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Abstract: Starting from bioethanol it is possible, by using an appropriate catalyst, to produce ethyl
acetate in a single reaction step and pure hydrogen as a by-product. Two molecules of hydrogen can be
obtained for each molecule of ethyl acetate produced. The mentioned reaction is reversible, therefore,
it is possible to hydrogenate ethyl acetate to reobtain ethanol, so closing the chemical cycle of a
Liquid Organic Hydrogen Carrier (LOHC) process. In other words, bioethanol can be conveniently
used as a hydrogen carrier. Many papers have been published in the literature dealing with both
the ethanol dehydrogenation and the ethyl acetate hydrogenation to ethanol so demonstrating the
feasibility of this process. In this review all the aspects of the entire LOHC cycle are considered and
discussed. We examined in particular: the most convenient catalysts for the two main reactions, the
best operative conditions, the kinetics of all the reactions involved in the process, the scaling up of
both ethanol dehydrogenation and ethyl acetate hydrogenation from the laboratory to industrial
plant, the techno-economic aspects of the process and the perspective for improvements. In particular,
the use of bioethanol in a LOHC process has three main advantages: (1) the hydrogen carrier is
a renewable resource; (2) ethanol and ethyl acetate are both green products benign for both the
environment and human safety; (3) the processes of hydrogenation and dehydrogenation occur in
relatively mild operative conditions of temperature and pressure and with high energetic efficiency.
The main disadvantage with respect to other more conventional LOHC systems is the relatively low
hydrogen storage density.

Keywords: ethanol; ethyl acetate; hydrogen; LOHC

1. Introduction

Bioethanol is a renewable, biodegradable, non-toxic raw material nowadays produced
in an ever-larger amount as the base for a possible green transition to energy production.
Its global production is expected to grow up to 41.4 billion liters by 2025, with a progressive
reduction in price [1]. It is well known that bioethanol can selectively be dehydrogenated
to ethyl acetate under mild conditions, using copper-based catalysts [2–11].

2C2H5OH � CH3COOC2H5 + 2H2 (1)

