the 
well-known dehydrogenation activity of Cu plays a key role in the 
reaction. 

All the bifunctional catalysts produce mixtures enriched in acetal
dehyde. This suggests that the condensation activity is affected by the 
metals. However, C6s and C8s reach more relevance, representing 
14.9% with the parent support but 25% with Pt. These data, together 

with the continuous increasing trend observed in their profiles (shown in 
Fig. S7-10), indicate that the dehydrogenation activity is faster than the 
consumption by condensation of the acetaldehyde and longer times are 
expected to produce an enrichment in the heavy fractions. Lateral re
actions are also favored by bifunctional catalysts, obtaining a ratio be
tween the sum of esters and ethers and the sum of all the compounds 
involved in the Guerbet route that increases from 0.06 of the original 
MgAl (2/1) to 0.18, 0.28, 0.15, and 0.23, with Cu, Ru, Pd, and Pt, 
respectively. 

The total selectivity to target compounds (alcohols) decreases from 
79.1% (MgAl (2/1)) to 49.7%, 12.3%, 42.6%, and 42.7% (Cu, Ru, Pd, 
and Pt). These values are justified since the presence of heavier com
pounds hinders the hydrogenation in absence of reducing atmosphere, 
using the hydrogen removed during dehydrogenation that is not des
orbed from the liquid ethanol. Thus, the MPV hydrogenation mechanism 
prevails, the total selectivity of alcohols being proportional to medium- 
strength acidity, as illustrated in Fig. 7b. However, interesting conclu
sions can be extracted by analyzing the distribution of these alcohols, 
shown in Fig. 8. 

Butanol represents almost 100% of the alcohols observed with MgAl 
(98.7%), whereas the presence of metal nanoparticles produces a sig
nificant decrease in this percentage in favor of heavier fractions (in good 
agreement with the higher conversions). Thus, the alcohol distribution 
obtained with Cu/MgAl indicates 81.9% of butanol, with 15.7% of C6 
alcohols and 2.4% of C8. The same analysis reports 88.5%, 8.3%, and 
2.1% of butanol, C6, and C8 alcohols with Ru/MgAl; 77.6%, 18.3% and 
4.1%, respectively, with Pd/MgAl; and 69.5%, 22.2%, and 8.3%, with 
Pt/MgAl. This last catalyst presents a very interesting hydrogenation 
capacity combined with the highest selectivity for unsaturated com
pounds. However, these results are not significantly different from those 
reached with Cu/MgAl, a catalyst that has a conversion 240% higher 
than Pt/MgAl. In global terms, and considering that Cu/MgAl produces 
the second higher alcohol total selectivity, this material is chosen as the 
optimum one among the tested in this screening. 

4. Conclusions 

The activity of different catalysts in the ethanol liquid-phase 
condensation reveals a strong influence of acidity and basicity of the 
materials, global results being limited by the dehydrogenation activity. 
This limitation is more evident as the size of the molecule that must 
undergoes dehydrogenation increases, in such a way that dehydroge
nation metal phases are required to promote the production of C6s and 
C8s and their subsequent alcohols. These compounds, not observed in 
gas-phase, are produced in the condensed one since the hydrogenation 
rate is significantly slower, promoting successive condensations. 

Some materials are reactivated by the rehydration of aluminum 
oxide phases with the water in situ produced. However, the competitive 
adsorption of water and ethanol on the acid sites produces a decrease in 
the dehydrogenation activity in presence of small percentages of free 
water (2.5, 5%), conditioning the complete evolution of the reaction. 

Cu is identified as the optimum metal observing a synergetic effect 
with the MgAl (2/1) support. 1% Cu/MgAl (2/1) allows a conversion 
almost five times higher than the one obtained with the parent material, 
producing almost 50% of alcohols with a selectivity distribution 
enriched in C6s and C8s (18.1%). These results involve a significant 
improvement in this field, supporting the liquid-phase production of 
heavy alcohols from ethanol with low catalytic loadings. 
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Fig. 6. Products distribution after 8 h of ethanol liquid-phase condensation 
with different bifunctional catalysts. Legend: C2 (yellow), C4 (blue), C6 (green), 
C8 (violet), undesired compounds (grey), and undetected gases (black). Con
versions indicated with asterisks. 
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