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ABSTRACT: Alcohol coupling, also known as the Guerbet
reaction, is a potentially important process to increase the value
of short chain alcohols. Metal oxides, metal phosphates, and
supported transition metals, such as copper, are important
components of heterogeneous catalysts for the reaction. However,
the wide variety of catalyst compositions, reaction conditions, and
reactor configurations used to study the reaction complicate a direct
comparison of various catalysts. In this review, rates over different
catalysts will be compared, the influences of the acid and base
properties of the catalyst on product selectivity will be presented, and possible reaction paths to accomplish alcohol coupling will
be discussed.
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1. INTRODUCTION

The Guerbet reaction involving the coupling of two alcohol
molecules is named after Marcel Guerbet, who studied the self-
coupling of butan-1-ol to produce the branched saturated
alcohol, 2-ethylhexan-1-ol, in the 1890s.1 Depending on the
types of alcohols used in the reaction (primary versus
secondary, long chain versus short chain), branched or
unbranched products will be formed. In addition, when
different alcohols are present in the reaction, both self-coupling
and cross-coupling reactions can occur. Typically, reference to
“Guerbet alcohols” is often to highly branched, saturated
alcohols prepared by the condensation of two primary alcohols,
and these products are important in the production of
surfactants. Much of the work on Guerbet reactions over
heterogeneous catalysts, however, focuses on the conversion of
short-chain alcohols, less than about C4. Since surfactant
production usually involves at least part of the catalyst in the
fluid phase, most of that literature is beyond the scope of this
review. For a more thorough discussion of the production of
Guerbet alcohol-derived surfactants, please see the review on
the topic by O’Lenick.2 Although some generalizations
regarding the mechanism of alcohol coupling can be obtained
from studies involving homogeneous catalysts, this review
emphasizes the work on heterogeneous catalysts for the
reaction.
Early patents describe mixtures of metal oxides as catalysts

for the reaction. In 1931, ethanol coupling in the presence of
H2 was observed over mixtures of MgO, Al2O3, and CuOx
between 473 and 573 K.3 Self-condensation of ethanol at high
pressures (6.1 to 14.2 MPa) and temperatures ranging from
473 to 673 K was also patented over materials containing
copper and magnesium oxide in 1933.4 Coupling of larger
alcohols (C4+) with H2 over mixtures of MgO, Al2O3, and
CuOx received a patent in 1937.5 The coupling of various
alcohols over soda lime (calcium hydroxide and alkali
hydroxides) between 648 and 853 K was patented in 1953.6

Between 1956 and 1970, several patents described how alkali
metal salts dissolved in alcohol with the addition of an insoluble
dehydrogenation agent such as copper or nickel were effective
at coupling various alcohols (C2−C10+).

7−10 Subsequent work
with methanol and ethanol demonstrated effective coupling
reactions catalyzed by γ-Al2O3 together with an alkali metal salt
and platinum group metal between 473 and 673 K and 6.9−
13.9 MPa.11 Soon thereafter, soluble alkali metal or alkali metal
salt combined with an insoluble lead salt were reported as
alcohol coupling agents in a patent in 1977.12 By the mid-
1980s, alkali metals were well recognized as important
components of alcohol coupling catalysts.13,14 Indeed, many
patents in the field recognize the importance of combining an
alkali metal compound with a separate component capable of
catalyzing hydrogenation and dehydrogenation, such as Cu and
Ni.15−23

A clear picture emerges from the patent literature that two
features of the catalyst are required for the alcohol coupling
reaction. The first feature is related to the acidity and basicity of
the catalyst. Alcohol coupling systems commonly have basic
materials in the form of alkali metal, hydroxide, or salt dissolved
in the reaction medium or, in the case of heterogeneous
catalysts, have a solid base, such as magnesia, as a critical
component. The second feature of a catalyst needed for alcohol
coupling is the ability to facilitate dehydrogenation of the
alcohol at the reaction temperature. Some typical metals used
as dehydrogenating agents include platinum,11 nickel,13,24,25

and copper.26−29 Some nonmetals, such as the solid base MgO,
can catalyze dehydrogenation of alcohols at sufficiently high
temperatures.
Many recent publications on Guerbet reactions over

heterogeneous catalysts involve the upgrading of short-chain
alcohols into longer-chain, saturated alcohols, such as the self-
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coupling of ethanol to produce butan-1-ol. This is an attractive
process since the properties of butan-1-ol alleviate some of the
problems with ethanol as a fuel or fuel additive. Butan-1-ol has
an energy density closer to gasoline than ethanol and does not
have the same propensity as ethanol to absorb water. Unlike
ethanol, however, butan-1-ol is produced mainly from fossil
resources.30 Butan-1-ol has many current commercial uses, such
as a perfume additive, flavoring agent, solvent, and chemical
intermediate.30 Upgrading of other short-chain alcohols is also
possible, with the caveat that methanol cannot self-couple
through the Guerbet reaction. Methanol can be coupled with
alcohols having 2 or more carbon atoms.
The Guerbet reaction involves a complex sequence of many

other reactions (dehydrogenation, aldolization, dehydration,
and hydrogenation) that could be the legitimate subjects of
individual reviews. Nevertheless, the overall reaction path needs
to be discussed in light of the various catalysts used for the
reaction. Although this review is by no means an exhaustive
analysis on the topic, hopefully, it will provide an introduction
to the challenges of Guerbet coupling reactions over
heterogeneous catalysts that are in need of more attention.

2. REACTION PATH
Alcohol coupling has been proposed to progress by two
different routes. The most commonly accepted path involves an
aldolization reaction as the C−C bond forming step with a
nonadsorbed carbonyl-containing intermediate. This route
includes four different types of reactions: dehydrogenation,
aldolization, dehydration, and hydrogenation. This sequence is
supported by several pieces of information provided below:

• The intermediates of ethanol self-coupling to produce
butan-1-ol included ethanal, but-2-en-1-al, and other
characteristic aldolization intermediates.29,31−33

• Aldol intermediates, such as but-2-en-1-al, presumably
formed during ethanol self-coupling, were hydrogenated
in the presence of alcohol at reaction conditions.32

• Ethanal or but-2-en-1-al each produced butan-1-ol over
MgO−CuO−MnO in the presence of H2.

34

• Reactions of 13C-labeled ethanal and unlabeled ethanol
produced mostly labeled coupling products over a mixed
oxide (0.8 wt % K on Mg5CeOx) at low surface residence
times.29

• Aldol condensation occurred readily at the temperatures
used in Guerbet reactions.29,32,35

• The rate of production of the coupled product was
proportional to aldehyde concentration.29,33,36

This generally accepted sequence of steps, which has been
discussed in many publications, is summarized below.
The first step in the alcohol coupling reaction is the

dehydrogenation of the reagent alcohol to produce an
intermediate aldehyde or ketone. Since aldol condensation
occurs between two carbonyl-containing molecules, both
alcohols involved in the coupling reaction must be dehydro-
genated. Schemes 1 and 2 show the dehydrogenation of two
primary alcohols. One aspect of this step that remains unclear is
the location and chemical state of the hydrogen evolved. In the
case of catalysts that include a transition metal, such as copper,

dihydrogen can be released from the surface after the
dehydrogenation reaction, and the gas phase dihydrogen and
aldehyde are in equilibrium with the alcohol. For mixed oxides,
without transition metal cocatalysts, the location of the
hydrogen is unclear: it may remain adsorbed on the surface
to later hydrogenate products, it may desorb as dihydrogen, or
the dehydrogenation may be coupled to a hydrogenation step
by the Meerwin−Ponndorf−Verley (MPV) reaction. Gines and
Iglesia29 observed that a copper-containing mixed metal oxide
(K−CuMg5CeOx) had much higher rates of deuterium
incorporation (from gas phase D2) into the reactant alcohol
as well as in the coupled products than the analogous catalyst
without copper (K−Mg5CeOx). Because of the ambiguity of
the fate of the hydrogen atoms, the hydrogen in these schemes
will be indicated as (H2).
Scheme 3 depicts the aldol addition step. Aldol reactions