Pure hydrogen exempt from CO and directly usable in fuel cells can be obtained from
ethanol through this route. Moreover, the reaction is reversible and ethyl acetate can then
be hydrogenated to ethanol closing the chemical cycle. On this basis, in the present work
we suggest the possibility to use ethanol or derivatives as hydrogen vectors (LOHC, Liquid
Organic Hydrogen Carrier) operating in a new original way. As known, hydrogen is a
powerful vector of energy, but it is difficult to transport [12]. In fact, its volumetric energy
density is very low due to its very scarce density under standard temperature and pressure
conditions (0.0824 kg/m3 under ideal gas conditions). This low density causes a very low
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volumetric energy content of hydrogen, i.e., 0.01 MJ/L H2 for the gas at ambient conditions
and 8.5 MJ/L H2 for liquefied H2. One possible solution is to store hydrogen inside a liquid
molecule that can easily be transported and that can release it when needed. In this regard,
many different LOHCs have been proposed in the literature such as methylcyclohexane,
decaline, dodecahydro-N-ethyl carbazole, and other molecules containing aromatic rings.
A more detailed list of possible LOHC molecules is reported in some recently published
reviews [13–15]. All these LOHCs have the advantage of a high hydrogen density but also
many disadvantages such as: (i) aromatic molecules are harmful, not renewable, and not
biodegradable; (ii) their dehydrogenation occurs at relatively high temperatures with high
consumption of heat; (iii) catalysts promoting the reaction are normally based on precious
noble metals (Pt, Pd) susceptible to deactivation or poisoning. Another proposed approach
is the use of methanol, ethanol, and hydrocarbons to produce hydrogen by steam reforming
but in this case, CO and CO2 are obtained as by-products. CO2 must be separated, and CO
contaminates the produced hydrogen. Moreover, the process is irreversible and consumes
the reactants causing CO2 emissions [16]. On the other hand, several researchers have
described the ethanol dehydrogenation to ethyl acetate by using different catalysts [2–11]
and some patents have also been published on this reaction describing the employment of
different catalysts and related operative conditions [17–19]. Moreover, an industrial process
has been developed and patented by Davy Process Technology, a Johnson and Matthey
company [20–22]. More recently, Eurochem Engineering developed and patented in 2011
an industrial process for ethanol dehydrogenation to ethyl acetate carried out in a packed
bed tubular reactor containing a more efficient copper-copper chromite commercial cata-
lyst [23]. Under the best conditions, an ethanol conversion of 50–60 mol% and selectivity to
ethyl acetate higher than 97% were obtained. The reaction was conducted in a tempera-
ture range of 473–493 K and 20–25 atm of pressure with an ethanol contact time of about
90–100 g·h/mol. In that process, 1 mole of pure hydrogen was obtained as a co-product for
each mole of converted ethanol. The obtained hydrogen can easily be separated by condens-
ing ethanol and ethyl acetate. All the aspects of this process have been studied in a detailed
way and the results have been already reported in some different publications [24–27]. The
kinetics of the reaction has been accurately studied by performing many experimental
runs in different operative conditions, in the perspective of a suitable scale-up towards
the industrial plant and a dedicated paper has been published [28]. The dehydrogenation
reaction is reversible, and this is the reason for the limited ethanol conversion obtainable in
a single step. The reverse reaction is therefore feasible and different works have studied the
hydrogenation of ethyl acetate to ethanol by using different copper-based catalysts [29–33].
All these works, respectively devoted to ethanol dehydrogenation and ethyl acetate hy-
drogenation, demonstrate the feasibility of the use of ethanol as a LOHC because it is
possible to close the chemical cycle of dehydrogenation of ethanol and hydrogenation of
ethyl acetate. However, until now no-one has suggested the use of ethanol as a LOHC
except for the proposal reported in a work recently published by Tran et al. [34] and in the
more recent one by Mevawala et al. [35]. Tran et al. proposed the use of ethanol as a LOHC
considering the cycle dehydrogenation-hydrogenation promoted by a ruthenium complex
in homogeneous phase. Although the homogeneous catalytic approach is not convenient
with respect to the heterogeneous one, the work is important because it is a further demon-
stration of the feasibility of the idea to use ethanol as a hydrogen carrier. On the other
hand, the paper of Mevawala et al. [35] studied the thermodynamic and environmental
aspects of the ethanol–ethyl acetate cycle for hydrogen storage applications, without an
in-depth analysis of the catalytic systems. Their modeling of the overall cycle determined
an energy efficiency up to 88%, a significantly high value with respect to those of other
LOHCs, mainly addressed to the very low endothermicity of the reaction. Moreover, a
preliminary eco-balance evidenced that the use of ethanol was more sustainable from a
carbon emission perspective when compared with fossil LOHCs. Therefore, starting from
the existing literature and considering, as a reference, the performance of the already well-
known copper-copper chromite catalyst in promoting ethanol dehydrogenation we would
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like to define the best operative conditions for both ethanol dehydrogenation and ethyl
acetate hydrogenation, also with the aim to find alternative catalysts exempt of chromium
with similar or superior performances. In the perspective of the scale-up, the kinetics of
both the dehydrogenation and hydrogenation reactions in conventional reactors will be
defined for a preliminary determination of the techno-economic aspects of a structured
process with the aim to optimize the characteristics of three different application areas:
energy-storage, energy-transport, and mobility application.

