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Abstract: Ethanol to n-butanol conversion is a process that can increase the carbon number of alcohols 
by coupling. There is increasing interest in the mechanisms for n-butanol production in a simple step 
through the effective use of bifunctional acid–base catalysts. In this context, commercial hydroxyapatite 
(HAP) and two synthetized model supported catalysts, Ca/Al2O3 and Ca-P/Al2O3, were used in bioethanol 
condensation. Characterization and acid–base sites were considered, and Fourier-transform infrared 
(FTIR) spectroscopy and diffuse reflectance infrared Fourier-transform spectroscopy–mass spectrometry 
(DRIFT-MS) reactivity tests were performed in situ, as a first approximation to design a sustainable 
catalytic process rationally, and with the aim of understanding the process at the catalytic surface. The 
results indicated that the reactions occur at a large range of temperatures (200–450 °C). Hydroxyapatite 
and Ca/Al2O3 have similar basic sites (low and medium) and Ca-P/Al2O3 presented the strongest Brönsted 
and Lewis combined acid sites. Three major reactions were identified: non-oxidative dehydrogenation, 
aldol condensation, and intermolecular reduction, associated with the basic-acid sites Ca-O-Ca/Ca-O-P/
Ca-O-Al. Side reactions also occur involving different acid sites related to Lewis alumina centers favoring 
ethylene or diethyl-ether production. © 2020 Society of Industrial Chemistry and John Wiley & Sons Ltd
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Introduction

I
n the field of biofuels, alcohols have been used primarily 
in spark ignition engines. Ethanol produced from biomass 
is blended in low concentrations into gasoline and is 

also sold in high-concentration blends for flexible fuel 
vehicles. Ethanol and two isomers of butanol, n-butanol 
and isobutanol, can be produced from biomass at a cost 
and with energy inputs that are relatively comparable with 
those of diesel fuel. In general, they have lower viscosity, 

higher volatility, and lower cetane numbers (ethanol 5–8 and 
n-butanol 17–25) than diesel fuel. Ethanol and n-butanol 
have also been considered for use in diesel engines, with 
n-butanol being more suitable than ethanol due to its higher 
density, viscosity, lubricity, and cetane number. Butanol is also 
miscible with diesel fuel without additional co-solvents.1,2

Several investigations have shown that n-butanol can 
be produced by a catalytic route from ethanol. This 
involves a cross-coupling between alcohols, promoted by 
homogeneous or heterogeneous catalysts.3–5 These processes 
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are considered to be economical and green.6 However, 
the best results have been obtained using heterogeneous 
catalysts because the homogeneous catalysts produce 
long chain alcohols (>4 carbon).7 Different heterogeneous 
catalysts have been studied for this purpose, such as zeolites, 
basic metal oxides such as MgO, Mg-Al mixed oxides, 
metal oxides with different metal loadings, and bifunctional 
catalysts.6,8–12

In particular, zeolites require high reaction temperatures 
to produce butanol. Yang and Meng13 investigated the 
incorporation of metals such as Rb and Li with zeolites to 
improve the yields. Basic metal oxides catalysts such as MgO 
have been considered good catalysts in ethanol coupling 
to n-butanol and 1,3-butadiene; however, the reaction 
demands a higher temperature (>400 °C) and acetaldehyde 
production inhibits the formation of C-C bonds and causes 
deactivation of MgO catalysts.5,14,15 Moreover, mixed oxides 
obtained from hydrotalcites have been studied to increase 
the activity of MgO because of their suitable acid–base 
pairs. León et al.16 compared Mg-Al and Mg-Fe catalysts 
in this reaction. In this context, when Al3+ is exchanged by 
Fe3+, the acid sites decrease in the catalyst increasing the 
selectivity to acetaldehyde and higher alcohols. The addition 
of noble metals (Ru, Pd or Cu) to mixed oxides increases 
n-butanol selectivity; on the other hand, Mg-Zr mixed 
oxides are poisoned by acetaldehyde species during ethanol 
condensation.10,17,18

Currently, metal oxides catalysts are used commercially 
due to their acid–base properties. Riittonen et al.,19 studied 
alumina catalysts modified with different metals (Co, 
Ni, Cu, Ru, Pd, Pt, and Ag) to produce n-butanol but the 
reaction was found to be very sensitive to metal loading. 
They proposed that the structure of Ni- and Cu- over 
alumina catalysts have active sites for this reaction.20

On the other hand, there is strong interest in the use 
of bifunctional catalysts like hydroxyapatite (HAP) 
(Ca5(PO4)3OH).21–26 This mineral is very stable, due 
to its crystallinity, and has a good affinity for organic 
compounds. The acid–base properties of these materials 
can be modified due to the Ca/P ratio, and the yields of 
ethanol condensation present better results when Ca/P is 
between 1.5 and 1.67.27,28 Different authors have synthesized 
strontium hydroxyapatite, because acid and basic sites 
increase with increasing strontium loading, improving the 
n-butanol selectivity.29,30