occur readily over basic catalysts and likely proceed through a

surface enolate.37 The enolate acts as a nucleophile and attacks
the other aldehyde or ketone present in the system. This
addition reaction creates a bond between the α-carbon of one
molecule with the carbonyl carbon of another molecule and is
likely responsible for the branched nature of many Guerbet
alcohols. For example, if two ethanal molecules undergo an
aldol condensation, followed by hydrogenation, then the linear
alcohol butan-1-ol is formed because the reactive intermediates
are a primary enolate and an aldehyde. If a secondary enolate is
formed, or an enolate attacks a ketone, that is, in the self-
condensation of propan-1-ol or the condensation of propan-1-
ol with propan-2-ol, a branched alcohol is formed. If the initial
reactants are not the same alcohol (excluding methanol), there
are four product options: two different cross-coupling products
formed from the different enolates, and two self-coupling
products. Selectivity to these products will be affected by the
relative rates of dehydrogenation and enolate formation.
Scheme 4 shows the dehydration of the aldol addition

product, which presumably occurs quite readily since the aldol

addition products are generally not observed. For many of the
applications that involve liquid phase condensations with a
soluble base, water is removed to prevent the formation of the
undesirable carboxylic acid from the reactant or product
aldehyde. Aldehyde oxidation to the acid product is known to
occur when base, water, and a transition metal catalyst are
present at 295 K,38 which is a much lower temperature than
that typically used in Guerbet reactions in the liquid phase

Scheme 1

Scheme 2

Scheme 3

Scheme 4
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(>373 K). Not only is the carboxylic acid product undesirable
in some cases but it also neutralizes the base catalyst. Removal
of water to decrease the production of undesired acid is the
subject of a patent in which distillation or a desiccant such as
magnesia or calcium oxide was utilized.17

The final two steps in the sequence are represented in
Schemes 5 and 6 as hydrogenation reactions, which might

occur in either order. These steps can be accomplished on a
hydrogenation catalyst, such as copper or nickel, if it is present
on the catalyst or over a metal oxide at sufficiently high
temperatures with an adequate hydrogen source, such as the
reactant alcohol. The unsaturated intermediates have been
observed by several groups.29,31,32

The interrelationships among these steps help explain why
some catalysts are more effective than others. Over most basic
solids, aldol condensation occurs rapidly and at much lower
temperatures than those typically used in Guerbet reactions.
For example, Guerbet reactions over MgO are typically
performed near 673 K, whereas MgO can easily catalyze the
aldol condensation of 2-propanone at room temperature or
lower.39−44 A high reaction temperature would suggest that a
major hurdle during Guerbet coupling over MgO is the initial
dehydrogenation of the alcohol to form the carbonyl
intermediate, which explains why addition of a hydro-
genation/dehydrogenation catalyst such as copper improves
the performance of basic metal oxide catalysts.
A second possible reaction path for Guerbet coupling

proposed by Yang and Meng45 and Ndou et al.46 involves a
direct surface coupling reaction resulting in dehydration from
the OH of one alcohol and the hydrogen attached to the α-
carbon of a second. Although this proposed reaction (Scheme
7) involves two alcohols, the direct reaction of an aldehyde and

an alcohol is also considered (Scheme 8). This direct coupling
mechanism was proposed after addition of reaction inter-
mediates leading to, or produced from, an aldolization-type C−
C bond forming step did not increase the rate of butan-1-ol
production from ethanol. The analysis did not account for
other factors that might affect the conversion of added reaction

intermediates, such as a difference in the amount of surface
hydrogen available for reaction or a high surface coverage of
aldol intermediates formed from the alcohols. Although the
direct coupling route has been proposed, there appears to be a
general consensus in most of the literature that Guerbet
coupling involves an aldol intermediate.
As discussed above, a gas phase carbonyl species is one likely

candidate for the reaction intermediate in Guerbet coupling,
but others suggest that the reaction does not necessarily require
participation of a gas phase carbonyl. Evidence that some
fraction of the final product is not produced from a gas phase
carbonyl intermediate is derived from two observations. The
first is a kinetic analysis of products observed as the space time
of the reactants is changed. For ethanol conversion to butan-1-
ol, ethanal and ethene appeared as primary products during the
change in space time; however, a low but nonzero slope for
butan-1-ol suggests that some of it may also form as a primary
product of ethanol conversion.31 In addition, Gines and
Iglesia29 added 13C-labeled ethanal to a reaction of unlabeled
ethanol over K−CuMg5CeOx and K−Mg5CeOx and observed
at low contact times that a minority of the C4 product did not
originate from the labeled ethanal.29 Therefore, Guerbet
coupling of ethanol over Mg/Al mixed oxides,31 K−
CuMg5CeOx,

29 and K−Mg5CeOx
29 was proposed to proceed

via two different aldehyde intermediates, one involving a gas
phase aldehyde and another that is completely surface-bound
(without participation of a gas phase aldehyde intermediate).
Even for the direct surface route depicted in this mechanism,
the C−C bond-forming step is still a classical aldolization
reaction, but with an aldehyde that remains adsorbed on the
catalyst after being formed in the initial alcohol dehydrogen-
ation step. Nagarajan also performed similar kinetic analysis on
the products from ethanol coupling but concluded butan-1-ol
and but-2-enal were secondary products over a MgO−CuO−
MnO catalyst.33 All of these studies generally support the
importance of aldol coupling reactions as intermediate steps in
the Guerbet reaction, although the exact details are still subject
to debate.
The aldol intermediate produced in the self-coupling of

ethanol has many final products that may be derived from it.
One example is the production of buta-1,3-diene from the
coupling of two ethanol molecules. This reaction has been
commercialized in several locations, including the U.S., China,
India, Poland, and the former USSR.30 Two different processes
have been used to produce buta-1,3-diene from ethanol:
although the Lebedev process is performed in a one step, the
Ostromislensky process is a two-step sequence in which ethanol
is partially converted to ethanal in the first step, which is
followed by aldolization and deoxygenation in the second step.
The single-step Lebedev process for the production of buta-

1,3-diene from ethanol proceeds via the same reactions as the
two-step Ostromislensky process, but over a single, multifunc-
tional catalyst. Many of the catalysts that have been used in the
single step process contain varying amounts of MgO, SiO2, and
Al2O3, with MgO being the majority component.47 Other
materials that have been used to produce buta-1,3-diene from
ethanol include tantalum oxide, hafnia, zirconia, or alumina on
silica;47 Ni on a magnesium silicate;48 sepiolite;49 aluminated
sepiolite;50 and magnesia and silica.51,52 A recent study by Jones
et al. of many different materials supported on silica showed a
Zn/Zr oxide on silica to have high activity.53 They concluded
that the optimal catalyst needs some acidic sites, but very strong
acid sites will increase the selectivity to undesired products,
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such as ethene and butane.53 A thorough review on the topic by
Toussaint and Marsh is an excellent resource for more
information.47 Materials exposing acid sites together with
base sites, such as Mg/Al mixed oxides or hydroxyapatite, have
produced some buta-1,3-diene in the product mixture from
ethanol coupling to butan-1-ol.54,55

The industrially relevant molecule 2-methylpropene has also
been produced from ethanol through a similar proposed aldol
intermediate.56 In this reaction, ethanol is fed to the reactor
along with water, which probably facilitates the C−C bond
breaking of the aldol products.56 One potential sequence
involves the coupling of ethanol followed by C−C bond
cleavage to produce 2-propanone, which can then couple and
undergo another C−C cleavage to produce 2-methylpropene.
Each of these individual steps, ethanol to 2-propanone57−61 and
2-propanone to 2-methylpropene,41,62 has been explored, but
only recently has the concerted reaction been completed over a
Zn/Zr oxide catalyst.56 As described earlier, a catalyst with
appropriately weak acid sites is necessary, being careful to avoid
the dehydration of ethanol to the undesired product ethene.
Another example in which alcohol coupling likely plays a role

is in higher alcohol synthesis (HAS) from synthesis gas over
basic materials. Although reactions to form alcohols with 1 or 2
carbon atoms clearly proceed in a different fashion, it has also
been theorized that some of the longer-chain alcohols present
in the product stream of HAS reactors is due to the aldol-based
coupling of two smaller alcohols.63−65 Alcohol coupling is
expected because the reaction conditions of HAS are similar to
those of Guerbet coupling, and the typical catalysts have all of
the functions necessary for coupling to occur.