2. Methodology of Ethanol Dehydrogenation
2.1. Thermodynamics of the Occurring Reactions

The conversion of ethanol to ethyl acetate occurs according to the following stoichiometry:

2C2H5OH � CH3COOC2H5 + 2H2 (2)

∆H◦500 K = 33.64 kJ/mol; ∆G◦500 K = −6.44 kJ/mol
From experimental observation, this reaction is the addition of two consecutive reac-

tions that are:
(1) C2H5OH � CH3CHO + H2 (3)

∆H◦500 K = 71.30 kJ/mol; ∆G◦500 K = 10.59 kJ/mol

(2) CH3CHO + CH3CH2OH � CH3COOCH2CH3 + H2 (4)

∆H◦500 K = −37.66 kJ/mol; ∆G◦500 K = −17.03 kJ/mol
It is opportune to observe that the overall reaction (2) is moderately endothermic, while

reaction (3) is endothermic, and the successive reaction (4) is on the contrary exothermic.
The equilibrium constants of the three reactions, at 500 K, are respectively:

Kp2-500 K = 4.69; Kp3-500 K = 0.080; Kp4-500 K = 58.94

The equilibrium of reaction (3) is shifted to the left but as acetaldehyde is consumed by
reaction (4) it proceeds to the right and the equilibrium of the overall reaction is moderately
shifted to the right at 500 K. The overall reaction (2) is more favored at 600 K with the
equilibrium constant being about 17. Thermodynamic calculations have been made on data
reported by Stull et al. [36]. The choice of 500 K, as reference temperature, is a compromise
between the thermodynamic and kinetic properties of the involved reactions, because
higher temperatures favor the occurrence of undesired side reactions.

2.2. Catalysts Normally Employed for Promoting the Ethanol Dehydrogenation

Many different catalysts have been used for promoting ethanol
dehydrogenation [2–11,17–28]. It is possible to distinguish two different classes of copper
catalysts respectively containing copper/copper chromite, and copper metal supported
and/or promoted by different oxides such as Al2O3, Cr2O3, ZnO, ZrO2, and SiO2. The
presence of oxide compounds has the scope to improve the dispersion of Cu thus, as con-
sequence, slowing down the catalyst deactivation due to the metal sintering. Some other
catalysts containing Ni or Pd have also been tested with lower performances. Interesting is
the use of ruthenium complexes acting in a homogeneous phase, at very low temperatures,
and promoting both ethanol dehydrogenation and ethyl acetate hydrogenation. Many
papers and reviews have been published on the subject and nowadays some conclusions
can be drawn [37–39]. According to Finger et al. [37], the dehydrogenation of ethanol to
acetaldehyde occurs on the Cu surface, while the coupling of acetaldehyde with ethanol
occurs mainly at the interface Cu-metal oxide (ZnO, ZrO2) where ethanol is adsorbed
as alkoxide. According to Pang et al. [38], acetaldehyde is generated preferably on an
unreduced Cu+ site while H2 is liberated on Cu0. The ratio Cu+/Cu0 would be therefore
important for the selectivity, and a high presence of Cu+ favors the formation of acetalde-
hyde, while the contrary favors the formation of ethyl acetate. As previously reported, the
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Cu dispersion is of paramount importance, the activity being normally proportional to the
specific surface area of Cu. In this regard, the support has a great influence on catalyst
activity, selectivity and stability. For example, a high acidity of the support is detrimental,
favoring the dehydration path instead of the dehydrogenation one; thus, the oxides, being
weak acids or basic, favor dehydrogenation. Oxides trapping the Cu particles favor sta-
bility, hindering the deactivation due to sintering. It seems that stability can be induced
also by alloying Cu with a moderate quantity of Ni. The operative conditions are also
very important, considering that the formation of acetaldehyde is favored by low pressure
(<1 atm) and high temperature (>573 K), whilst the selectivity to ethyl acetate increases at
a relatively high pressure (10–30 atm) and low temperature (<523 K). The optimal opera-
tive conditions will be chosen through a compromise that allows the achievement of the
maximum ethyl acetate yield. Phung [12] recently published a review on copper-based
catalysts for ethanol dehydrogenation examining, on the basis of the previous literature,
the respective roles of: Cu loading, Cu dispersion, the particle size, the Cu support and
related acidity or basicity and contact time.

