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A B S T R A C T   

The present study optimizes Cu-supported catalysts on hydrotalcite for the synthesis of n-butanol whose interest 
is in its use as biofuel, due to its superior performance in comparison with other short-chain alcohols. The 
catalytic performance was improved by adding Nb to the catalytic formulation. In this way, several Cu-Nb 
catalysts supported on hydrotalcites (Mg/Al) with different Nb loadings were synthesized by incipient wetness 
impregnation and characterized by H2− temperature-programmed reduction, X-ray diffraction, N2 physisorption, 
CO2− and NH3− thermo-programmed desorption and X-ray photoelectron spectroscopy. It was shown that the 
incorporation of Nb promoted a suitable balance between the acid-basic and redox sites, modulating the Cu0/Cu+

dehydrogenation/hydrogenation properties for the n-BuOH production. The synthesis of multiple value-added 
products (n-BuOH, acetaldehyde, ethyl acetate, and 1-hexanol) was achieved in both the liquid− (at 180 ºC) 
and gas− phase (150− 350 ºC), where it was demonstrated that both the n-BuOH selectivity and ethanol con
version improved with the Nb addition. The performance of the catalysts under time on stream and their 
recycling is also described.   

1. Introduction 

Higher alcohols, including n-Butanol (n-BuOH), have emerged as a 
promising biofuel, as they are demonstrated to be crucial for several 
applications in the renewable energy landscape [1–3]. They have many 
advantages, including a high energy content, low water solubility, and 
they are compatible with existing infrastructure and engines [4]. In 
contrast to ethanol (EtOH), which is the most produced biofuel globally, 
n-butanol is not miscible in water, avoiding separation and corrosion 
problems in engines [5]. Also, n-butanol can be blended with gasoline at 
higher ratios than ethanol [6]. 

n-BuOH can be produced from biomass feedstocks by fermentation 
[2,7–10]. Furthermore, as a biochemical method, it has some limitations 
that a heterogeneous catalytic method would overcome. In this sense, 
the Guerbet coupling reaction is quite promising. It is a condensation 
that involves several steps: 1) dehydrogenation of the starting alcohols 
to give the corresponding aldehydes; 2) aldol condensation of the 

aldehydes; 3) dehydration; and 4) hydrogenations of the unsaturated 
aldol condensation products to give higher Guerbet alcohols [11,12]. 

Metal oxide-based catalysts, such as MgO, are promising catalysts for 
the Guerbet reaction. Birky et al. reported that the EtOH self- 
condensation over MgO produces n-BuOH and acetaldehyde (ACe), 
and ethene as byproducts in a fixed-bed reactor at 400 ºC [13]. γ -Al2O3 
provides high EtOH conversion and diethyl ether and ethylene as main 
products at 300 ºC [14]. The distribution of products is closely tied to the 
distribution of acid and basic sites. Hydrotalcite (HT)-derived mixed 
oxides (Mg/Al) have also been tested for the EtOH coupling to n-BuOH 
[15]. A high hydrogenation capacity is observed when the number of Mg 
species in HT increases [16]. The addition of Cu to HT improves the 
EtOH dehydrogenating activity and modifies the product distribution 
[17–20]. Benito et al. reported CuMgAl catalysts for the EtOH conden
sation in the liquid phase at 200 ºC and obtained mainly two higher 
alcohols: n-BuOH and 1-hexanol (1-HexOH). Additionally, they produce 
ethyl acetate (AcOEt) [17]. The selectivity towards AcOEt is mainly 
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related to the acidity of the catalyst [19]. On the other hand, catalysts 
with acid sites are more selective to n-BuOH than catalysts considered 
“fully basic” [21–24]. Tsuchida et al. studied the synthesis of n-BuOH 
over hydroxyapatite materials [23]. They reported that an increase in 
the surface acidity of the catalysts might indicate an improvement in 
selectivity towards n-BuOH. Thus, to improve the catalytic formulation 
it is necessary to modulate the acidity and also the redox sites, and this 
can be achieved by using a dopant such as Nb. Niobium is able to 
modulate catalytic redox properties and increase the number of acid 
sites, and its ability to promote catalyst performance by promoting the 
entanglement of other elements in mixed oxide catalysts has been 
demonstrated with many catalytic formulations [25–33]. In addition, 
some reaction products and byproducts, such as ACe resulting from the 
dehydrogenation of EtOH [20], can be oxidized in the presence of 
niobium-containing catalysts to form acetic acid, which subsequently 
couples to another molecule of EtOH to produce AcOEt due to its redox 
properties and increased acidity [28,29], which is a valuable byproduct. 