3. BASIC METAL OXIDE AND METAL PHOSPHATE
CATALYSTS

3.1. MgO. Many different basic oxide materials have been
used as catalysts for the Guerbet reaction. In particular, MgO
appears to be the standard basic oxide to which many others are
compared. Representative results from ethanol and propan-1-ol

conversion over MgO are presented in Table 1. The rates
presented in the table were converted to a consistent units
basis, and the various examples are placed in order of increasing
reaction temperature. Two factors seem to impact the coupling
rate to form saturated alcohol: Higher temperatures obviously
increase the coupling rate, as well as the dehydrogenation and
dehydration rates. The second factor affecting the coupling rate
is the intermediate aldehyde concentration. As mentioned
above, the Guerbet reaction catalyzed by basic oxides likely
occurs by two routes, with the majority of the product being
formed from a gas phase aldehyde intermediate. As shown in
Table 1, the minimum temperature to realize appreciable yields
over MgO was apparently 573 K. Table 1 also includes the rate
of formation of unreported product. Since Ndou et al.35 do not
report dehydration rates, a major component of the rate of
unreported products in that case is most likely the result of
dehydration of the reactant alcohol.
Very recently, our group used isotopic transient analysis to

explore the coupling of ethanol over MgO.66 The technique
involves an abrupt switch in the 13C content of the ethanol feed
after the steady-state reaction of unlabeled ethanol has been
achieved and then monitoring the incorporation of the 13C
label into the product stream as a function of time via mass
spectrometry. After accounting for readsorption of products,
the intrinsic time to turn over the active sites on the catalyst
and the coverage of reactive intermediates leading to products
can be determined. Surface coverages and the time constants
associated with adsorbed ethanol and intermediates leading to
butanol production over MgO at 673 K are summarized in
Table 2. Three different flow rates were used to vary the
residence time and, therefore, the ethanol conversion in the
differential flow reactor. A very high coverage of ethanol was
measured on MgO, roughly 50% of the exposed MgO surface
pairs, whereas the coverage of reactive intermediates actually
leading to products was more than an order of magnitude lower
than that of ethanol. Results from in situ DRIFTS indicated the
surface was covered primarily by ethoxide and hydroxide

Table 1. Rates for Propan-1-ol and Ethanol Dehydration, Dehydrogenation, and Self-Coupling over MgO

reactant

surface
area

(m2 g−1)
temp
(K) conversion

aldehyde
concn

(μmol L−1)

dehydrogenation
rate

(nmol m−2 s−1)

dehydration
rate

(nmol m−2 s−1)

coupling rate
others

(nmol m−2 s−1)

coupling rate
saturated alcohol
(nmol m−2 s−1)

unreported
product rate

(nmol m−2 s−1) ref

ethanol 125 573 0.51 0.031 0.078 0.011 NR 0.058 0.0 71
propan-
1-ol

50 573 1.5 3.8 0.25 NR NR 2.2 0.92 35

propan-
1-ol

50 623 3.0 6.9 0.50 NR NR 4.0 2.2 35

ethanol 166 625 10 28 0.62 1.3 0.50 1.1 0.0 55
ethanol 166 658 20 42 1.0 2.9 1.0 2.0 0.10 55
propan-
1-ol

50 673 7.5 37 2.9 NR NR 8.2 5.6 35

propan-
1-ol

50 723 28 119 10 NR 1.6 31 12 35

propan-
1-ol

50 773 44 82 7.4 NR NR 38 52 35

Table 2. Coverages of Ethanol and Reactive Intermediates Leading to Butan-1-ol on MgO at 673 K Derived from Steady-State
Isotopic Transient Analysis of the Ethanol Coupling Reaction66

total flow rate
(cm3 min−1)

τethanol
(s)

coverage of ethanol Nethanol
(μmol m−2)

butanol formation rate
(nmol m−2 s−1)

τbutanol
(s)

coverage of intermediates to butanol Nbutanol
(μmol m−2)

25 32 5.1 8.1 60 0.49
50 13 4.7 5.2 36 0.19
75 7.8 4.6 3.1 32 0.10
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produced in the dissociative adsorption of ethanol. The
intrinsic time constant for the production of butan-1-ol from
ethanol over MgO at 673 K was calculated by subtracting the
average residence time of ethanol from that of butan-1-ol to
remove the chromatographic adsorption and desorption of the
product alcohol throughout the catalyst bed, which gave a value
of 25 s.66 The intrinsic turnover frequency of the reaction is
simply the inverse of the time constant, which in this case was
0.04 s−1. An important aspect of this method is that no separate
measure of the active site density in the reactor is needed to
estimate the turnover frequency. This TOF from isotopic
transient analysis (0.04 s−1)66 is lower than the TOF for
acetone aldol condensation at 299 K over MgO (0.10 s−1),67

which supports the idea that the production of butan-1-ol is
influenced by the large surface coverage of ethoxide on MgO
during ethanol coupling. As observed in other studies, the rate
of butan-1-ol formation was proportional to the ethanal
concentration. Evidently, the surface of MgO was predom-
inately covered with ethoxide derived from dissociative
adsorption of ethanol, and a high reaction temperature such
as 673 K is necessary to overcome the strong interaction
between ethoxide and the MgO surface. It should be noted that
the number of reactive intermediates involved in the
production of butanol on MgO was not the same as the CO2
adsorption capacity of MgO as measured by microcalorim-
etry.66 This disparity highlights the problem of counting base
sites with CO2 at ambient temperature and attempting to relate
the resulting adsorption site density to a catalytically relevant
active site density. Nevertheless, the adsorption of a probe
molecule such as CO2 is very common in the characterization
of metal oxide catalysts.
The coupling of methanol to higher alcohols can be hard to

compare to the self-coupling of ethanol or propanol because
rates of dehydrogenation are for both methanal and higher
aldehyde production, and because methanal cannot form an
enolate, the aldolization rate dependence on the concentrations
of the two aldehydes is unclear. Some results not included in
Table 1 involve the coupling of methanol and ethanol68 as well
as the coupling of methanol and C2−C5 primary alcohols.69

Nevertheless, it is expected the general trends observed in
Table 1 will hold for methanol and higher alcohol coupling
rates over MgO. Other published works are excluded from the
table because of a lack of necessary characterization information
for the MgO used in the studies, such as specific surface area.
Many different promoters have been added to MgO to

enhance its activity and selectivity to butan-1-ol. One common

promoter is an alkali metal, such as lithium,35 sodium,35,68

potassium,35 and cesium.35,68 The addition of alkali metal salts,
which likely imparted additional basicity to the catalyst,
increased the selectivity to the dehydrogenation product, but
not to the coupled product.35,68 Unfortunately, there was no
discussion in those papers of how the surface area might change
after the addition of alkali metal promoters, so a direct
comparison of areal rates on the materials is not possible. The
influence of alkaline earth metals on the reactivity of MgO was
also studied by Ndou et al.46 and Ueda et al.;68 however, no
increase in the selectivity to the saturated, coupled alcohol
products was observed over these materials.