Some authors emphasize that it is a crucial factor for the 
development of a selective catalyst to balance the acid and 
basic sites of catalyst correctly because the strongly acidic 
sites cause the molecular dehydration of ethanol, producing 
ethylene and ethers, including decomposition of ethanol in 

gaseous products (CO, CH4, CO2, and H2).31,32 Although 
the condensation of alcohols has been investigated with 
different catalysts, the mechanism and operating conditions 
have not yet been clearly defined.

The most commonly accepted catalytic process for the 
transformation of ethanol to n-butanol is known as the 
Guerbet reaction. This consists of four steps, including a first 
dehydrogenation of ethanol to form acetaldehyde, followed 
by an aldol condensation of two molecules of acetaldehyde, 
a later dehydration of the aldol product, and a final 
hydrogenation to form butanol; this is considered an indirect 
route.26,27,33 Another mechanism has been proposed by other 
authors and is known as a direct route.23,28,34,35 The direct 
route requires high temperatures; this mechanism consists 
of the direct coupling of two alcohol molecules with water 
production. Scalbert et al.23 proposed another mechanism 
based on the condensation of a molecule of ethanol and a 
molecule of aldehyde.

In the present contribution, a commercial HAP and 
two model alumina supported Ca-containing catalysts, 
Ca/Al2O3 and Ca-P/Al2O3, prepared in our laboratory, 
were characterized and tested in the gas-phase ethanol 
condensation reaction. The distribution of acid and basic 
sites was studied and reactivity tests were performed by 
spectroscopic techniques and under working conditions to 
gain some insight into the species present or interacting with 
the catalytic surface related to the acid/base pairs and the 
reaction route.

Experimental

Catalyst preparation

Two model catalysts were synthesized by the incipient 
wetness impregnation of commercial alumina (γ-Al2O3-TH 
Sasol Puralox, 150 m2 g−1), a common technique for the 
synthesis of heterogeneous catalysts. The method was 
adapted to our system and the synthesis was approached 
in two steps. First, Ca/Al2O3 catalyst was obtained after 
impregnation of the γ-Al2O3 support with an aqueous 
solution of calcium acetate (Ca(CH3COO)2, 99% Fluka) 
with a metal loading of 4 at·nm−2, then, it was dried 
overnight at 353 K and calcined in two steps (1 h at 623 K 
and 2 h at 773 K) in air. Ca-P/Al2O3 catalyst was then 
obtained after impregnation of Ca/Al2O3 with an aqueous 
solution of phosphoric acid (H3PO4, 85% Panreac) prepared 
to obtain a Ca/P atomic relation of 1.5, then it was dried 
overnight at 353 K and calcined for 2 h at 598 K and for 3 h 
at 773 K in air. Commercial HAP, Ca10(PO4)6(OH)2 (Across 
Organics), was calcinated for 2 h at 873 K.
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Catalyst characterization

Morphological and textural parameters (ABET, Vp and pore 
size) were determined using the Brunauer–Emmet–Teller 
(BET) method on a Micromeritics ASAP 2020 analyzer 
from nitrogen adsorption isotherms. X-ray diffraction 
(XRD) patterns were recorded using an X’Pert MPD Pro 
diffractometer (PANanalytical) equipped with Cu K-α 
monochromated radiation, and the diffractograms were 
collected in the 2θ angle range between 10° and 70°. X-ray 
photoelectron spectroscopy (XPS) was performed using a 
Physical Electronics 5701 spectrometer equipped with a PHI 
10–360 analyzer, with a Mg Kα X-ray source. All the binding 
energy (BE) values given were referred to the C1s signal 
(284.8 eV) from the adventitious carbon. Deconvolution of 
experimental curves was done with Gaussian and Lorentzian 
line fitting, minimizing the χ2 values.

Ammonia temperature-programmed desorption (NH3-
TPD) experiments were carried out in a flow system 
using 100 mL·min−1 of gas with 1000 ppm of NH3 and a 
temperature ranging from 323 to 923 K with a ramp of 
10 K·min−1 in helium. The sample, 60 mg of catalyst, was 
placed in a quartz U-shaped reactor and was cleaned for 1 h 
at 773 K in helium. Ammonia was then adsorbed at 323 K, 
a helium purge was performed, and finally the temperature 
was increased. The outlet gases were analyzed with a QMS 
200 mass spectrometer (Pfeiffer Vacuum Prisma™).