The main objective of the present work is to improve the catalytic 
properties during the ethanol condensation of Cu/HT catalysts using Nb 
as a dopant. To this end we have prepared and characterized several 
Cu10-Nbx/HT catalysts with different Nb loadings to correlate the cata
lytic activity performances with their main chemical structure, to opti
mize the n-BuOH synthesis. 

2. Materials and methods 

2.1. Catalysts synthesis 

The mixture of oxides of MgxAlyOz (HT 3) from the thermal 
decomposition of hydrotalcite Mg/Al molar ratio of 3 used as support 
was synthesized by the co-precipitation method [34]. In a typical syn
thesis, magnesium nitrate hexahydrate (Mg(NO3)2･6H2O, Sigma 
Aldrich) and aluminum nitrate nonahydrate (Al(NO3)3･9H2O, Sigma 
Aldrich) were simultaneously added to dropwise into a beaker. Then, 
25 mL of 1 M sodium carbonate (Na2CO3, Sigma Aldrich) were added 
drop by drop. The resulting suspension was first sonicated for 20 min 
and then stirred and adjusted with 2 M hydroxide sodium (NaOH, Sigma 
Aldrich) solution to a pH of 9− 10. The solution was kept under magnetic 
agitation for 1 h. Subsequently, the precipitate was washed several times 
with hot distilled water, and it was recovered by filtration and dried at 
60 ºC overnight. Finally, the hydrotalcite powder was calcined at 500 ºC 
for 2 h to obtain mixed oxides support with a 3 Mg/Al molar ratio, 
namely HT 3. 

Niobium was supported by incipient wetness impregnation, using 
niobium (V) oxalate hydrate/oxalic acid solutions with values of Nb of 
0.5, 2.5 and 5 wt%. The solids were dried at 60 ºC overnight and then 
calcined at 500 ºC for 4 h. Then, 10 wt% Cu (Cu(NO3)2･3H2O, Sigma 
Aldrich) was incorporated into all catalysts by incipient wetness 
impregnation. The final catalysts were dried at 60 ºC overnight, calcined 
in static air at 500 ºC for 2 h, and finally reduced at 400 ºC for 4 h in a 
30 mL/min H2 flow. The catalysts have been identified as Cu10-Nbx/HT 
3, where “x” is 0.5, 2.5, or 5 Nb wt%. 

2.2. Catalyst characterization 

Powder diffraction patterns were collected on a Bruker D8 ADVANCE 
diffractometer using MoKα1 radiation. The detection system consists of 
an EIGER detector (from DECTRIS) specially designed and optimized for 
Mo anodes, the detector was used with an aperture of 4 ×21 degrees, 
working in VDO mode. Crystalline structures were obtained within 
Bragg 2θ angle from 2.5 to 45◦ during 120 min. The tube worked at 
40 kV and 45 mA. 

N2 adsorption-desorption isotherms at − 196 ◦C were performed with 
an ASAP 2020 (Micromeritics). Prior to N2 adsorption, all samples were 
degasified at 200 ◦C. Temperature-programmed H2 reduction was car
ried out in an AutoChem III system (Micromeritics). For 30 min, the 

catalyst was cleaned at 150 ºC with a 50 mL/min He flow. The carrier gas 
was changed to 5% H2/Ar (v/v) at 30 mL/min after cooling to 50 ºC. 
When the baseline was stable, the temperature was raised to 800 ºC at a 
rate of 10 ºC/min, while the amount of H2 consumed was measured 
using GC-TCD. The samples were calcined and reduced in-situ as was 
mentioned in Section 2.1. 

Temperature-programmed NH3 and CO2 desorption tests were car
ried out in Autochem III (Micromeritics) equipment using powdered 
catalysts. Samples were pretreated in a quartz tubular reactor at 500 ºC 
at a rate of 30 mL/min He flowed for 2 h. Before the adsorption of NH3 
and CO2, the samples were reduced in situ at 400 ºC at a rate of 30 mL/ 
min H2 flowed for 2 h, then was cooled to 40 ºC and subjected for 15 mi 
to a 10% NH3/He (v/v) or 10% CO2/He (v/v) stream at a flow rate of 
30 mL/min. He purged (30 mL/min) for 30 min and removed the 
physisorbed NH3 and CO2. Subsequently, the samples were heated at a 
ramp rate of 10ºC/min up to 800 ºC and the desorbed NH3 or CO2 was 
monitored and recorded using a GC-TCD and GC-MS. The equipment 
was previously calibrated with 10% NH3/He and CO2. 

