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A B S T R A C T

Ethanol conversion to butanol was investigated over mixed oxides derived from hydrotalcites modified with
copper, palladium or indium. The reaction was carried out in the 403–573 K temperature range using stainless
steel reactors. The presence of indium or palladium in the catalyst influences the temperature of reaction so that
it was possible obtain butanol at temperature as low as 423 K. This is in line with the fact that the addition of
metals with high hydrogen-transfer capacity makes faster all steps of the reaction with great energy saving. The
best selectivity to butanol (65%) was achieved using In-CuMgAl catalysts with 3% of ethanol conversion at a
temperature as low as 443 K.

1. Introduction

Ethanol generated from renewable resources is one of the most
largely used substitutes of fossil-C feedstock. Ethanol is used as a sol-
vent in several applications and although the use of ethanol in the in-
dustry has grown in the past decade the main destination for ethanol is
still as fuel for motor cars [1]. Ethanol consumption as a fuel is smaller
than its production and a large quantity of ethanol is available and can
be used for the production of other chemicals [2]. Currently, the most
important chemicals derived from ethanol are acetic acid, ethyl acetate,
ethylene, hydrogen, isobutene, acetaldehyde, 1,3-butadiene and bu-
tanol [2].

Catalytic conversion of ethanol by aldol reactions into chemicals is
known as Guerbet reaction and can be achieved by reaction of ethanol
in presence of heterogeneous catalysts under the appropriate conditions
of temperature and pressure. The most accepted pathway is based on
five steps: (i) dehydrogenation of ethanol to acetaldehyde, (ii) aldol
condensation of two acetaldehyde molecules, and two consecutive hy-
drogenation steps (iv and v) of the dehydrated product (step iii) from
the aldol reaction (Scheme 1).

Interest in butanol production has grown over recent years due to its
many applications in the paint and solvent industry, manufacture of
esters, ethers, acetates and resins [3–5]. But a special interest is placed

on its fuel properties such as lower volatility than ethanol, immiscibility
with water, not corrosive behavior, high octane rating, high energy
content and similarity to gasoline. Currently, most of the worldwide
butanol is obtained from fossil-C via petrochemical processes, although
there are some pilot scale productions of bio-butanol in Brazil and
China [4]. Butanol production from ethanol offers several advantages,
especially in the Brazilian context, where one can take advantage of the
existing infrastructure of ethanol production, stockage and distribution
and its consolidated market. The production of butanol within the
biorefinery of sugar cane can also increase its profitability as it is a more
suitable product for external markets and renewable raw material for
the chemical industry [6].

The high temperature usually required to convert ethanol to butanol
is the greatest trouble in this reaction. The aldolic reaction may occur at
temperatures lower than the Guerbet-reaction, however, the Guerbet
reactions require> 573 K to occur using only MgAl oxides. Catalysts to
overcome this issue have been proposed [3,7]. Nevertheless, high
temperatures [8–10] are still required and in such condition the reac-
tion becomes less controlled due to the occurrence of secondary reac-
tions and the formation of several by-products that increase the post-
process separation cost.

Heterogeneous catalysts from hydrotalcite-like materials can be
promising materials since they are easy to synthesize and are composed
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of low-cost materials. The general formula of hydrotalcites (LDH) is
[M2+

1−xM3+
x (OH)2]x+An−

x/n·mH2O, where M2+ and M3+ are di- and tri-
valent metal ions, usually Mg2+ and Al3+, and An− is an intercalated
anion between lamellae, usually carbonates. Another important ad-
vantage of such material is the possibility of substitution of the initial
metals by others modifying the catalytic properties of the catalysts.

In this work we present the behavior of mixed oxide catalysts ob-
tained from calcination of modified LDHs with copper, palladium or
indium. These oxides were used to synthesize butanol from ethanol
using stainless steel reactors. The reactivity and selectivity of the oxides
were assessed. All catalysts were characterized by specific surface area
(BET), basicity and acidity. Reaction products were characterized by
GC.

2. Experimental

2.1. Catalyst preparation

LDHs precursors were prepared by co-precipitation method at pH 10
of suitable amounts of metals with a 3:1M2+/M3+ molar ratio.
Reference material containing copper was made replacing 10% of Mg2+

ions with Cu2+ (CuMgAl), while materials containing indium or pal-
ladium were made by substitutions of 10% of Mg2+ ions by Cu2+ and
0.5% of Cu with Pd2+ (Pd-CuMgAl) or 10% of Mg2+ ions by Cu2+ and
1% of Al3+ with In3+ (In-CuMgAl). The precipitation was carried out
by slow dropwise addition of the chlorides and nitrates into a well-
stirred beaker containing aqueous Na2CO3. The resulting mixture was
kept under agitation at 333 K for 12 h in order for the crystals to grow
and mature. The precipitate was isolated by filtration and washed five
times with distilled water (100mL) to remove soluble components and
until washings reached a neutral pH. The resulting precipitate was fil-
tered, ground to fine powders and then calcined at 725 K for 5 h.