A procedure similar to the one described for NH3-TPD 
was employed in the case of carbon dioxide temperature-
programmed desorption (CO2-TPD). The sample was 
cleaned in He at 773 K for an hour. The experiments were 
carried out using 100 mL·min−1 flow with 1000 ppm of CO2 
and a temperature range from 323 to 923 K with a ramp of 
10 K·min−1 in helium.

Catalytic activity

Fourier-transform infrared spectra were obtained from 
a self-supported disk placed in a quartz cell equipped 
with KBr windows and connected to a vacuum line 
allowing thermal treatments and adsorption–desorption 
experiments to be carried out in situ using a Nicolet Nexus 
6700 FTIR spectrometer. Samples were first heated at 923 K 
in vacuum for 2 h (named as activated catalysts) and pulses 
of ethanol (5 Torr) were introduced at 323 K. The surface 
spectra were obtained from 323 to 773 K in gas evacuation. 
Anhydrous ethanol (99.9% Panreac) was used in all 
experiments. The spectra shown are subtraction spectra, 
in which, each spectrum is the result of the subtraction of 
the spectrum after ethanol admission and the one of the 
activated catalyst. Figure 1. XRD pattern of the calcined catalysts.

An in situ diffuse reflectance infrared Fourier-transform 
– mass spectrometry (DRIFT–MS) study of ethanol 
temperature-programmed reaction was carried out in a 
continuous flow Harrick Praying Mantis™ reaction chamber 
equipped with ZnSe windows and connected to the QMS 
200 mass spectrometer. The experiments were collected 
at atmospheric pressure in the FTIR Nicolet Nexus 6700 
spectrometer, whereas outlet gas was analyzed by mass 
spectrometry (MS). First, the surface of the catalysts was 
cleaned at 773 K in a He flow (25 mL·min−1) for 1 h and 
was cooled. These spectra were taken as references prior to 
ethanol admission to the cell. The saturation of ethanol was 
carried out at 323 K with 1.4 mL·min−1 ethanol flow and 
a Gas Hourly Speed Velocity (GHSV) of 1.8·104 h−1. After 
saturation was achieved, a purge of He was performed to 
eliminate the remaining ethanol. Desorption of ethanol was 
conducted under a helium flow at temperatures between 323 
and 773 K at a rate of 10 K·min−1. Different m/z fragments 
were monitored to identify ethanol, n-butanol, ethylene, 
diethyl ether, and acetaldehyde.

Results and discussion

Catalysts characterization

The diffraction patterns of the calcined catalysts are displayed 
in Fig. 1. The XRD patterns for HAP show that this catalyst is 
mainly composed of crystalline hydroxyapatite, with the main 
lattice structure being Ca5(PO4)3OH, (JCPDS 05-0656).27 
The characteristic structure for the support, γ-alumina 
poorly crystalized (JCPDS 75-0921), was observed for all the 
synthesized materials. Moreover, Ca/Al2O3 presented signals 
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at 29, 39, and 43° (2θ) associated with calcium carbonate 
(CaCO3)36 and the Ca-P/Al2O3 also exhibited signals related 
to Ca3(PO4)2 (JCPDS 09-0348).

The textural properties of, and XPS data for, the alumina 
support, model catalysts (Ca/Al2O3 and Ca-P/Al2O3) and 
HAP are summarized in Table 1. The alumina used as 
support presents the highest surface area and pore volume 
with values of 166 m2·g−1 and 1.19 cm3·g−1, respectively. The 
impregnation of the support with 4 at of Ca·nm−2 for Ca/Al2O3 
catalyst, which can represent a theoretical surface coverage 
close to 60%, results in a decrease in the BET surface area 
and pore volume, with values of 114 m2·g−1 and 0.42 cm3·g−1, 
respectively. For Ca-P/Al2O3 catalyst, with a Ca/P atomic 
ratio = 1.5, the diminution of the BET surface is close to half; 
meanwhile, the pore volume and the pore size presented for the 
supported catalyst are quite similar. The ABET and Vp for HAP, 
(Ca/P atomic ratio = 1.67) were 41 m2·g−1 and 0.34 cm3·g−1, 
respectively. As was expected, the decrease in the ABET of the 
alumina supported catalyst was a consequence of the coverage 
by the incorporation of Ca and P into the support.