X-ray photoelectron spectroscopy (XPS) data were acquired using a 
Physical Electronics PHI 5700 spectrometer with non-monochromatic 
Mg-K radiation (300 W, 15 kV, 1253.6 eV) and a multichannel detec
tor for the examination of the core level signals of the examined ele
ments. Spectra of powdered samples were acquired utilizing a 720 μm 
diameter analysis area and a constant pass energy value of 29.35 eV. All 
the samples were calcined and reduced ex-situ before the analysis as 
mentioned in Section 2.1, unless otherwise specified. 

2.3. Catalytic tests 

2.3.1. Catalytic activity for the ethanol condensation in a Batch reactor 
The ethanol condensation was performed in a batch system in a 

stainless-steel reactor with 100 mL of ethanol and 200 mg 
(0.106− 0.125 mm) of previously activated powdered catalyst (Section 
2.1). The reaction was carried out at 180 ◦C with stirring at 800 rpm and 
under 30 atm of N2 pressure. Following the reaction profile, samples 
were collected at different times through the sample valve and quickly 
cooled at 0 ºC. Every hour for 6 h, reaction samples were collected, 
dissolved with 1-pentanol and 1–3-dichlorobenzene as internal stan
dards, and stored in sealed vials for gas chromatography analysis using a 
Shimadzu GB-14A chromatograph equipped with a flame ionization 
detector and a CP-Wax 52 CB capillary column. 

2.3.2. Catalytic activity for the ethanol condensation in a continuous flow 
reactor 

Ethanol condensation was carried out in a tubular metal flow reactor 
with an internal diameter of 9.1 mm. 200 mg of pelletized catalyst 
(0.71− 0.85 mm) was inserted into the reactor and diluted with silicon 
carbide (SiC, VWR Chemicals) up to 3 mL for these reaction studies. The 
catalysts were reduced in situ for 2 h at 400 ºC using a 50 mL/min H2 
flow and a 5 ºC/min heating rate. The reactions were carried out at 150, 
200, 250, 300, and 350 ºC at atmospheric pressure with a liquid feed 
flow of 0.1 mL/min and a N2 flow of 30 mL/min after cooling to 150 ºC. 
These conditions were optimized to avoid internal and external diffu
sional limitations. After recovering the catalyst, drying it at 60 ºC 
overnight, and characterizing it by N2 physisorption and XPS, reusability 
investigations were carried out at the optimum reaction temperature. 
The reaction samples were analyzed as mentioned in Section 2.3.1. 

3. Results and discussion 

3.1. Characterization of Cu10-Nbx/HT 3 catalysts 

The Cu10-Nbx/HT 3 catalysts showed the typical diffraction patterns 
of the MgO periclase structure at 2θ = 17, 27 and 34º according to JCPDS 
01-085-5620 (Fig. 1) [34,35]. The niobium oxide pattern was detected 
at 16º (JCPDS 00-047-1694) and its intensity increases when Nb 
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loadings increase from 0.5 to 5 wt% [36,37]. The crystallite size of 
Nb2O5 calculated with Scherrer equation varies from 4.0 to 4.8 nm, as a 
function of the Nb wt%. Additionally, Cu0 crystalline phase was detected 
at 2θ = 23, 32, 36 and 39º (JCPDS 00-002-1225) [38]. The crystallite 
sizes of Cu0 were in the 16.2− 17.4 nm range. These data show that there 
was an increase in the Cu crystallite size when adding Nb, since the 
Cu10/HT 3 catalyst (in the absence of Nb) presented a crystallite size of 
10.4 nm. This indicates that the incorporation of Nb into the catalyst 
promoted the growth of Cu crystallites. 

The H2− TPR profiles of Cu10-Nbx/HT 3 are shown in Fig. 2. A broad 
reduction peak was primarily attributed to the reduction of highly 
dispersed Cu2+ species to Cu+ and finally to Cu0 at ≈400 ºC [38,39]. This 
was confirmed with the XRD data, which revealed that Cu0 was detected 
in the Cu10-Nbx/HT 3 catalysts after their reduction for 2 h at 400 ºC in 
an H2 atmosphere. The reduction of Nb2O5 to NbO2 has been reported to 
occur mainly at higher temperatures, as a result, no reduction event was 
found at the temperatures depicted in the reduction profiles. [36]. 