The Guerbet reaction was conducted using 3mL of bioethanol (an-
hydrous) and 100mg of catalyst added in a 100mL stainless steel au-
toclave equipped with a withdrawing valve. N2 was employed to purge
oxygen inside the autoclave, the initial reaction pressure was 1 bar and
the reaction took place by 5 h. Quantitative determinations on the re-
action solutions were performed at fixed intervals of time (withdrawal
of 0.1mL) using Hewlett Packard 6850 GC-FID (capillary column
Carbowax, 30m, Ø 0.25mm). Standards of butanol and acetaldehyde
were purchased from Sigma-Aldrich.

The analyses of the acid-base sites were carried out using NH3 or
CO2 as probe-gases, respectively. The analysis was performed with a
Micromeritics ChemiSorb 2750 equipment, using 100mg of calcined
catalyst sample pretreated under N2 flow (20mLmin−1) at 423 K. The
Pulse Chemisorption was performed with NH3 or CO2 gases using He as
carrier gas (25mLmin−1). BET areas were determined with the same
Micromeritics Chemisorb 2750 equipment using 30% N2/70% He gas
mixture (30mLmin−1).

3. Results and discussion

3.1. Catalytic conversion of ethanol

Guerbet reactions using ethanol were performed using three dif-
ferent catalysts (CuMgAl, Pd-CuMgAl and In-CuMgAl). The reactions
were carried out keeping the initial ethanol volume at 3.00mL and
changing the reaction temperature. In the reaction conditions used in
this work, MgAl oxide (3:1) without modification with copper ions did
not convert ethanol into butanol in the temperature range 403–533 K.
These materials show both Lewis and Brønsted basic sites, and are ef-
ficient for the aldolization reaction even at low temperatures [11].
However, they are not efficient in the reaction of dehydrogenation/
hydrogenation that requires higher temperatures and the addition of a
catalyst such as copper to occur appropriately [12,13].

Fig. 1 shows that increasing the reaction temperature, the ethanol
conversion increases. However, a greater conversion of ethanol does
not necessarily mean that the reaction is performing better, since above
500 K secondary reactions occur and several products are formed
making the final separation step energetically and economically ex-
pensive. The main products obtained in reactions carried out at high
temperatures are: ethyl acetate, diethyl ether, 1,1-diethoxy ethane, 1-
hexanol, 1-octanol and a mixture of H2, CO, CO2, CH4 and ethylene
[14–16]. The detection of C6 and C8 species in such reaction show that
butanol reacts further on the catalyst surface giving longer chain pro-
ducts. On the other hand, at temperatures lower than 483 K by-products
are less abundant or even are not formed. In this work, the main pro-
ducts below 483 K analyzed in the condensed phase were ethanal and
butanol. Under these reaction conditions low volume of gas was gen-
erated and the carbon balance was higher than 90%. The selectivity and
yield of the formed products depends on the acid/base characteristics of

(i) dehydrogenation; (ii) aldolization (iii) dehydratation (iv) hydrogenation (v)
hydrogenation  

Scheme 1. Reaction sequence for the ethanol condensation to butanol (i) dehydrogenation; (ii) aldolization (iii) dehydratation (iv) hydrogenation (v) hydrogenation.

Fig. 1. Ethanol conversion over CuMgAl, In-CuMgAl and Pd-CuMgAl catalysts.
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the catalyst. However, this work was focused on developing catalysts
that may promote reactions that may occur at low temperature trying to
increase the selectivity towards butanol.

As shown in Scheme 1 ethanal from the dehydrogenation of ethanol
is the first product of the reaction. The dehydrogenation reaction in
addition to providing ethanal for the next step of the aldol reaction,
results in the formation of hydrogen which is necessary for

hydrogenation of crotonaldehyde and butyraldehyde and consequent
butanol formation. In Fig. 2 are shown the ethanal yield for the reaction
using the above mentioned catalysts. It can be seen that the addition of
palladium to the catalytic materials causes an increase in ethanol de-
hydrogenation even at low temperatures and higher ethanal yields are
observed when compared with the CuMgAl catalyst. On the other hand,
In-CuMgAl catalyst does not demonstrate significant ethanal production
at temperatures below 483 K, probably due to ethanal consumption for
butanol formation, as will be demonstrated below.

Fig. 3 shows the butanol yield after reactions. One can observe that
with the reference material (CuMgAl) butanol is formed only starting
from the temperature of 483 K and reaches about 10% yield at the
temperature of 533 K. At this temperature (533 K) approximately 60mL
of gas was collected from the reactor, and the carbon balance was
higher than 90% (gas+ condensed-phase). On the other hand, catalysts
containing indium (In-CuMgAl) or palladium (Pd-CuMgAl) are able to
promote the butanol synthesis even at temperatures as low as 423 K.