The Ca/Al ratios registered by XPS (Table 1) presented very 
different values for the alumina supported samples. So, for 
Ca/Al2O3, the Ca/Al ratio is very low (0.05) and lower than 
the theoretical ratio taking into aacount that according to 
the preparation procedure, it was incorporated 4 atoms of 
Ca pero nm2 of alumina support. The Ca/Al ratio registered 
for Ca-P/Al2O3 (0.24) is also five times higher than that 
used in the preparation due to the fact that the addition 
of phosphoric acid causes the formation of Ca3(PO4)2 and 
the Ca-bonded phosphorous species spread leaving part 
of alumina surface uncovered. There is also segregation of 
some of the calcium ions that form calcium carbonate on the 
catalyst’s surface, which also subtracts Ca interacting directly 
with the alumina. The Ca/P ratio for HAP determined by 
XPS was 1.52, somewhat less than the theoretical atomic 
ratio, whereas for the Ca-P/Al2O3 catalyst it was 0.62, three 
times lower than that used in the preparation, related to the 
different atomic distributions by different crystalline species 

formation (P/Al = 0.03) during the synthesis procedure and 
the surface dispersion capacity of the alumina support.

The BE values and percentage distribution data of 
species, from Ca 2p3/2 and P 2p deconvoluted XPS-signals 
are displayed in Table 1. For HAP, the Ca2p3/2 and P2p 
symmetrical bands showed maximums at 346.9 eV. and 
132.8 eV., respectively, which correspond to hydroxyapatite 
Ca10(PO4)6(OH)2, in which the crystalline unit is contribution 
by two entities.37 For Ca/Al2O3 model catalyst, a non-
symmetrical calcium-signal was detected with a BE maximum 
value at 347.7 eV, which was correlated with the presence 
of partially carbonated calcium oxide. For Ca-P/Al2O3, 
the asymmetry of the Ca-band increases, and at least two 
contributions are denoted with maxima observed at 346.8 and 
347.7 eV. that are associated with CaO/CaCO3 and Ca3(PO4)2, 
respectively, in agreement with the phases detected by XRD. 
Only a single symmetric signal was recorded for phosphorous 
in the P2p region, with a maximum at 133.8 eV, which is 
related to Ca3(PO4)2 formation.38

The acid–base properties of the catalysts, in terms of 
strength and number of sites, were determined using 
NH3-TPD and CO2-TPD, and desorption profiles are 
represented in Figs 2 and 3, respectively. The NH3 profiles 
during a temperature ramp at 10 K·min−1 are displayed 
in Fig. 2 together with the deconvolution of the curves 
for the catalysts, carried out using the Gaussian method. 
Hydroxyapatite showed a wide desorption band between 
323 K and 645 K that can be deconvoluted in two main 
contributions; the first one between 323 and 473 K related 
to weak acid sites and the second between 430 and 645 K 
associated with medium-strength sites. Silvester et al.39 have 
reported that the acidity of HAP materials depends on certain 
surface properties such as the Ca/P ratio or crystal size. For 
the HAP used in this study, the Ca/P molar ratio is 1.52 and 
weak and medium-strength acid sites were found. The acidic 
properties of hydroxyapatites were attributed to surface 
HPO4

2− and OH− vacancies mainly occurring on Ca-deficient 
samples, and higher Ca content in samples is expected to 

Table 1. Summary of textural properties and XPS data.

Materials ABET (m2 g−1) Pore volume (cm3 g−1) Pore size (Å) XPS data

Ca2p3/2* P2p** Ca/P ratio Ca/Al ratio
Al2O3 (TH) 166 1.19 288 — — — —

Ca/Al2O3 114 0.42 145 347.4 (100) — — 0.05

Ca-P/Al2O3 88 0.31 141 346.8 (42)
347.7 (58)

133.8 (100) 0.62 0.24

HAP 41 0.34 324 346.9 (100) 132.8 (100) 1.52 —

*relative Ca population from Ca2p3/2 deconvolution.
**relative P population from P2p deconvolution.
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decrease the number of acid sites due to the formation of 
CaO species on the hydroxyapatite surface. In the desorption 
of NH3 for the Ca/Al2O3 catalyst, three bands were detected 
at 345–420 K, 385–560 K, and 430–773 K, and are related to 
weak, medium, and strong acid sites, respectively, and an 
only slight decrease in the total acidity of the alumina was 
denoted40 (data not showed for brevity). This behavior must 
be attributed to the exposed alumina because the Ca/Al ratio 
is very low (0.05). On the other hand, the deconvolution of 
the curve of Ca-P/Al2O3 shows at least four peaks between 
344 K and 730 K. The broad desorption band of this catalyst 
is associated with the high ammonia adsorption capacity 
and the number of Brönsted and Lewis acid sites, showing 
stronger acid sites than the other catalysts; this behavior can 
be in part associated with the acid character of the alumina 
support and the presence of Lewis Al3+ sites (Ca/Al ratio 
is 0.26, what implies almost 75% of exposed alumina) and 
promoted by the acid character of phosphorus. Moreover, 
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Figure 2. NH3-TPD profiles of the catalysts in helium from 323 to 923 K at 10 K·min−1.