However, the catalyst reduction process was carried out at 400 ºC, 
therefore NbO2 was not expected to be found in the catalyst. The XRD 
results showed that the only crystalline phase present is Nb2O5, and that 
the NbO2 species may not be present in the catalyst or may be in low 
proportions for the Nb2O5 species. This assumption was confirmed by 
XPS and will be discussed later. A slight increase in the temperature of 
the reduction peak was observed with increasing the Nb loading on the 
catalyst, indicating some Nb− Cu interactions. The reduction profile of 
the Nb-free catalyst is in Supplementary Information (Figure S1). 

The N2 isotherms correspond to Type IV (Figure S2) according to the 
IUPAC classification [40], confirming the mesoporous nature of the 
Cu10-Nbx/HT 3 catalysts. The BET-specific surface area (SSA) and 
average pore diameter of Cu10/HT 3 and Cu10-Nbx/HT 3 are summa
rized in Table 1. The SSA of the Cu10/HT 3 catalyst was 126 m2/g. The 
addition of Nb to the catalyst caused a decrease in the SSA (from 123 to 
90 m2/g, respectively) and in the average pore diameter. With 
increasing Nb loading, this effect becomes more pronounced. 

Table 2 reports the results of the TPD analyses as moles of NH3 or 
CO2 per weight unit. A combination of NH3− TPD (ammonia 
temperature-programmed desorption) and CO2− TPD (carbon dioxide 
temperature-programmed desorption) was used to quantify the density 
of acid and base sites on the catalysts. 

The NH3− TPD desorption profiles (Fig. 3, left) showed a broad peak 
at ≈180 ºC assigned to the weak acid sites of the catalysts. The acid site 
density (total amount of μmol NH3/gcat) increases with increasing 
niobium loading, from 141 to 195 μmol NH3/gcat, confirming the acidic 
nature of this metal. In addition, the Cu10/HT 3 catalyst showed a total 
acidity of 132 μmol NH3/gcat, demonstrating that the incorporation of 

Fig. 1. Powder X-ray diffraction patterns of Cu10-Nbx/HT 3 calcined at 400 ºC for 2 h in static air and ex-situ reduced with H2 at 400 ºC for 2 h: as a function of Nb 
wt%. 

Fig. 2. H2− TPR profiles for the Cu10-Nbx/HT 3 calcined at 400 ºC for 2 h in 
static air: as a function of Nb wt%. 

Table 1 
SSA and pore size information of Cu10/HT 3 and Cu10-Nbx/HT 3 catalysts.  

Catalyst SSA (m2/g) Pore size diameter (nm) 

Cu10/HT 3  126  6.5 
Cu10-Nb0.5/HT 3  123  5.5 
Cu10-Nb2.5/HT 3  121  5.3 
Cu10-Nb5/HT 3  90  5.1 
Cu10-Nb5/HT 3 (spent)  73  5.7  
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niobium to the catalyst is responsible for the increase in its acidic 
properties. It has been reported that the acid sites promoted by the 
incorporation of Nb are of Brønsted and Lewis nature, mainly associated 
with the Nb––O bond of tetrahedral niobium [40]. 

The CO2− TPD profiles of Cu10-Nbx/HT 3 catalysts (Fig. 3, right) 
indicated the presence of around 204− 238 μmol CO2/gcat as the density 
of basic sites. The maximum peak was observed at ≈140 ºC. As shown in 
detail in Table 2, the basic site density of the Cu10/HT 3 catalyst de
creases from 262 to 204 μmol CO2/gcat with the gradual increase of Nb 
in the catalyst, demonstrating partial substitution of basic sites by acid 
sites of hydrotalcite. These data demonstrated how the distribution of 
acid and basic sites is modulated by the incorporation of Nb, with a 
higher Nb loading (Cu10-Nb5/HT 3 catalyst) promoting the presence of 
acid sites with a subsequent decrease in the number of basic sites. The 
acid/base ratio increased with Nb loading: 0.50, 0.59, 0.79 and 0.95, 
respectively. 

The XPS technique was used to identify the oxidation state of the Cu 
species and determine the surface compositions of the catalysts and the 
possible effect of Nb incorporation into the catalyst by processing the 
spectra with the Multipak 9.6.0.15 package. Binding energy estimates 
were referenced to the C 1 s signal at 248.5 eV. The BEs were estimated 
with Gauss-Lorentz curves and a Shirley-type backdrop. The atomic 
concentration percentages of the distinctive elements were calculated 
using the corresponding area sensitivity factor for each detected spectral 
region. Table S1 summarizes all of the XPS measurements. The high- 
resolution Cu 2p core level spectrum of Cu10-Nbx/HT 3 (Fig. 4) 
showed two main peaks at around 952.6 eV and 932.6 eV, corre
sponding to the doublet Cu 2p1/2 - Cu 2p3/2, respectively [38,41,42]. The 
signal of Cu 2p3/2 of the Cu10-Nb2.5/HT 3 catalysts can be deconvoluted 
in two contributions. As was expected, Cu2+ was reduced to Cu0 in 
agreement with XRD and H2-TPR results. The Auger CuLMM signal 
(Fig. 5) is used to identify these oxidation states and determine the Cu 
value (Cu+ ≈ 916.2 eV; Cu0 ≈ 918.2 eV) [38,42]. Furthermore, from the 
XPS results of the reduced catalysts, partial surface reoxidation upon 
exposure to air occurs. Table 3 shows that the Cu0/Cu+ ratio gradually 