3.2. Acid−Base Bifunctional Metal Oxides. Another
approach to increase the activity of MgO for the coupling of
alcohols is to increase the quantity of appropriate strength
acid−base pairs. One method to increase these acid−base pairs
is by incorporating Al, a stronger Lewis acid than Mg, into
MgO. Preparation of Mg/Al mixed oxides is often accom-
plished by first synthesizing hydrotalcite layered materials
(magnesium aluminum hydroxycarbonate), in which the
brucite-like structure of Mg(OH)2 is partially substituted with
Al. Thermal decomposition of hydrotalcite gives well mixed
oxides of Mg and Al. Mixed oxides prepared from hydrotalcites
have been evaluated in a variety of reactions, including aldol
condensation. In the aldol self-condensation of propanone and
in aldol condensation of 3,7-dimethylocta-2,6-dienal with
propanone and butan-2-one, the presence of Al with MgO
promoted the rate compared with pure MgO.39,70 The higher
rate is thought to be the result of an increase in the quantity of
appropriate acid−base pairs. In particular, the stronger Lewis
acid Al may help by stabilizing the adsorbed intermediate.
In Table 3, rates associated with reactions in ethanol

coupling over Mg/Al mixed oxides are presented. The catalyst
entries are presented in the order of decreasing Mg content. As
Al content in the mixed oxides increased, the rate of
dehydration also increased, presumably the consequence of
the new acid sites associated with Al. When a pure alumina
catalyst or a mixed oxide rich in aluminum was used, the vast
majority of the product was the dehydrated reactant, or ethene,
because of the high density of strong acid sites.71,72 Mixed
oxides with high concentrations of Al revealed a product
distribution that included buta-1,3-diene. For example, a Mg/Al
mixed oxide (Mg/Al = 3) at a conversion of 50% had a 12%
selectivity to buta-1,3-diene.54 Direct comparison of the first
two entries in Tables 1 and 3 reveals that a Mg/Al mixed oxide
had a higher dehydrogenation rate. The observed increase in

Table 3. Rates for Ethanol Dehydration, Dehydrogenation, and Self-Coupling over Al2O3 and Mg/Al Mixed Oxides

material
surface area
(m2 g−1)

temp
(K) conversion

aldehyde concn
(μmol L−1)

dehydrogenation rate
(nmol m−2 s−1)

dehydration rate
(nmol m−2 s−1)

coupling rate saturated alcohol
(nmol m−2 s−1) ref

Mg/Al 8.1 114 573 4.4 47 1.3 0.017 0.27 71
Mg/Al 4.6 184 573 3.6 42 0.71 0.019 0.14 71
Mg/Al 3.2 238 573 5.0 23 0.31 0.022 0.28 71
Mg/Al 3 142 523 4.0 2.6 0.20 0 1.0 54
Mg/Al 3 142 573 9.0 11 0.91 0 1.4 54
Mg/Al 3 142 623 21 28 2.7 4.5 2.7 54
Mg/Al 3 142 673 50 110 11 17 3.6 54
Mg/Al 3 142 723 87 242 27 33 2.2 54
Mg/Al 3 142 773 98 340 40 37 1.0 54
Mg/Al 1.1 231 573 9.7 6.0 0.081 0.16 0.51 71
Mg/Al 0.5 298 573 13 6.9 0.072 0.17 0.14 71
Al2O3 388 573 86 2.8 0.022 7.9 0 71
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the coupling rate over the mixed oxide is likely due to an
increase in the gas phase aldehyde concentration and an
increase in the aldol condensation rate over the bifunctional
mixed oxide.
The acid and base properties of some of the Mg/Al mixed

oxides presented in Table 3 have been evaluated with ammonia
and carbon dioxide stepwise temperature-programmed desorp-
tion by Di Cosimo et al.,31 and the results are summarized in
Table 4. It should be noted that the acid−base site densities

were evaluated by total uptake of the probe molecules at room
temperature.31 As the Al content in the mixed oxides increased,
the ammonia uptake also increased. Comparing the rates of
dehydration of ethanol and the uptake of ammonia for Mg/Al
8.1 (0.017 nmol m−2 s−1 and 0.81 μmol m−2) and the Mg/Al
1.1 (0.16 nmol m−2 s−1 and 1.57 μmol m−2), there appears to
be some relationship between the two. Further characterization
of the acid character of these samples would shed light on the
relationship between the Al content and the dehydration rate.
Likewise, the CO2 adsorption capacity was correlated to the
rate of dehydrogenation.31 Comparing the rate of dehydrogen-
ation of ethanol to the uptake of carbon dioxide for Mg/Al 8.1
(1.3 nmol m−2 s−1 compared with 1.17 μmol m−2) and the Mg/
Al 1.1 (0.081 nmol m−2 s−1 compared with 0.83 μmol m−2), a
relationship between carbon dioxide adsorption and ethanol
dehydrogenation rates is seen.
Mixed oxides of MgO and ZrO2 are another well-known

family of acid−base bifunctional materials that we have recently
employed as catalysts for ethanol coupling.67 Table 5 presents
the rates of ethanol dehydration, dehydrogenation, and
coupling along with the initial heat of adsorption and capacity
for ammonia and carbon dioxide as measured by adsorption
microcalorimetry. Pure zirconia had the highest density of acid
sites titrated by ammonia adsorption and was quite active for
ethanol dehydration to ethene. Thus, the presence of ZrO2 at
the surface of the mixed oxide was detrimental to the
performance of MgO. As one might expect, the synthesis

method used to prepare the mixed oxides of Mg and Zr
significantly impacted the selectivity to the undesired product
ethene. The rising pH precipitation method, which involved
dissolving the metal precursors in water and then precipitating
the mixed oxide/hydroxide with aqueous NaOH, produced a
final material with fewer acid sites and, therefore, a lower
observed rate of ethanol dehydration. In contrast, a material
precipitated at a “controlled pH” at which the aqueous metal
precursors were added to a vessel held at a constant pH had a
higher number of acid sites and therefore a higher rate of
ethanol dehydration compared with the sample prepared by the
rising pH precipitation method. The microstructure of the final
coprecipitated material was manipulated by exploiting the
different pH at which MgO and ZrO2 precipitate individually.

67

Zirconia is generally regarded as an amphoteric oxide surface
exposing both acid and base sites, which is confirmed by the
uptake of ammonia and carbon dioxide reported in Table 5. As
mentioned above, the acidity of zirconia effectively catalyzes the
dehydration of ethanol preferentially over the dehydrogenation
reaction, which is required for the coupling reaction. In an
attempt to modify the acid−base character of zirconia, we
added small amounts of Na onto ZrO2 and tested the promoted
catalysts in the coupling of ethanol.73 The influence of Na
loading on the adsorption capacity and the initial heat of
adsorption of ammonia and carbon dioxide evaluated by
microcalorimetry is presented in Table 6. As anticipated, the

adsorption capacity and adsorption strength of CO2 increased
with Na loading presumably because Na created new basic sites
on the zirconia surface. In contrast, the presence of Na
neutralized a fraction of the surface acid sites titrated by
adsorbed ammonia. The rate of ethanol conversion at 673 K
and the selectivites to the products reported at similar
conversion over the same three catalysts are shown in Table
7. Addition of Na to zirconia effectively reduced the
unproductive dehydration of ethanol to ethene by neutralizing

Table 4. Acid and Base Properties of MgO, Al2O3, and Mg/
Al Mixed Oxides Presented in Di Cosimo et al.31,a

material total evolved CO2 (μmol m
−2) total evolved NH3 (μmol m−2)

MgO 1.63 0.48
Mg/Al 8.1 1.17 0.81
Mg/Al 4.6 0.46 0.84
Mg/Al 1.1 0.83 1.57
Mg/Al 0.5 0.73 1.39
Al2O3 0.34 1.34
aAdsorption of gas phase probe was completed at room temperature.