Table 2. Net adsorption capacity of probe 
molecules.

Sample HAP Ca/Al2O3 Ca-P/Al2O3

mmolNH3·gcat
−1 0.29 0.40 0.42

mmolCO2·gcat
−1 0.13 0.06 0.02

the net ammonia adsorption capacity for the systems was 
estimated from the isothermal adsorption curve at 323 K 
and the values are presented in Table 2. Hydroxyapatite is 
the least acidic material, with an almost 30% lower ammonia 
adsorption capacity and the alumina based- synthesized 
materials showed similar ammonia adsorption capacity 
(0.40–0.42 mmol NH3·gcat

−1) with a slight increase due to the 
incorporation of phosphorous to the formulation.

The profiles and deconvolution of CO2-TPD for the samples 
are shown in Fig. 3. The deconvolution shows two dominant 
bands between 323 K and 688 K related to different basic 
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Figure 3. CO2-TPD profiles of the catalysts in helium from 323 to 923 K at 10 K·min−1.

strengths. For HAP, the first band (323–473 K) is associated 
with medium basic sites and the second peak (473–688 K) is 
attributed to medium-strong basic sites, in line with O2− and 
OH− presence and accessible Ca2+ sites. Some authors41 have 
identified the presence of two basic sites (OH− and O2−) when 
CO2 is adsorbed over HAP, using spectroscopic analytical 
techniques, and other authors suggested that O2− sites are 
less basic than OH− sites.22 Tsuchida et al.27 related the basic 
HAP sites to the existence of Ca2+ ions. For Ca/Al2O3 catalyst, 
two peaks can be distinguished – the first corresponds with 
medium-weak basic sites and the second peak, between 
400 and 585 K, is associated with medium Lewis sites of 
the type Ca-O and Al-O,42 with a CO2 adsorption value of 
0.06 mmol·gcat

−1, which is half of that obtained for HAP. 
Liu et al.36 also affirmed the presence of Ca-O-Al sites due 
to a desorption peak of CO2 at 821 K, and other authors43 
related the lower basicity of CaO-Al catalyst to the presence 
of carbonates species over the surface. Finally, the Ca-P/

Al2O3 catalyst shows the lowest adsorption of CO2, retaining 
0.02 mmol of CO2 per gram of catalyst and two small bands 
can be envisaged, with a profile quite similar to that described 
for HAP.

The acid–base data of the catalysts showed that HAP and 
Ca/Al2O3 have similar basic sites. However, the Ca-P/Al2O3 
catalyst has the highest strength acid sites, associated with the 
contribution of the exposed alumina support and its modification 
with the addition of P-atoms as some authors indicated.44

Catalytic reaction

The infrared spectra registered after the adsorption of 5 Torr 
of ethanol were followed by thermal desorption at increasing 
temperatures, and are displayed for the activated catalysts in 
Fig. 4 to identify the species present in the catalytic surface. 
For HAP, the initial spectrum after vacuum treatment at 
323 K (spectrum a) presented bands in the C-H stretching 
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Figure 4. FTIR spectra of ethanol adsorbed on the catalysts 
after evacuation at (a) 323 K, (b) 373 K, (c) 473 K, (d) 573 K, 
(e) 673 K and (f) 773 K.

region (3100–2600 cm−1) whose intensities decrease with 
the increase in the temperature. The signal that appears 
at 1707 cm−1, related to the C=O stretching mode of the 
acetaldehyde surface species formed, is also observable 
at lower temperatures.45 On the spectra, poorly resolved 
bands associated with ethoxide-surface species between 
1500 and 1390 cm−124,46 were registered and superimposed 
on molecularly adsorbed ethanol bands, where a very weak 
signal at 1276 cm−1 that remained to 473 K was observed. 
Upon thermal outgassing, the progressive disappearance of 
the bands is observed and at 573 K as evacuation temperature 
a signal at 1574 cm−1 stands out, mainly associated with the 
acetate species formation. Carvalho et al.47 indicated that the 
presence of surface acetate species is the result of formation 
of acetaldehyde by a surface condensation reaction. Other 
authors reported that at low temperatures only ethanol is 
retained, and the formation of acetate species is not observed. 
Likewise, the same authors48 by DRIFT experiments with 
HAP registered the presence of a signal at 1568 cm−1 related 
to these acetate-species but at higher temperatures. In this 
case, the formation of acetaldehyde-acetate species was 
observed at both low and high temperatures, which suggests 
different bonds on the HAP-surface.