2.3. A Reference Catalyst, Reaction Mechanism and Related Kinetic Model

In this work, the behavior of a copper-copper chromite catalyst could be used as a
reference starting point for comparing kinetic data obtained by employing other catalysts
because the kinetics of that catalyst are well known from different sources [28,40]. Different
kinetic models have been proposed in the literature. For example, Tu et al. [40] considered
the main overall reaction to be of the pseudo-first order; thus, the model suggested by
these authors was oversimplified. Moreover, the tested copper chromium catalysts were
deactivated with time and a deactivation kinetic law was proposed by the same authors.
More recently, a kinetic model based on reliable reaction mechanisms has been published
by Carotenuto et al. [28]. The model proposed by these authors considered the following
reaction scheme:

CH3CH2OH � CH3CHO + H2 (5)

CH3CHO + CH3CH2OH � CH3COOCH2CH3 + H2 (6)

2CH3CHO→ Other products (7)

Probably occurring according to the following reaction mechanisms:

C2H5OH + σ0 � σEtOH (8)

σEtOH + σ0 → σAcH + σH2 rate determining step (9)

σAcH � σ0 + CH3CHO (10)

σH2 → σ0 + H2 (11)

σ0 is the fraction of free active sites on the catalytic surface, while σi is the fraction of
active sites occupied by adsorbed “i” molecules. The “rate determining step” should be the
surface reaction between chemisorbed ethanol and a catalyst void site to form adsorbed
acetaldehyde. For the second reaction the following mechanism was suggested:

C2H5OH + σ0 � σEtOH (12)

CH3CHO + σ0 � σAcH (13)

σEtOH + σAcH � σEA + σH2 rate determining step (14)

σEA � σ0 + CH3COOCH2CH3 (15)

σH2 � σ0 + H2 (16)
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In this case, the rate determining step would be the reaction between adsorbed ethanol
and adsorbed acetaldehyde. Based on the postulated reaction mechanisms, it is possible to
write the following kinetic law expressions:

r1 =
k1PEtOH

(
1− 1

Ke1

PAcH PH2
PEtOH

)
(1 + bEtOH PEtOH + bAcH PAcH + bH PH + bEAPEA)

2 (17)

r2 =
k2PEtOH PAcH

(
1− 1

Ke2

PEAPH2
PEtOH PAcH

)
(1 + bEtOH PEtOH + bAcH PAcH + bH PH + bEAPEA)

2 (18)

r3 = k3P2
AcH (19)

The reactions of acetaldehyde to other undesired products are normally reactions of
acetaldehyde condensation as deeply investigated by Inui et al. [7] and Colley et al. [8];
many different undesired products could be obtained in the worst operative conditions as
in the following scheme (Scheme 1):
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Scheme 1. Pathways of by-products formation from acetaldehyde condensation.

To avoid the formation of acetaldehyde condensation by-products it is clearly impera-
tive to keep the acetaldehyde concentration in the system low and to achieve this result the
catalyst selectivity becomes of paramount importance. In contrasty, no-one observed an
acetaldehyde decomposition reaction to CO by using copper-copper chromite catalysts.

In the kinetic approach followed by Carotenuto et al. [28], the reaction of acetaldehyde
to other undesired side products was simplified to a pseudo-second-order reaction because
it was characterized by a very low conversion. The best fitting parameters obtained
by interpreting all the experimental runs performed are summarized in Table 1. The
kinetic parameters reported in Table 1 seem reliable because the activation energies and
the adsorption constants are reasonable values compatible with the postulated reaction
mechanism. The very low value of k3 and the negligible value of the corresponding
activation energy is justified by: (i) the approximation introduced by arbitrarily assuming a
pseudo-second order rate law; (ii) the fact that reaction (7) is not a single reaction but is
an assembly of different reactions exclusively consuming acetaldehyde; (iii) the very low
amount of by-products that determines high analytical errors.
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Table 1. Optimized kinetic parameters obtained for a commercial copper-copper chromite catalyst,
from [28], reported with the permission of Elsevier.