Table 5. Summary of Results from Adsorption Microcalorimetry of Ammonia and Carbon Dioxide and Rates of Ethanol
Conversion on Mg and Zr Containing Oxides at 673 K67

NH3 adsorption CO2 adsorption

catalyst
ethene formation rate

(nmol m−2 s−1)
coverage

(μmol m−2)
initial −ΔH
(kJ mol−1)

ethanal formation rate
(nmol m−2 s−1)

butan-1-ol formation rate
(nmol m−2 s−1)

coverage
(μmol m−2)

initial −ΔH
(kJ mol−1)

MgOa 6.6 0.70 120 15 1.1 0.83 162
Mg/Zr
11:1bb

12 0.73 84 15 0.8 0.74 185

Mg/Zr
11:1a

19 0.73 141 19 0.91 187

ZrO2
a 180 3.5 170 10 0.81 123

aSample prepared by controlled pH precipitation. bSample prepared by rising pH precipitation.

Table 6. Summary of Results from Carbon Dioxide and
Ammonia Adsorption Microcalorimetry on Zirconia with
Various Amounts of Na73

CO2 adsorption NH3 adsorption

Na content
(wt %)

uptakea

(μmol m−2)
initial −ΔH
(kJ mol−1)

uptakea

(μmol m−2)
initial −ΔH
(kJ mol−1)

0 1.4 104 3.3 126
0.1 1.8 137 3.3 98
1 3.6 158 1.7 91

aUptake calculated by extrapolating the saturation conditions to zero
pressure.
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a significant fraction of the surface acid sites responsible for the
reaction, consistent with results from ammonia adsorption.
Thus, the selectivity to aldehyde and coupling products
increased at higher Na loading, primarily because of the
decrease in dehydration. A comparison of different rates
revealed addition information about the system. For example,
the rate of acetone condensation was enhanced by addition of
Na, as expected from the presence of new base sites. However,
the rate of ethanol coupling was not increased over the Na-
loaded materials, even at similar concentrations of ethanal in
the gas phase. The kinetics of the reaction suggest that the
coupling of ethanol is dominated by a large surface coverage of
ethoxide,73 analogous to that observed by isotopic transient

analysis of ethanol coupling over MgO as discussed earlier.66

The coverage of ethanol at reaction conditions evidently plays a
major role in the rate of production of butan-1-ol from ethanol,
and trends based on base site strength and density can be
misleading, since more strongly bound ethoxide may decrease
the available sites for the coupling step.

3.3. Hydroxyapatite. Another example of an acid−base
bifunctional material used in the coupling of alcohols is
hydroxyapatite, Ca5(PO4)3OH. Table 8 summarizes the
reaction rates for ethanol conversion over hydroxyapatites
compared with calcium oxide and tricalcium phosphate. The
hydroxyapatite materials were more effective at coupling and
dehydrogenation compared to calcium oxide. Although
tricalcium phosphate (β-TCP) showed a higher rate of alcohol
coupling compared with the hydroxyapatite, it had a much
higher selectivity to the undesired olefin, which may be a
consequence of operating at much higher temperatures. In
addition, the selectivity to the dehydrogenation and coupling
products increased as the Ca content of the samples increased.
Although a direct comparison of the rates in Table 8 is
complicated by the wide variety of different temperatures used,
a complete summary is provided to allow comparison with
other materials, such as the Mg/Al mixed oxides in Table 3.
Similar to the Mg/Al mixed oxides, the rates of dehydration

and dehydrogenation over hydroxyapatites are impacted by the
composition of the catalyst. As the calcium content of the
catalysts increased from Ca-deficient materials (Ca/P = 1.59)

Table 7. Selectivity of the Products during Ethanol Coupling
Reactions at 673 K and at Similar Conversions for Sodium-
Doped Zirconia73

selectivity (C%)d

nominal
Na

(wt %)

ethanol
conversion rate
(nmol m−2 s−1)

conversion
(%) ethene ethanal

but-
2-
enal

butan-
1-ol

0a 200 9.4 44 54 0.0 2.2
0.1b 160 9.6 32 63 2.5 2.7
1c 40 7.7 17 71 0.0 12

aReactant flow rate: 2.1 μmolethanol m
−2 s−1. bReactant flow rate: 1.7

μmolethanol m
−2 s−1. cReactant flow rate: 0.52 μmolethanol m

−2 s−1.
dCarbon-based selectivity.

Table 8. Rates for Ethanol Dehydration, Dehydrogenation, and Self-Coupling over Hydroxyapatite, Hydroxyapatite with
Subsituted Strontium and Orthovanadate, Calcium Oxide, and Tricalcium Phosphate

material
surface area
(m2 g−1) temp(K) conversion

ethanal concn
(μmol L−1)

dehydrogenation
rate (nmol m−2 s−1)

dehydration rate
(nmol m−2 s−1)

coupling rate others
(nmol m−2 s−1)

coupling rate saturated
alcohol (nmol m−2 s−1) ref

β-TCP 1.2 678 10 62 77 58 24 54 55
β-TCP 1.2 709 20 105 137 168 40 94 55
Ca/P
1.59

27.5 644 10 15 2.0 35 0 0 55

Ca/P
1.59

27.5 660 20 21 2.9 73 0 0 55

Ca/P
1.62

35.7 593 10 24 2.0 2.2 2.7 7.2 55

Ca/P
1.62

35.7 623 20 31 2.8 9.7 3.0 11 55

Ca/P
1.65

40.3 548 10 11 0.58 0.18 1.8 6.7 55

Ca/P
1.65

40.3 569 20 12 0.68 0.40 3.7 14 55

Ca/P
1.67

37.8 545 10 8.1 0.42 0.10 1.7 6.7 55

Ca/P
1.67

37.8 571 20 12 0.65 0.23 3.5 13 55

Ca/P
1.69

58.7 573 7.1 0.24 0.007 0.00 0.88 2.6 32

CaO 6.4 670 10 79 23 47 0.26 1.1 55
CaO 6.4 694 20 108 32 97 0.94 2.0 55
Sr/P
1.57a

89 573 1.2 7.3 0.08 0.12 0.01 0.006 74

Sr/P
1.71

40.0 573 4.4 0.4 0.009 0 0.34 1.9 74

Sr/P
1.68

26.2 573 7.6 0.78 0.019 0.00 0.58 2.5 32

Ca/V
1.73

26 573 6.6 6.3 0.55 906 0.52 2.1 32

Sr/V
1.69

15.3 573 5.8 56 0.40 75 0.057 0.057 32

aDiethyl ether was a major component of the product stream.74
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to stoichiometric materials (Ca/P = 1.67), the rate of
dehydration decreased. The densities of acid and base sites,
measured by ammonia and carbon dioxide adsorption at 523 K,
respectively, are reproduced from Tsuchida et al.55 in Table 9.