The increase in butanol yield at a lower temperature using Pd-
CuMgAl or In-CuMgAl can be associated with the increase of the cata-
lyst hydrogen-transfer capacity that makes faster all five steps of the
reaction (Scheme 1). The intermediate compounds, 3-hydroxybutanol
and crotonaldehyde, are very short lived and are not detected in the
reaction mixture. The influence of H-transfer metals such as Cu, Pd, or
In is clear and lower temperatures are necessary for the reaction to
occur. However, the Guerbet reaction requires> 573 K to occur using
only MgAl oxides. With Cu, they occur at 483–533 K, and with Pd or In
at 423–443 K, with large energy saving. As the In or Pd-loading is quite

Fig. 2. Ethanal yield over CuMgAl, In-CuMgAl and Pd-CuMgAl catalysts.

Fig. 3. Butanol yield over CuMgAl, In-CuMgAl and Pd-CuMgAl catalysts.

Table 1
Comparison of our data with Literature data using heterogeneous oxides for ethanol conversion.

Catalyst Surface area (m2 g−1) Reaction temperature (K) Reaction time (h) EtOH conversion (%) ButOH selectivity (%) ButOH yield (%) Ref.

CuMgAl 127 533 5 38.0 50.0 9.6
CuMgAl 127 573 5 46.5 62.2 15.2
Pd-CuMgAl 48 443 5 1.8 35.3 0.3
Pd-CuMgAl 48 533 5 20.9 45.5 4.8
In-CuMgAl 92 443 5 3.0 65.4 1.0
In-CuMgAl 92 533 5 26.6 60.0 8.0
Pd5MgAlO 187 473 5 3.8 72,7 – [17]
Ni4MgAlO 206 473 – 18.7 55.2 – [14]
Cu5MgAl(3)O 150 473 5 4.1 40.3 – [15]
8Ni/Al 152 503 11 25.3 52,4 – [16]
20.7% Ni/Al2O3 289 523 72 25.0 80.0 – [18]
8% Ni/γ-alumina 128 523 – 35.0 61.7 21.6 [9]
MgO–Al2O3 200 573 – ~42.0 ~50.0 – [8]
Cu10Ni10-PMO 256 593 6 56.5 70.0 22.2 [10]
MgO–Al2O3 – 623 – 62.0 42.0 – [19]
Ca3(PO4)2Ca(OH)2 82 673 – >30.0 ~54.0 – [20]

Fig. 4. Butanol selectivity over CuMgAl, In-CuMgAl and Pd-CuMgAl catalysts.
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low (< 1%) its use is sustainable. This suggests that the stages of de-
hydrogenation and hydrogenation are the rate determining steps.
Therefore, addition of metals that favor such steps, namely copper,
palladium or indium, improves the performance of basic metal oxide
catalysts making this reaction possible even at low temperatures, as
shown in Fig. 3.

As described by various authors, different heterogeneous oxides
derived from hydrotalcites or hydroxyapatite show distinct conversions
and selectivity for butanol. Usually reactions are carried out at tem-
peratures ranging from 473 to 673 K (Entries 7–16, Table 1). In a
general analysis, it can be observed that the increase of the reaction
temperature significantly increases the ethanol conversion rate. In our
work we have targeted high selectivity and tried to reduce the tem-
perature as much as possible (Entries 3 and 5) for energy saving. The
selectivity for butanol is driven by different parameters, such as the
composition of the catalytic material, the reaction temperature and
catalyst surface properties. Table 1 compares our results (Entries 1–6)
with some selected literature data. It is quite evident that the addition
of palladium or indium significantly decreases the temperature required
for the reaction to occur.

As shown in Fig. 4 good selectivity for butanol was achieved for all
our catalysts in the temperature range 423–573 K. But in reactions
carried out at temperatures above 483 K secondary reactions and un-
desirable products are formed together with butanol increasing its
production cost due to both high reaction temperature and more energy
required for product separation. Below 483 K, only butanol and ethanal
are detected in the liquid phase for the In-CuMgAl and CuMgAl cata-
lysts, while with Pd-CuMgAl, small amounts of ethyl acetate are also
formed. Therefore, the separation of products is much easier. An

interesting (65%) selectivity for butanol can be observed at 423 K for
In-CuMgAl catalysts. Although the yield and conversion are not high,
this catalyst can be considered as an excellent candidate for studies in
flow reactors (in progress) in which ethanol can be recovered and re-
cycled increasing the overall yield of the reaction. This process could be
very promising if executed inside sugarcane mills, where butanol pro-
duction could be performed using the ethanol production infrastructure
and also taking advantage of the low cost energy available from bagasse
combustion.