increased by the addition of Nb into the catalyst: 1.04, 1.06, 1.17 and 
1.28, with Cu10/HT 3, Cu10-Nb0.5/HT 3, Cu10-Nb2.5/HT 3 and 
Cu10-Nb5/HT 3, respectively. The Cu0 and Cu+ species coexist in our 
catalyst as expected [43]. Results showed that increasing the amount of 
Nb inhibited the partial oxidation of Cu0 species, as the Cu0/Cu+

displayed. 
Fig. 6 displays the high-resolution Nb 3d core level spectra and the 

binding energies values of the doublet Nb 3d5/2 Nb 3d3/2 of all Cu10- 
Nbx/HT 3 catalysts are indicated in Table 3. The Nb 3d5/2 (≈206.9 eV) 
and 3d3/2 (≈209.7 eV) peaks are assigned to the Nb2O5 species that 
calcination produced on the catalyst. No significant changes were 
observed in the shift of binding energies of the niobium signals, how
ever, the intensity increased with Nb loading as expected. 

Figure S3 shows the Mg 2p, Al 2 s and O 1 s of a) Cu10-Nb0.5/HT 3, b) 
Cu10-Nb2.5/HT 3 and c) Cu10-Nb5/HT 3, respectively. Mg 2p showed one 
peak at ≈49 eV attributable to the MgO species formed in the hydro
talcite materials after a thermal decomposition at high temperatures 
(500 ºC). The binding energy of Mg 2p shifted from 49.5 to 49.8 eV with 
increasing the Nb loading. The Al 2 s peaks have maxima at 
118.7− 118.8 eV and are assigned to Al(III). The O 1 s peak was 
deconvoluted in four contributions at ≈533 eV attributed to Nb––O 
[40], at ≈531 eV assigned to the oxygen from the CO2−

3 groups of the 
hydrotalcite structure and the carbonates adsorbed on the catalyst sur
face, the contribution at ≈530 eV was assigned to the oxygen bonds of 
OH− on the hydrotalcite structure [44]. Finally, the contribution at 
≈529 eV was attributed to O2- [45]. 

The surface chemical composition of Cu10/HT 3 and Cu10-Nbx/HT 3 
catalysts obtained from XPS analysis are summarized in Table 3. The 
amount of Cu decreased from 4.6 to 3.2 wt% with the increase of Nb 
loading. This is attributed to the incorporation of Nb in the support and 
to the possible substitution of Cu. As anticipated, the amount of Nb 
increased with the increment of Nb in the impregnation. It should be 
spotted that the amount of Mg and Al decreased gradually as the Nb 
loading increased. This affected the molar ratio of Mg/Al, which drop
ped with the initial two loads (1.78 and 1.71), having a clearer effect 
with the 5% load, since the decrease in Al was higher, leading the Mg/Al 
ratio to climb up to 1.90. 

3.2. Catalytic activity of Cu10/HT 3 and Cu10-Nbx/HT 3 catalysts: 
influence of Nb content 

The Guerbet condensation of ethanol was evaluated using 200 mg of 
catalyst at 180 ºC and 30 atm of nitrogen atmosphere in a batch reactor 
system and Fig. 7 shows the catalytic results. The ethanol conversion 

Table 2 
Acidity and basicity of Cu10/HT 3 and Cu10-Nbx/HT 3 catalysts from NH3 and 
CO2 TPD measurements.  

Catalyst μmol NH3/gcat μmol CO2/gcat Acid/base ratio 

Cu10/HT 3  132.0  262.0  0.50 
Cu10-Nb0.5/HT 3  141.6  238.0  0.59 
Cu10-Nb2.5/HT 3  175.9  222.2  0.79 
Cu10-Nb5/HT 3  195.0  204.3  0.95  

Fig. 3. NH3− (left) and CO2− TPD (right) profiles for the Cu10-Nbx/HT 3 cat
alysts – calcined at 400 ºC 2 h and in-situ reduced at 400 ºC with H2 for 2 h. 