The decrease in dehydration rate with increasing Ca content of
the samples correlated well with the observed decrease in acid
site density and increase in base site density (Table 9). A direct
comparison of the rates for samples with different Ca content is
difficult because the reaction temperatures were not the same,
but a relationship between dehydration rate and acid site
density is apparent as well as a relationship between
dehydrogenation rate and base site density.
Comparing the Mg/Al 8.1 mixed oxide catalyst (Table 3)

and the Ca/P 1.67 hydroxyapatite catalyst (Table 8) at 573 and
571 K, respectively, the hydroxyapatite exhibited about a 50
times higher coupling rate, even with a lower gas phase ethanal
concentration. In addition, hydroxyapatite prepared with
strontium instead of calcium revealed a slightly higher rate of
dehydrogenation than observed with calcium hydroxyapatite.32

Because some of the Sr-substituted hydroxyapatites could have
had significant amounts of residual Na, which can have a large
impact on the acid and base properties of the surface as well as
the reactivity of ethanol, those entries have not been included
here.74 Fortunately, two samples were precipitated with
ammonia, thus allowing for a reasonable comparison with the
other hydroxyapatite catalysts. The reactivity of a material with
Sr/P 1.71 was similar to that of hydroxyapatite reported
elsewhere, but a direct comparison is made difficult because of
the large differences in conversion. Hydroxyapatite with a Sr/P
ratio of 1.57 exhibited higher rates of dehydrogenation and
productivities of acid-catalyzed reactions (i.e., production of
diethyl ether and ethene) than one with a Sr/P ratio of 1.71.74

Evidently, hydroxyapatites that are deficient in either Sr or Ca
exhibit significant acidic character.32,55,75

Hydroxyapatites have been used as catalysts in a variety of
other reactions of relevance to alcohol coupling. In particular,
they have been used in the MPV hydrogen transfer from 2-
butanol to 3-pentanone between 435 and 552 K76 and for the
dehydrogenation of alcohols.76−78

3.4. Basic Zeolites. Ethanol coupling has been performed
over ion-exchanged and rubidium-impregnated zeolite X
catalysts; reactivity results are summarized in Table 10. The
rates are normalized by the grams of catalyst because the
surface areas were not reported.45 Although it is unclear how
the surface area might be affected by the impregnation of Rb,
zeolite 13X has an approximate surface area of 600−700 m2 g−1.
The rates in Table 10 were determined at 693 K and indicate
zeolites have some potential for the reaction, but direct
comparisons to MgO, hydroxyapatite and the Mg/Al mixed
oxides are not possible because surface area, ethanol
concentrations, and conversions were not reported.
If the surface area of Rb−NaX were assumed to be 600 m2

g−1, then the rates for dehydrogenation and production of
butanol are estimated to be 4.8 and 6.9 nmol m−2 s−1,
respectively. This calculated rate of coupling is similar to the
reported rate of propan-1-ol coupling over MgO at 673 K35

(8.2 nmol m−2 s−1) and ethanol coupling over MgO at 658 K55

(2.0 nmol m−2 s−1).
Yang and Meng45 reported decent selectivity to the coupled

product at 693 K. It is important to note that zeolites without
excess Rb were active for dehydrogenation but not for alcohol
coupling. Evidently, the occluded Rb species was required for
the aldol condensation step in the coupling sequence. The total
rate of ethanol conversion (dehydrogenation rate + coupling
rate × 2) for the Rb-promoted samples was reminiscent of the
results reported by Hathaway and Davis79 for dehydrogenation
of propan-2-ol over Cs-impregnated CsNaX (cesium acetate-
impregnated CsNaX) compared with purely ion-exchanged
zeolite X (CsNaX). Hathaway and Davis79 also studied other
samples for the dehydrogenation of propan-2-ol and observed
that CsAce/CsNaY had an activity similar to that of MgO, and
both had higher activity than CsAce/CsNaX. Both Cs-
impregnated X and Y zeolites were more active dehydrogen-
ation catalysts than the ion-exchanged zeolites (CsNaY or
CsNaX).

3.5. Dehydrogenation versus Dehydration. To help
understand the effect of adding Lewis acid components on the
catalysis of alcohol coupling, it is necessary to revisit the
possible reaction mechanisms of the Guerbet reaction. In the
next two sections, some of the speculated routes for conversion
of intermediate species on metal oxide surfaces are presented.
The intention of these sections is not to declare which
mechanistic speculations are valid or invalid, but is to describe
how the subtle interplay between reactive intermediates on
exposed Lewis acid sites (metal cations) and surface base sites

Table 9. Acid and Base Properties of Tricalcium Phosphate,
Hydroxyapatite with Different Ca/P Ratios, and Calcium
Oxide As Presented in Tsuchida et al.55,a

material
CO2 adsorption site density

(μmol m−2)
NH3 adsorption site density

(μmol m−2)

β-TCP 0.6 0.008
Ca/P
1.59

0.01 0.038

Ca/P
1.62

0.02 0.029

Ca/P
1.65

0.38 0.011

Ca/P
1.67

0.53 0.0006

CaO 0 0
aAdsorption of gas phase probe was completed at 523 K.

Table 10. Rates for Ethanol Dehydration, Dehydrogenation, and Self-Coupling Zeolites Published by Yang and Meng45

material temp (K) dehydrogenation rate (μmol gcatalyst
−1 s−1) coupling rate others (μmol gcatalyst

−1 s−1) coupling rate saturated alcohol (μmol gcatalyst
−1 s−1)

LiX 693 3.5 0 0
NaX 693 2.9 0 0
KX 693 2.4 0 0
Rb−LiX 693 2.4 0.75 4.3
Rb−NaX 693 2.9 1.1 4.0
Rb−KX 693 3.4 0.35 1.7
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(O or OH surface species) might affect the ethanol coupling
reaction.
The first transformation in the Geurbet reaction converts the

alcohol to either an aldehyde (dehydrogenation) or an olefin
side product (dehydration). Dehydrogenation has been
proposed to proceed via two different elementary steps on
mixed oxides. The first surface intermediate is an adsorbed
alkoxide, coordinated to a Lewis acid through the oxygen atom
of the alkoxide with the dissociated hydrogen residing on a
neighboring surface oxygen atom. The abstraction of hydrogen
from an alcohol has been shown to occur over low-coordinated
Mg and O atoms on MgO, which are present at corners, edges,
and defects.80−82 The adsorbed alkoxide of ethanol and
methanol has been observed on MgO by DRIFTS even at
room temperature.83,84 Since the alkoxide is formed easily over
basic oxides, it is likely the next step that is limiting the
formation of the aldehyde on MgO.
The subsequent step involves the activation of the C−H

bond of the adsorbed alkoxide and has been proposed to
proceed by two slightly different reactions. The two proposed
reactions include a second hydrogen atom removal with a basic
oxygen shown in Scheme 9 or the combination of the adsorbed
hydrogen from the alcohol group with the second hydrogen on
the carbon atom associated with the C−O bond shown in
Scheme 10. In Scheme 9, each hydrogen involved in the
reaction is transferred via interaction with the surface oxide
anion, whereas in Scheme 10, the hydrogen recombination
reaction involves direct hydrogen transfer to a surface hydroxyl
group.

Although the difference between Schemes 9 and 10 is small,
the location of the transferred hydrogen could impact the
subsequent hydrogenation steps in the alcohol coupling
mechanism. Hydrogen is needed to hydrogenate the products
from the aldol condensation and can be derived from three
sources: adsorbed hydrogen atoms produced from ethanol
dehydrogenation, gas phase dihydrogen produced from ethanol
dehydrogenation, or direct H transfer from the ethanol as in the
MPV reaction. Interestingly, Gines and Iglesia included gas
phase dideuterium in the reactant mixture during alcohol
coupling and observed little incorporation of deuterium into
the saturated coupled alcohol product formed over a mixed
oxide (K−Mg5CeOx).