Regarding the spectra obtained for Ca/Al2O3 after 
adsorption of ethanol and their evolution with temperature, it 
can be observed that this catalyst presents certain differences 
compared with HAP as reference. Bands between 1450–
1390 cm−1, especially at the lower evacuation temperatures, 
are well resolved and related to ethoxy and ethyl-acetate 
species. After 573 K, weak signals arise at 1445 and 1580 cm−1 
related to remaining ethoxy and acetate/carboxylate species 
when ethanol on the surface completely disappears.49 
Alumina was used as a support for Ca/Al2O3 and Ca-P/Al2O3 
catalysts and to evaluate the contribution of the exposed 
alumina, ethanol adsorption and evacuation in temperature 
have been verified. The interaction of alumina with ethanol 
occurs through the pair of electrons of EtOH, involved 
to form mainly ethoxy species which decompose to form 
ethylene; besides, the cleavage of hydroxyl groups of ethanol 
would result in acetate/carboxylate species formation than 
can also react with the temperature persistent ethoxy-groups, 
derived from dissociative chemisorption onto alumina. In 
line with an earlier reported study,47 the dehydrogenation 
and condensation reactions do not occur on the alumina 
used as support, and the main product observed for ethanol 
transformation onto alumina was ethylene.

The infrared (IR) response for ethanol adsorption on Ca-P/
Al2O3 is also different because of the incorporation of P in 
the formulation. As can been observed at 373 K, there are 
clear additional bands at 1624, 1452, and 1393 cm−1 due 
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Figure 5. DRIFT spectra of ethanol saturation at room 
temperature (red lines) and desorption of ethanol in helium 
(black lines) in descent order of 50° from 323 to 673 K.

to the formation of water, ethyl-acetate, and the ethoxy 
species, respectively. They are removed at 473 K. The broad 
and relatively weak band centered at 1624 cm−1 detected 
after outgassing at room temperature and 323 K could 
be associated with water strongly bonded to phosphoric 
groups and water-formation by side condensation reactions. 
The presence of signals related to ethyl-acetate and ethoxy 
species disappeared after outgassing at 473 K, a lower 
temperature than those observed for free-P catalyst, Ca/Al2O3 
Acetaldehyde/carboxylate bands weren’t detected. These 
observations indicated a weaker interaction of ethanol with 
catalyst’s surface and due to the combination of the acidity 
properties and the alumina exposed surface, the promotion 
of both the condensation reaction to form spectator-species 
retained on surface and, according to the data reported by 
Phung and Busca,50 and the dehydration routes to form 
ethylene and diethyl ether (DEE) at lower temperatures.

Figure 5 shows the DRIFT spectra of ethanol saturation 
over different catalysts at 323 K (red lines) and the desorption 
of ethanol in helium (black lines) from 323 K to 773 K, 
withspectra taken every 50° and represented in descending 
order in the figure. Hydroxyapatite, Ca/Al2O3 and, to a 
lesser extent, Ca-P/Al2O3 catalysts, showed peaks related to 
methyl groups (CH3ν, CH2ν and CH3ν) of ethoxide species 
(CH3CH2O−) over the surface. A typical spectrum collected 
after an ethanol pulse at 323 K displayed three/four peaks 
in the region between 2980 and 2850 cm−1. Vibrations close 
to 2972 and 2928 cm−1 have been attributed to the CH3 
group and the modes at 2892 and 2872 cm−1 vibrations 
were associated with CH2 groups in monodentate species 
(CH3CH2O-M) and bidentate ethoxy species coordinated 
to two metal atoms (CH3CH2O-M-M), respectively, where 
M represents the alkaline-metal.51,52 Both the intensity and 
the modes in the recorded spectra are slightly shifted for the 
different catalysts and the way in which ethanol molecule 
is able to interact with the catalytic surface is decisive in 
directing the distribution of products towards one or another 
compound. The intensity and the strength of adsorbed species 
at higher (bidentate) and lower (monodentate) wavenumbers 
also represent the balance ethoxy-groups species and its 
surface coverage. So, both monodentate and bidentate 
ethoxy-species are common and visible independently of 
the surface nature and the initial reaction products detected. 
HAP catalyst mainly showed modes related to monoethoxy 
groups, which are maintained until temperatures close 
to 473 K are reached. For Ca/Al2O3 catalyst, the major 
monodentate ethoxy-species are also evidenced and remain 
visible up to temperatures close to 573 K i.e., 100° above. For 
Ca-P/Al2O3 catalyst, the signals are mainly associated with 
a lower population of monodentate species but disappear at 
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temperatures higher than 423 K. Except for HAP catalyst, the 
presence of bidentate ethoxy-groups is discarded, although 
the population of these species is apparently lower than 
monodentate species.