Kinetic Constants Activation Energy (kJ/mol)

k1-493K 97.1 ± 6.8(mol/(gcat·h·atm)) 151.67 ± 18.20
k2-493K 0.089 ± 9.8 × 10−3 (mol/(gcat·h·atm2)) 54.18 ± 2.72
k3-493K 0.0011 ± 7.8 × 10−4 (mol/(gcat·h·atm2)) 6.69 × 10−4 ± 7.53 × 10−5

Adsorption parameters (atm−1) Adsorption Enthalpy (kJ/mol)

bEtOH-493K 10.4 ± 0.83 −106.82 ± 10.67
bAcH-493K 98.4 ± 12.79 −29.37 ± 1.46
bEA-493K 41.2 ± 4.94 −58.20 ± 0.59
bH-493K 2.5 × 10−4 ± 3.5 × 10−5 −55.81 ± 6.15

This reaction system is singular because, looking at the reaction scheme, we can
observe that ethanol transformation to ethyl acetate passes through the formation of
acetaldehyde, an endothermic reaction (∆H ≈ 71 kJ/mol), while the successive reaction
is moderately exothermic (∆H ≈ −40 kJ/mol). This means that using a tubular reactor it
is opportune to separate it in different stages (at least 2) differently heated if the system
should be maintained approximately isotherm. In the first part it is necessary to furnish
heat, whilst in the second one the cooling of the reactor is required. On the other hand,
if a unique adiabatic reactor is adopted and a hot reagents stream (e.g., 508 K) is fed, it
is possible to observe initially a decrease in the temperature followed by a progressive
moderate increase. For an isothermal tubular reactor, the following system of differential
equations must be simultaneously solved:

dFEtOH
dZ

= −Wcat(r1 + r2) (20)

dFAcH
dZ

= Wcat(r1 − r2 − 2r3) (21)

dFAcOEt
dZ

= Wcatr2 (22)

dFH2

dZ
= Wcat(r1 + r2) (23)

where Fi is the molar flow rate of component i, Z = L/Lbed is the dimensionless reactor
length, Wcat is the loaded catalyst weight and rj are the rates of the j-reactions referred to
the unit of catalyst weight. Figure 1 shows the conversion of ethanol and selectivities to
respectively ethyl acetate and acetaldehyde as a function of the contact time W/F (g·h/mol),
at 493 K and 20 atm, calculated with the described kinetic model and related parameters.

A similar kinetic approach has been published by Men’shchikov et al. [41], who
interpreted runs performed on a catalyst composed of copper-zinc-chromium supported
on alumina (CuO-ZnO-Cr2O3-Al2O3) in the temperature range 503–563 K and pressure of
10–20 atm. The runs were carried out in a continuous fixed-bed reactor and interpreted with
a Langmuir–Hinshelwood kinetic model. The conversion to ethyl acetate changed with the
temperature from 10 to 47%, acetaldehyde was produced in a small amount from 0.7 to 3%,
while increasing the temperature greatly increased the presence of other by-products from
0.3% to 7%. Optimal kinetic parameters of the model were determined and interpreted for
all the kinetic runs showing an error of ±20%. Starting from similar results, it would be
possible to do a scale-up and formulate the best arrangement of the plant equipped with a
conventional reactor for producing hydrogen and ethyl acetate.
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Figure 1. Kinetic behavior of copper-copper-chromite catalyst. Ethanol conversion and selectivities
to respectively ethyl acetate and acetaldehyde, for different contact times at 493 K and 20 atm. Curves
have been obtained by solving the system of differential Equations (10)–(13) with the parameters of
Table 1.