29 Therefore, gas phase dihydrogen is not
the likely source of hydrogen for subsequent hydrogenation
steps over mixed oxide samples. The MPV reaction and
reactions involving surface hydrogen are more likely to play an
important role in the hydrogenation steps over basic oxides or
phosphates. Indeed, a surface alkoxide has been proposed to be
the key intermediate in the MPV reaction over metal oxides.
For more information on MPV reactions and the catalysts that
perform them, please see a review by Ruiz and Jimeńez-
Sanchidriań.87 As discussed previously, the nature of the acid
and base pairs on the catalytic surface is likely to play an
important role in the dehydrogenation reaction.
Dehydration reactions on the basic oxides can also occur via

two separate pathways. The first proposed mechanism has been
called a base-catalyzed dehydration, or more succinctly, an E1cB
mechanism. This proposed dehydration mechanism is shown in
the bottom half of Scheme 9.85 The key step is the removal of
the β-hydrogen from the adsorbed alkoxide. The intermediate
would have to be stabilized with an interaction between the
oxygen and the surface Lewis acid (Mgδ+ in MgO). The
carbanion intermediate formed with this proposed dehydration
mechanism would be quite similar to the carbanion
intermediate formed as an intermediate in the base-catalyzed
aldolization, the only difference involving an additional
hydrogen on the C−O carbon in the case of dehydration.
The second proposed dehydration intermediate, by an E1-

type mechanism, is shown in the top half of Scheme 10.86 This
reaction would also proceed through a stable alkoxide
intermediate, which has been confirmed spectroscopically
during Brønsted acid-catalyzed dehydration over zeolites.88

Obviously, the mechanism for dehydration over MgO or other

Scheme 9. Proposed Mechanisms of Alcohol Dehydration and Dehydrogenation over MgOa

aThis figure is adapted from Diez et al.85

Scheme 10. Proposed Mechanisms of Dehydration and
Dehydrogenationa

aAdapted from Shinohara et al.86
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oxides would depend on the reaction temperature and catalyst
pretreatment conditions. Although MgO is typically thought to
dehydrate alcohols through the E1cb mechanism,89 other basic
oxides and mixed metal oxides may have different kinds of
Lewis and Brønsted sites available for catalysis.
For both dehydrogenation and dehydration, the nature of the

acid−base pair on the surface dictates the selectivity of the
products formed. For a more thorough discussion on acid and
base pair chemistry in metal oxides, see Iglesia et al.90

3.6. Aldolization. The aldolization of molecules possessing
a carbonyl is a well known reaction in organic chemistry. On a
solid catalyst, the adsorption of the carbonyl group is likely to
occur on an electron-accepting or Lewis acid site. This site
stabilizes the molecule and allows for the base-catalyzed
removal of a hydrogen atom from the α-carbon. This hydrogen
removal step forms a surface enolate in which the carbanion can
then attack a nearby adsorbed aldehyde or ketone.62 The
resulting surface aldol product can then desorb, dehydrate and
desorb; crack to produce products such as 2-propanone from
the aldol product of ethanal; perform another aldolization; or
continue reacting to produce a completely hydrogenated
product, as in the Guerbet reaction.
Aldolization has also been shown to be promoted by

bifunctional acid−base materials. Examples of bifunctional
solids include Y3+ added to MgO,91 Mg/Al mixed
oxides,39,41,70,92 amorphous aluminophosphate,40 Cs/ZrO2,

93

and Mg/Zr mixed oxides.94,95 The promotion of the reaction
on bifunctional catalysts is thought in part to be the result of
the stabilization of a surface intermediate through a Lewis acid
interaction. This interaction also allows large networks of
aldolization products to form at elevated temperatures, since a
strong interaction between the oxygenated intermediates and
the Lewis acid sites prevents desorption, especially when
multiple functional groups exist in one molecule.91

There have been many theoretical and experimental studies
on aldol condensation over MgO. In particular, 2-propanone
condensation has received significant attention. The formation
of an enolate on MgO has been shown to occur at room
temperature,96 and the rate of 2-propanone condensation can
be calculated from the results of Zhang et al.43 at 273 K to be
54 nmol m−2 s−1 in liquid acetone (13.8 M) based on density97

at 273 K. This aldol condensation rate over MgO at 273 K is
higher than the reported alcohol coupling rates over MgO at
temperatures as high as 773 K, as summarized in Table 1.
Because aldol condensation readily occurs at low temperature,
it is likely the dehydrogenation step limits the alcohol coupling
reaction over basic metal oxides and phosphates.

4. CATALYSTS WITH TRANSITION METAL
COMPONENTS

Catalysts composed of a basic support and a transition metal
have an advantage over basic metal oxides for the Guerbet
reaction. Use of a metal promoter enhances the ability, in some
instances, to operate at lower temperatures because the
dehydrogenation of the alcohols occurs much more readily
over metals than over metal oxides such as MgO; however, if
the reaction temperature is too high, decomposition of the
reactant can cause a decrease in selectivity to the desired
saturated alcohol.
Carlini and co-workers27,98 have studied various metals on

the same Mg/Al mixed oxide support for the coupling of
methanol with propan-1-ol in a batch reactor at 473−493 K and
3 MPa. The metals (Pd, Ni, Rh, and Cu) were either supported

on the basic mixed metal oxide or supported on carbon and
added as a physical mixture.98 The researchers observed that
the best physical mixture was copper chromite and Mg/Al
mixed oxide.98 Copper chromite and the Mg/Al mixed oxide
were better than physical mixtures of a metal (Pd, Ni, or Rh)
on carbon with the Mg/Al mixed oxide. It was also observed
that the metals Pd, Ni, and Rh showed no improvement when
supported on the Mg/Al oxide compared with the physical
mixture of the metal on carbon and the Mg/Al mixed oxide.
However, copper supported on the Mg/Al oxide showed an
increased rate and selectivity to the coupled product compared
with the other physical mixtures and supported metals on Mg/
Al mixed oxide catalysts.98

A recent publication by Marcu et al. presented ethanol
reactivity over Mg/Al oxide supported metals, including Pd, Ag,
Mn, Fe, Cu, Sm, and Yb.99 Supported Pd and Cu showed the
highest rates of butan-1-ol production of 14.5 nmol m−2 s−1 and
8.8 nmol m−2 s−1, respectively. Those experiments were carried
out in an autoclave reactor at 473 K and autogenic pressure.
The intrinsic rates decreased with increasing reaction time,
which was speculated to be due in part to the water produced
by the coupling reaction altering the Mg/Al mixed oxide
support. Water addition to the reactant mixture decreased the
rates of butan-1-ol production, supporting the hypothesis that
water has a detrimental effect on the catalyst. The study did not
investigate possible leaching of active components into the
ethanol medium at the elevated temperatures and pressures.99

A negative influence of water on the reaction of ethanol over
Cu supported on Mg/Al oxides has also been observed.100

Leon et al. explored the substitution of Al in Mg/Al mixed
oxides with Fe.101 Complete substitution of Fe into the Mg/Al
materials caused a decrease in surface area from 142 m2 g−1 for
the Mg−Al material to 90 m2 g−1 for the Mg−Fe material.
More importantly, incorporation of Fe decreased the acid
character of the materials and, hence, decreased the observed
selectivity to ethene formed during ethanol conversion. A
kinetic analysis suggested that ethanal is a key intermediate for
the formation of C4 products, which is expected from the
general mechanism of ethanol coupling reactions as discussed
earlier. The role of Fe in the catalyst was less clear because,
although it decreased the acid site density much more than the
base site density as evaluated by adsorbed probe molecules, Fe
might also enhance the conversion rate of ethanol to ethanal
because it is a redox-active metal ion. The authors concluded
that the Fe did not significantly influence the ethanol reaction
to ethanal because the activation energy for the reaction was
essentially unchanged. The role of Fe was therefore attributed
mostly to a modification of the surface acid/base character of
the oxide surface rather than the redox ability of the Fe.
Nagarajan and Kuloor34 studied the addition of metal oxides