The desorption at higher temperatures over HAP showed 
bands at 1588 and 1435 cm−1, which were associated with 
strongly bounded acetate species that came from adsorbed 
acetaldehyde. In contrast, the desorption of ethanol at higher 
temperature over Ca/Al2O3 showed a signal at 1783 cm−1 
related to acetaldehyde species. Ca-P/Al2O3 catalyst presents 
very different behavior because, in the DRIFT spectra, other 
signals are not distinguished on the catalyst surface.

The product distribution in the gas-off stream of 
DRIFT-MS experiments from the saturation and 
temperature desorption of ethanol are represented in 
Fig. 6. Acetaldehyde, DEE, ethylene and n-butanol were 
major products detected. In the panel corresponding to 
acetaldehyde evolution with temperature, expressed as 
relative intensity of m/z normalized signal, for HAP it is 
possible to detect a broad and extended band between 
323 and 700 K, with a relative maximum at 522 K (black 
line). However, acetaldehyde formation over Ca/Al2O3, 
showed two maxima with a similar contribution localized 
at 428 and 634 K (red line) coming from two different 

Figure 6. Acetaldehyde, n-butanol, diethyl ether and ethylene production over the catalysts as a function of temperature 
during ethanol desorption in DRIFT-MS experiments.



10 © 2020 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. (2020); DOI: 10.1002/bbb.2155

M Pinzón et al.� Modeling and Analysis: Understanding the biobutanol production process

processes that involved multifunctional centers. For Ca-P/
Al2O3 catalyst those maxima were also registered, but 
at a lower temperature with respect to P-free Ca-Al2O3 
catalyst, at 419 K and 546 K (blue line), while the relative 
contribution is higher at lower temperature which in part 
should be associated with similar sites but with stronger 
acid-basic properties. Acetaldehyde is formed through the 
transformation of a single ethoxide-species; however, the 
formation of condensed and dehydrogenated products 
required the interaction of multiple ethoxide species on 
the surface. So, the primary production of acetaldehyde 
is related to the route of ethanol dehydrogenation over 
strong or medium basic sites, in particular, Ca-O-Ca or 
even Ca-O-Al type sites, for these catalysts.17,23,42,44,45 
Besides, another route can be attributed to the dissociative 
adsorption of ethanol to form a monoethoxide groups 
on Lewis acid sites and the subsequent dissociation into 
acetaldehyde.

From a catalytic standpoint, it is thought that active sites 
on the surface of HAP and those of the alumina-supported 
Ca containing and P sites with different Ca/P and Ca/
Al molar ratios, could explain the peculiar distribution of 
reaction products for these model catalysts. Probably, these 
differences should be associated with the control of the Ca/
(P + Al) ratio for the catalysts. From XPS data, the atomic 
ratios were 0.05 for Ca/Al2O3, 0.17 for CaP/Al2O3, and 
1.52 for HAP, although the XPS analysis showed that the 
surface Ca/P ratio of HAP was higher than the alumina-
supported Ca/P ratios. For a relative lower molar ratio the 
catalyst acts as an acid catalyst (overall acidity order Ca/
Al2O3 ≅ Ca-P/Al2O3 > HAP); however, with Ca/P ratio 
higher than 1.50 it means that the catalyst would also act as 
a basic catalyst, favoring in this way acetaldehyde formation 
by dehydrogenation (overall basicity order HAP > Ca/
Al2O3 > Ca-P/Al2O3) involving mainly monodentate-species 
(CH3CH2O-Ca).

No DEE formation was detected for HAP in the whole 
temperature interval (in according to the abscense of 
bidentate ethoxy-species); however, Ca/Al2O3 produces 
DEE from 495 K with a maximum at 645 K. For Ca-P/
Al2O3 catalyst this product was detected at 450 K, with 
a maxima at 571 K; 75° lower than Ca/Al2O3 catalyst, 
that can be correlated to bidentate species strength. The 
formation of DEE occurs by the dehydration of ethanol 
over acid sites associated with an uncovered alumina-
support surface (γ-Al2O3) and, at a lower temperature, 
by the participation of Brönsted acid sites related to 
P centers (HPO4

2−), as reported by Silvester et al.28 A 
negligible contribution of ethylene was detected for HAP; 
meanwhile, Ca/Al2O3 and Ca-P/Al2O3 catalysts produced 

similar but a relatively low quantity of ethylene at 416 K, 
and a considerable contribution at higher temperatures, 
with maxima at 697 K and 751 K for Ca-P/Al2O3 and Ca/
Al2O3 catalysts, respectively; i.e., 50° difference between 
the maximum and lower for the catalyst containing P, as 
was registered by FTIR spectra. It is recognized that the 
dehydration of alcohols essentially takes place on Brönsted 
acid sites whereas Lewis acid sites rarely contribute to this 
reaction. Besides, the formation of ethylene is dominated 
by high reaction temperatures because it is an endothermic 
reaction, whereas DEE mainly occurs at lower reaction 
temperatures due to its exothermic character.