Fig. 4. XPS spectra of Cu 2p1/2 and Cu 2p3/2 region of Cu10-Nbx/HT 3 catalysts 
– calcined at 400 ºC for 2 h and ex-situ reduced at 400 ºC with H2 for 2 h. 

D.A. Valdivieso-Vera et al.                                                                                                                                                                                                                    



Catalysis Today 433 (2024) 114658

5

increases when the Nb loading is increased from Cu10/HT 3 to Cu10-Nb5/ 
HT 3. Subsequently, the conversion is related to the Nb content and the 
Cu0/Cu+ ratio (Table 3). Indeed, the catalyst with the highest Nb loading 
exhibited an ethanol conversion of 41% at 6 h and a selectivity of 94.4% 
towards n-BuOH. The main reaction products were n-butanol, 1-HexOH 
(4.2%) and Ace (1.4%). The catalyst without Nb showed the lowest 

EtOH conversion (18.3%), and selectivity towards n-BuOH (80.2%), 
with an increase in selectivity towards 1-HexOH (10.5%) and ACe 
(9.3%). These activity results can be related to low acid/base and Cu0/ 
Cu+ ratios [46]. 

At 6 h, catalysts with the highest niobium concentration achieve an 
EtOH conversion of 42% with a selectivity to n-BuOH of 94.4% (yield to 
n-BuOH of 39.6%); in contrast, catalysts without Nb accomplish a con
version of 33.5% with a selectivity of 87.2% (yield to n-BuOH of 29.2%, 
Figure S4). 

Although the selectivity achieved is remarkably comparable 
regardless of the catalysts used, the final carbon balance revealed that a 
considerable quantity of volatile compounds was not recovered in the 
reaction sample. These include acetic acid, ethyl acetate, crotonalde
hyde, butanal, CO, and CO2, etc. The carbon balances were between 
42% and 62%, as the amount of Nb increased. Conducting the reaction 
in a continuous system allows us to overcome these drawbacks associ
ated with the batch system. For this reason, it is proposed to carry out 
the reaction in a fixed− bed reactor, as discussed in the following section. 

3.3. Catalytic condensation of ethanol in a fixed bed reactor: Influence of 
the temperature reaction 

The Cu-Nb/HT 3 catalysts were tested in the ethanol condensation, at 
atmospheric pressure, in the gas phase at 150− 350 ºC, feeding to the 
catalytic bed with EtOH. The main products detected were n-BuOH, 
ACe, 1-HexOH, and AcOEt. Fig. 8 summarizes the results of the study of 
the temperature effect in the reaction. 

Fig. 5. Auger CuLMM spectra of Cu10-Nbx/HT 3 catalysts – calcined at 400 ºC for 2 h and ex-situ reduced at 400 ºC with H2 for 2 h.  

Table 3 
Surface composition of Cu10/HT 3 and Cu10-Nbx/HT 3 catalysts from XPS analysis.  

Catalyst wt% and (at%)  Surface Mg/Al molar ratio Surface Cu0/Cu+ ratio 

Cu Nb Mg Al O C 

Cu10/HT 3  4.6 
(1.4) 

− (21.6)  (10.2)  (47.5) − 2.11  1.04 

Cu10-Nb0.5/HT 3  3.6 
(1.1) 

4.1 
(0.9)  

(21.5)  (12.1)  (48.5) − 1.78  1.06 

Cu10-Nb2.5/HT 3  3.8 
(1.3) 

15.7 
(3.7)  

(19.2)  (11.2)  (48.6) − 1.71  1.17 

Cu10-Nb5/HT 3  3.2 
(1.1) 

21.5 
(5.2)  

(17.9)  (9.4)  (49.4) (16.9)  1.90  1.28 

Cu10-Nb5/HT 3 (spent)  2.8 
(0.9) 

10.6 
(2.3)  

(18.2)  (9.8)  (46.5) (22.3)  1.86  0.79  

Fig. 6. XPS spectra of Nb 3d5/2 and Nb 3d3/2 region of Cu10-Nbx/HT 3 catalysts 
– calcined at 400 ºC for 2 h and ex-situ reduced at 400 ºC with H2 for 2 h. 
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In the same manner as was observed when the reaction was carried 
out in the liquid phase, both the conversion of ethanol and the selectivity 
to n-BuOH increase with the Nb content. For catalysts with the highest 
Nb concentration, a conversion of 52.7% with a selectivity to n-BuOH of 
83% (yield to n-BuOH of 43.8%, Figure S5) is achieved at 300 ºC; 
whereas for the Nb-free catalyst, a conversion of 37.8% (Fig. 8) with a 
selectivity of 58.5% (yield to n-BuOH of 22.1%) is achieved. 