to MgO on ethanol conversion. Their conditions were 573 and
623 K, 91.3 kPa, and a gas mixture of 50% H2 and 50% ethanol
in a flow reactor. The lower temperatures were necessary
because at higher temperatures, especially over copper-
containing materials, they noticed appreciable amounts of
reactant decomposition. Among the metal oxides added to
MgO (CuO, MnO, Cr2O3, ZnO, Al2O3, Fe2O3, UO3, CeO2,
ThO2, ZrO2), promotional effects were noted after the addition
of copper, iron, zinc, uranium, and manganese oxide to MgO.
Nagarajan and Kuloor34 also studied three component

systems consisting of MgO, a promoter metal oxide (iron,
zinc, manganese or uranium), and copper, among which the
highest yield of butan-1-ol observed was 36.4% over a catalyst
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composition of 65:25:10 (MgO/CuO/MnO). The reactant
feed was also varied in this work to include pure ethanal in one
experiment and a 1:1 mixture of dihydrogen to ethanal in
another experiment. In both cases, ethanal in the feed caused
large amounts of coke to form on the catalyst. In the case
without dihydrogen, but-2-enal was obtained at a yield of
10.2%, and in the case with dihydrogen, butan-1-ol was formed
with a yield of 15.8%. As expected, dihydrogen in the reactant
mixture together with copper in the catalyst facilitated
hydrogenation of the ethanal condensation product.34

Another copper-containing material, potassium-promoted
magnesia ceria mixed oxide (Mg5CeOx) with supported copper,
has also been studied for alcohol coupling reactions by Gines
and Iglesia.29 Their experiments were carried out in a
recirculating batch reactor at 573 K and 101.3 kPa. They
documented the important role of Cu on activity and
selectivity. When comparing the rates of ethanol dehydrogen-
ation over catalysts with and without copper, large increases in
dehydrogenation rates and coupling products were observed
over copper-loaded samples. Initial rates were obtained for
ethanol dehydrogenation over Mg5CeOx with 0.8 wt. % K and 0
wt % Cu (3.4 nmol m−2 s−1) and a Mg5CeOx with 1.0 wt % K
and 7 wt % Cu (240 nmol m−2 s−1). Initial rates of formation of
coupling products were also obtained for the same samples and
were reported to be 0.16 and 0.76 nmol m−2 s−1 for the samples
without copper and with copper, respectively. The increase in
dehydrogenation rate for the sample with Cu probably caused
the observed increase in the coupling rate through the
increased concentration of the aldehyde in the gas phase.29

Gines and Iglesia29 also observed that when copper was
incorporated into the materials, the dehydrogenation and
hydrogenation of alcohol and aldehyde, respectively, occur
rapidly, which means that both alcohol and aldehyde will
produce the coupled product. They also observed different
incorporation rates of gas phase deuterium into the products
when cofeeding dideuterium over materials, with and without
copper. For the oxide catalyst without copper, very little
deuterium was incorporated into the products, whereas for the
copper-containing materials, deuterium was significantly
incorporated in the products as well as in the reactants.29

Both Gines and Iglesia29 and Nagarajan and Kuloor34 suggest
that copper facilitates the dehydrogenation of the alcohol and
promotes the hydrogenation reactions of the adsorbed coupling
products.
The temperature and pressure used in the Gines and Iglesia29

study were similar to the conditions used by Tsuchida et al.55

for the most active hydroxyapatite catalyst, which allows for
some comparisons. Although it is not possible to compare the
coupling rates because they were reported at drastically
different conversions, the dehydrogenation rate of the copper-
containing material published by Gines and Iglesia29 was about
370 times greater than that of hydroxyapatite with a Ca/P ratio
of 1.67,55 or 9 times greater if the coupling rates are also
included in the calculation of a total dehydrogenation rate. The
addition of Cu or other transition metal likely facilitates the
dehydrogenation and provides greater amounts of surface H
needed for the hydrogenation steps in the coupling reaction
sequence. Although many of the metal-containing catalysts
exhibit interesting rates and selectivities, additional studies that
report the relevant properties of the metals, including
dispersion and oxidation state of the metal component, are
needed.

5. SUMMARY AND SUGGESTIONS

The Guerbet reaction or coupling of alcohols has seen a recent
revival of interest, especially with the use of heterogeneous
catalysts in the upgrading of short-chain alcohols. A
preponderance of the literature indicates the reaction proceeds
through an aldol-type intermediate, which requires the reactant
alcohol(s) to first be dehydrogenated. Aldol-type coupling
followed by dehydration and hydrogenation produces the
Guerbet saturated alcohol product. Side reactions can
completely deoxygenate the intermediate to form unsaturated
hydrocarbons such as buta-1,3-diene from ethanol or cleave
intermediates in the presence of water to form molecules such
as acetone or 2-methylpropene from ethanol.
Although dehydrogenation of the reactant alcohol is a critical

first step, it can be difficult to study at conditions similar to
those used in the Guerbet reaction because of rapid conversion
of intermediate aldehydes and ketones. However, primary
alcohols that do not have an α-hydrogen, such as 2,2-
dimethylpropan-1-ol, could be used as model reactants to
shed light on this step. These dehydrogenation rates could be
combined with model aldol condensations to provide an
understanding of which steps are promoted over the different
materials.
One interesting unresolved question in this area is how metal

oxides and metal phosphates catalyze the hydrogenation of the
aldol condensation products. Two likely paths include surface
hydrogen that remains after alcohol dehydrogenation or from
MPV hydrogen transfer from alcohol to the aldol condensation
product. On copper, or on some other transition-metal-
containing catalysts, there is rapid exchange with gas phase
dihydrogen, so the hydrogenation and dehydrogenation
mechanisms on metal-containing catalysts are likely different
from those on metal oxides and phosphates.
The rates of alcohol dehydrogenation, coupling, and

dehydration appear to be correlated to the acid−base properties
of the materials as measured by adsorption of ammonia and
carbon dioxide. Although direct measurements (i.e., adsorption
microcalorimetry) of surface affinity and capacity for acid and
base probe molecules provided more insights into the
relationship between the acid and base properties and the
reaction rates of reactant alcohol for the undesired (dehy-
dration) and desired (dehydrogenation and coupling) products,
they still did not correlate well with the observed coupling
rates. In addition, instead of the standard acid site and base site
probes (ammonia and carbon dioxide, respectively), different
probe molecules may need to be used to interrogate the types
of surface species believed to be active in this reaction. For
example, carbonate (formed by CO2 adsorption on basic metal
oxides) is a very different structure from alkoxide (formed by
alcohol adsorption on basic metal oxides). Whereas the overall
adsorption capacities of acid and base sites of these materials
are certainly part of the picture, additional information is still
needed. The most active metal oxide or phosphate catalysts
apparently have significant densities of weak acid and medium
to strongly basic sites. What is not known is the proximity of
the acid and base sites. New probes to study acid−base site
pairs need to be developed.
One of the more promising techniques for the study of

alcohol conversion reactions over basic oxides is isotopic
transient analysis. This technique allows for the quantification
of surface coverages of reactant and reactive intermediates as
well as a turnover frequency that is independent of the number
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of active sites estimated from the use of probe molecules used
to count base (or acid) sites.
Although many materials have been explored for the Guerbet

reaction, some of the most promising materials include copper-
containing mixed oxides (K−CuMg5CeOx) and hydroxyapatite
with a stoichiometric ratio of calcium to phosphate. Further
investigation of acid−base properties of materials as well as
their activity in the individual reaction steps that comprise the
overall Guerbet reaction could provide information to further
advance these and other materials for alcohol coupling.
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Catal., B 2011, 102, 590−599.

ACS Catalysis Review

dx.doi.org/10.1021/cs400292f | ACS Catal. 2013, 3, 1588−16001600

http://www.sasol.com/sasol_internet/downloads/Density_Solvents_1247742607357.pdf
http://www.sasol.com/sasol_internet/downloads/Density_Solvents_1247742607357.pdf