3.2. Catalyst characterization

The basicity of the mixed-oxides used in this work was determined
using CO2-TPD technique (Fig. 5). This technique gives information
about both the strength and number of basic sites which can be deduced
from the desorption temperature and the peak area, respectively. LDHs

Fig. 5. CO2-TPD profiles of the mixed-oxide catalysts. Fig. 6. NH3-TPD profiles of the mixed-oxide catalysts.

Table 2
Number of basic and acid sites of different strength for MgAl, CuMgAl, Pd-
CuMgAl and In-CuMgAl mixed oxides, derived from TPD-NH3 and TPD-CO2.

Catalyst CO2 desorbed (μmol g−1) NH3 desorbed (μmol g−1)

W M S Total W M S Total

MgAl 5.3 28.6 24.1 57.9 17.5 48.1 48.3 113.9
CuMgAl 19.4 34.1 65.0 118.6 68.6 109.8 59.5 237.9
Pd-CuMgAl 38.1 16.7 31.9 86.7 14.5 10.6 44.4 69.4
In-CuMgAl 9.6 13.4 47.1 70.1 25.2 21.8 105.6 152.6

W: weak; M: medium; S: high strength.

O.M. Perrone et al. Fuel Processing Technology 177 (2018) 353–357

356



oxides show at least three peaks, the first one between 350 and 450 K
related to weak basic strength sites. These basic sites are associated
with surface hydroxyl groups remaining after calcination. The second
peak usually between 450 and 650 K is attributed to medium-strength
Lewis sites and related to Mg2−–O2− and Al3+–O2− acid-base pairs in
the catalyst. Lastly, peaks at 700–900 K are attributed to strong Lewis
basic sites and related to the presence of low-coordinated O2− species
[17,21,22].

In the same way, desorption by TPD-NH3 showed at least 3 deso-
rption peaks at 350–450 K, 450–650 K and 700–900 K also related to
weak-medium- and strong acid sites, respectively (Fig. 6). Figs. 5 and 6
clearly show that the addition of different metals to the starting MgAl
materials, causes a net change in the total number and strength of acid
and base catalytic sites modifying, thus, the catalytic activity of the
oxides. The change is caused by the different characteristics of the
added cations, as ionic radius and electronegativity.

In our case, the signal extending from 300 to ca. 900 K (Figs. 5 and
6) in the profile of MgAl materials (top profile in both Figs. 5 and 6),
was deconvoluted into three desorption peaks to calculate the number
of sites with weak (W), medium (M), and high strength (S). The total
number and the relative number of such sites are shown in Table 2.
Copper addition to the MgAl material increases both weak and high
strength basic sites (second profile from the top in Fig. 5), with con-
sequent increases in the total number of catalytic sites (most likely
associated to the strong sites), which justify the improvement in the
catalytic activity of this catalyst. On the other hand, the addition of
palladium or indium while has not a great influence on the total
number of strong sites, decreases the temperature of desorption of
strong basic sites, that may influence the activity of the catalyst and
explain why they work at lower temperature.

The total amount of acid sites increases with copper insertion
(Table 2). However, the inclusion of palladium or indium ions while
decreases the total acidity of the oxides due to a decrease in the number
of weak and medium strength acid sites, increases the number of strong
acid sites, most likely the most active in catalysis [23,24].

In-CuMgAl oxide showed a decrease in the number of weak and
medium strength acid and basic sites. But the indium presence increases
the amount of high strength acid sites and high strength basic sites and
moves them towards lower temperature. The reaction using this cata-
lyst achieved the lowest ethanal yield at temperatures between 423 and
443 K and the highest butanol yield, meaning that the acetaldehyde was
consumed by the formation of butanol already at such low temperature,
the lowest ever documented. This observation indicates that high
strength sites and the desorption temperature, together with a good H-
transfer ability, play an important role in this reaction at low tem-
perature.

4. Conclusion

The results of this work demonstrate that mixed oxides derived from
hydrotalcites, cheap and easy to synthesize, can be modified with me-
tals such as Cu, Pd, In and catalysts suitable for conversion of ethanol to
butanol in mild conditions are produced. Presence of indium or palla-
dium in the catalyst strongly influences the temperature of reaction so
that it was possible to obtain butanol at temperature as low as 423 K, an
absolute novelty. Although ethanol is converted into butanol at low
temperatures at a rate lower than 5%, by-products production is very
low and separation costs (economic and energetic) are also low. Using a
continuous reactor, it would be possible to take advantage of the low
temperature conversion. At 533 K a better conversion is obtained
(26.6%) with 60% selectivity, but the reaction mixture is more complex
and more energy is required for product separation.
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