The selectivity towards n-BuOH was higher at 300 ºC and the yield 
increased with the Nb loading. This demonstrated the key role played by 
the acid sites provided by the Nb species during the condensation of 
acetaldehyde molecules to form n-BuOH by adsorbing the acetaldehyde 
molecules, whereas the basic sites remove the proton from this aldehyde 
as has been pointed out with other catalytic systems [14,46,47]. 
Nevertheless, it has been described that ethanol-derived adsorbates and 
hydride-like hydrogen are found on acidic sites primarily associated 
with the Nb species in the catalyst, whereas proton-like hydrogen is 
found on basic sites such as the MgO of hydrotalcite [35,48,49]. 

Furthermore, the coexistence of Cu0/Cu+ species promotes dehydro
genation/hydrogenation reactions [43]. Therefore, a good balance of 
these properties favors a higher selectivity towards n-BuOH, as revealed 
by the reaction results. 

As mentioned above, acetaldehyde may be produced by the dehy
drogenation of EtOH on basic sites and Cu species. The selectivity to
wards acetaldehyde decreased as the reaction temperature and ethanol 
conversion increased [23]; moreover, the selectivity decreased as the 
acid/base and Cu0/Cu+ ratios increased. In addition, 1-HexOH and 
AcOEt, were identified as the main byproducts in the absence of Nb in 
the catalyst formulation (Cu10/HT 3). In the liquid phase (Fig. 7), higher 
selectivity for these compounds was also observed for Nb-free catalysts. 
Compared with the reaction in the batch system, the carbon balance in 
the continuous system ranges from 63% to 87%, demonstrating that the 
loss of volatile compounds is minimized in this reaction system. 

Fig. 7. Ethanol conversion and selectivities to ACe, 1-HexOH and n-BuOH in EtOH condensation over Cu10/HT 3 and Cu10-Nbx/HT 3 in a batch reactor at 180 ºC – 
samples pretreatment: calcined at 400 ºC for 2 h and reduced at 400 ºC with H2 for 2 h (ex-situ). 

Fig. 8. Ethanol conversion and selectivity to Ace, 1-HexOH, AcOEt and n-BuOH for the EtOH and condensation over Cu10/HT 3 and Cu10-Nbx/HT 3 catalyst in a fixed 
bed reactor. Reaction conditions: 150, 200, 250, 300 and 350 ºC, 0.1 mL/min of EtOH, 200 mg of catalyst – samples pretreatment: calcined at 400 ºC for 2 h and 
reduced at 400 ºC with H2 for 2 h (in-situ). 
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3.4. Catalytic condensation of ethanol in a fixed bed reactor: time on 
stream study 

The catalytic results for the Cu10-Nb5/HT 3 sample under time on 
stream (Figure S6 a) indicate that the performance is quite constant for 
at least 6 hours, whereas the selectivity towards n-BuOH remained sta
ble until the fifth hour of the reaction, with values between 81− 83%. 
However, selectivity decreased at the sixth hour, to 77%. The slight 
decrease in selectivity could be explained by catalyst deactivation 
resulting from coke generation. However, an increase in selectivity to
wards 1-HexOH was observed in addition to a decrease in selectivity 
towards AcOEt. 

Therefore, a recycling study was carried out with the catalyst used in 
this reaction. Initially, the catalyst was recovered, dried, and studied 
employing nitrogen physisorption and XPS, this will be discussed below. 
The recycling study was performed for 6 h at 300 ºC with the same re
action conditions as the time on stream test. The recycling data 
(Figure S6 b) were compared with the performances obtained during the 
first cycle (Figure S6 a). The results showed that the EtOH conversion 
decreased slightly; nonetheless, there was a significant variation in 
selectivity towards n-BuOH, as it decreased barely and lacked the same 
stability over time as the fresh catalyst. This can be related to a decrease 
in the Cu0/Cu+ ratio or metal loss in the catalyst. Regardless of the 
decrease in EtOH conversion, the selectivity to ACe improved. 
Furthermore, the selectivity towards ethyl acetate decreased substan
tially. This could be due to the Nb species deactivation in the catalyst. 