The profile of n-butanol at different temperatures over 
different catalysts is also shown in the right upper panel 
of Fig. 6. It can be observed that HAP showed maximum 
production at 704 K and 60° above the maximum for the 
Ca/Al2O3 catalyst (Tmax = 763 K). For P-containing catalysts 
(Ca-P/Al2O3) no butanol formation was detected; probably 
this lack of butanol production was associated with the fact 
that the ethanol is preferentially directed to DEE and ethylene 
production by the higher overall acidity of the system and 
by the lower basicity decreasing the interaction between 
acetaldehyde and the catalyst surface.22 Acetaldehyde is 
formed in the low temperature range and is released in the 
gas phase due to a weak interaction with the catalyst surface, 
diminising, in part, its condensation route for n-butanol 
formation.

The performance described for HAP and Ca/Al2O3 is 
almost comparable since they showed similar basic sites 
distribution, although, they present some differences founded 
in the overall acidity of the catalysts registered by NH3-
TPD tests and they are active for ethanol transformation 
to butanol. However, Ca-P/Al2O3 catalyst is able to desorb 
ethanol and form acetaldehyde through ethoxide species 
at low temperatures, and so, this catalyst is able to convert 
ethanol into ethylene at temperatures higher than 700 K and 
DEE in the temperature interval between 550 and 650 K, 
respectively. This last can be attributed to combined P-species 
and Al2O3-support acidity centers resulting this catalyst 
almost inactive for n-butanol production.

Direct route for 1-butanol formation occurs by 
dimerization of two molecules of ethanol at low 
temperatures involving basic metal oxides.14 The production 
of n-butanol, as Scalbert et al.23 reported, also occurs by 
aldol condensation of two molecules of acetaldehyde at 
low temperatures in different steps. So, acetaldehyde is 
considered as an intermediate of reaction (indirect route), 
generated both by the non-oxidative dehydrogenation 
on basic-sites preferentially Ca-O-Ca centers25 (present 
in alumina supported catalysts) and Ca-O-Ca-O-Al sites 
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or by the decomposition of surface ethoxide-species; 
considering that the amount of basic sites is enough to carry 
out the reaction, the differences in the product distribution 
would be associated with the presence of acid–base 
cooperative centers.53 The formation of n-butanol would be 
promoted by those catalysts able to stabilize the adsorbed 
acetaldehyde and by self-condensation involving Ca-O-P 
and Ca-O-Al sites26,28,54 to form acetaldol (3-hydrobutanal) 
or the carbanion formed upon ethanol adsorption on 
catalyst; however the aldol-condensation (ethanol and 
acetaldehyde) will promote the butene species that were 
not detected for these model catalysts and the stabilization 
of carbanion would favor ethylene and DEE production 
in acid sites. Besides, crotyl alcohol derives necessarily 
from crotonaldehyde formed by Meerwein–Ponndorf–
Verley–Oppenhauer (MPVO) reduction reaction with 
ethanol as the reductant agent. Acetaldehyde was formed 
at the same time (as a second route) and is also detected 
at higher temperatures, and 1-butanol formed via crotyl 
alcohol reduction by ethanol, with a drop-signal by ethanol 
consumption, over Ca/Al2O3 and HAP catalysts can be 
evidenced.

Calcium-based bifunctional catalysts (HAP and Ca/
Al2O3) are effective for butanol production from ethanol 
coupling; the catalysts are able to integrate multifunctional 
and accessible sites for these chemical routes: non-oxidative 
dehydrogenation, aldol condensation and intermolecular 
reduction by step processes, with a tuned balance of basic 
and acid sites. Biobutanol is a diesel substitute because is 
a non-polar alcohol with long hydrocarbon chains, which 
can be used as fuel directly or blended in existing thermal 
engines.

Conclusions

Calcium-based bifunctional acid-basic model catalysts for 
biobutanol production were prepared, characterized and 
tested in ethanol condensation reaction by ‘under working’ 
techniques. By the formulation of model catalysts, new 
insights have been gained that allow the mechanism of the 
chemical pathway by which n-biobutanol is produced to be 
identified through a bioethanol sustainable coupling process. 
Ca/Al2O3 and Ca-P/Al2O3, compared with the most butanol 
selective HAP catalyst, showed a different balance of basic 
and acid sites and therefore different catalytic activity. Three 
major steps have been identified for biobutanol production: 
non-oxidative dehydrogenation, aldol condensation, and 
intermolecular reduction, associated with basic-acid sites 
Ca-O-Ca/Ca-O-P/Ca-O-Al.
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