The surface composition of the spent catalyst was studied using XPS 
and the results are compared in Table 3. A slight decrease in the content 
of Cu on the spent catalyst was observed. Even yet, there was a slight 
variance in the surface Cu species, resulting in a large decrease in the 
Cu0/Cu+ ratio from 1.28 to 0.79 (Figure S7). This affects the selectivity 
towards the n-BuOH and EtOH conversion. Moreover, the molar ratio of 
Mg/Al slightly decreased from 1.90 to 1.86. The spent catalyst, on the 
other hand, showed a major change in the catalyst surface composition 
after the reaction, with the surface Nb decreasing by half. This could be a 
result of coke deposition on Nb particles. As a result of the process, the 
carbon content of the catalyst increased from 16.9 to 22.3 at%, indi
cating that coke had been deposited on its surface. In addition, NbO2 was 
formed in the spent catalyst as a result of the reduction of Nb2O5 during 
the reaction (Figure S8). 

The N2 isotherms of the fresh and spent Cu10-Nb5/HT 3 catalyst are 
shown in Figure S9). A decrease from 90 to 73 m2/g in SSA was shown in 
the spent Cu10-Nb5/HT 3 catalyst with respect to the fresh sample 
(Table 1). This could be attributed to a possible reconstruction of the 
hydrotalcite interlayer due to the water produced during the reaction, it 
is known as the “memory effect” [50]. Due to the decrease in SSA, the 
pore size increased from 5.1 to 5.7 nm. 

4. Conclusions 

It has been demonstrated that the addition of Nb to Cu-supported 
catalysts induces an increase in acid sites on the surface of the cata
lysts, along with an increment in the Cu0/Cu+ ratio associated with 
better catalytic performance during the synthesis of n-BuOH from 
ethanol, both in terms of selectivity, yield and conversion (94.4%, 
39.6% and 42% in a batch system and 83%, 43.8% and 52.7% in a 
continuous system, respectively). In addition, the Cu-Nb-contained 
catalyst showed good stability under time on stream. Furthermore, a 
recycling study was carried out and the results displayed a moderate 
reduction of Nb surface species after the reaction, which affects n-BuOH 
selectivity. 
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[34] D. Stošić, F. Hosoglu, S. Bennici, A. Travert, M. Capron, F. Dumeignil, J. 
L. Couturier, J.L. Dubois, A. Auroux, Methanol and ethanol reactivity in the 
presence of hydrotalcites with Mg/Al ratios varying from 2 to 7, Catal. Commun. 
89 (2017) 14–18, https://doi.org/10.1016/j.catcom.2016.10.013. 

[35] K.K. Ramasamy, M. Gray, H. Job, D. Santosa, X.S. Li, A. Devaraj, A. Karkamkar, 
Y. Wang, Role of calcination temperature on the hydrotalcite derived MgO-Al2O3 
in converting ethanol to butanol, Top. Catal. 59 (2016) 46–54, https://doi.org/ 
10.1007/s11244-015-0504-8. 

[36] G.F. Leal, S. Lima, I. Graça, H. Carrer, D.H. Barrett, E. Teixeira-Neto, A.A. 
S. Curvelo, C.B. Rodella, R. Rinaldi, Design of nickel supported on water-tolerant 
Nb2O5 catalysts for the hydrotreating of lignin streams obtained from lignin-first 
biorefining, IScience 15 (2019) 467–488, https://doi.org/10.1016/j. 
isci.2019.05.007. 

[37] R.L. Kadam, Y. Kim, S. Gailkwad, M. Chang, N.H. Tarte, S. Han, Catalytic 
decolorization of rhodamine B, Congo red, and crystal violet dyes, with a novel 
niobium oxide anchored molybdenum (Nb–O–Mo), Catalysts 10 (2020), https:// 
doi.org/10.3390/catal10050491. 

[38] J. Guo, H. Yu, F. Dong, B. Zhu, W. Huang, S. Zhang, High efficiency and stability of 
Au-Cu/hydroxyapatite catalyst for the oxidation of carbon monoxide, RSC Adv. 7 
(2017) 45420–45431, https://doi.org/10.1039/c7ra08781k. 

[39] U. Iriarte-Velasco, J.L. Ayastuy, R. Bravo, Z. Boukha, M.A. Gutiérrez-Ortiz, 
Biogenic hydroxyapatite as novel catalytic support for Ni and Cu for the water–gas 
shift reaction, J. Mater. Sci. 56 (2021) 6745–6763, https://doi.org/10.1007/ 
s10853-020-05724-x. 

[40] C. García-Sancho, J.A. Cecilia, A. Moreno-Ruiz, J.M. Mérida-Robles, J. Santamaría- 
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