2.4. Laboratory and Pilot Chemical Plants

The ethanol dehydrogenation kinetic data, related to the previous section, have been
collected in a laboratory chemical plant, as schematized in Figure 2 [42].
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Figure 2. A1—Ethanol tank; A2—HPLC pump; A3, A5—Check valves; A4—relief valve; A6—Flow
mass controller, A7—Cylinder containing a mixture of hydrogen 5% and nitrogen; A8—pre-heater
to vaporize ethanol; A9—Stainless steel packed bed tubular reactor. A10—Back pressure regulator;
A11—Heat exchanger; A13, A14—Product tanks raising; A12/A15—Liquid nitrogen dewars;
S1/S2/S5—Temperature probes; S3/S4—Pressure transducers. The reactor A9 was heated by two
independently thermoregulated heaters.

Recently, Semenov et al. [10] published a work describing the performance of a pilot
plant working with a Cu-ZnO catalyst. A scheme of the employed pilot plant, containing
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0.5 L of catalyst, is shown in Figure 3. The authors worked in a temperature range of
503–573 K and 1–20 atm. The best obtained results were 63% of ethanol conversion per pass
and 94% of selectivity to ethyl acetate, together with very small amounts of side products
such as butyl alcohol, butyl acetate, and ethyl butyrate. Moreover, the catalyst remained
stable during all the time investigated in a long-term test (1250 h on stream).
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However, considering the change of enthalpy passing from the dehydrogenation of ac-
etaldehyde (endothermic) to the successive reaction of ethyl acetate formation (exothermic)
it would be opportune, as before mentioned, to consider the reactor subdivided into two or
three zones differently heated, as in the scheme of Figure 4.

2.5. Scale-Up: Scheme of the Industrial Plant and Most Opportune Operative Conditions

As mentioned before, an industrial process has been realized and commercialized by
Davy Company in South Africa some years ago. The catalyst used by Davy for the ethanol
dehydrogenation was a commercial copper chromite catalyst. A simplified scheme of their
proposed plant is the one reported in Figure 5 taken from their private communication [43].

The step of selective hydrogenation is related to the hydrogenation of by-products of
acetaldehyde condensation such as methyl ethyl ketone and butyraldehyde to obtain the
corresponding alcohols that are easier to separate from ethyl acetate. Catalysts employed
for this hydrogenation step were supported ruthenium or nickel. The molar conversion-per-
passage of ethanol dehydrogenation was kept at 30–40% and selectivity to ethyl acetate was
90–96%. The relatively low selectivity to ethyl acetate justified the necessity of a supplemen-
tary hydrogenation step for an easier separation of the by-products. The dehydrogenation
catalyst was pre-activated at 473–493 K in a stream containing 5% of hydrogen in nitrogen.
The activated catalyst was then used at about 14 atm of pressure and 493–518 K of the
temperature range. More recently, Eurochem Engineering has studied the same reaction
and proposed the following simplified scheme for an industrial plant [24,42] (see Figure 6).
An ethanol conversion per passage of 50–60% can normally be adopted and 5% of hydrogen
is recycled acting as carrier gas and catalyst stabilizer. At least two distillation columns
are needed to break the ethanol-ethyl acetate azeotrope and the purge is opportune to
avoid side-products accumulation. The process scheme is simplified with respect to the one
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proposed by Davy because the copper-copper chromite catalyst employed by Eurochem
Engineering was more selective and the amount of produced by-products was lower, thus
not requiring their following hydrogenation and separation from the recycle stream. As
before mentioned, this reaction system is singular because, looking at the reaction scheme,
we can observe that ethanol transformation to ethyl acetate passes through the formation of
acetaldehyde and this is an endothermic reaction (∆H ≈ 71 kJ/mol), while the succeeding
reaction is moderately exothermic (∆H ≈ −40 kJ/mol). This means that the operation on
both laboratory or pilot scale can be conducted in two ways: by using an approximately
isotherm jacketed tubular reactor or by dividing the tubular reactor into two/three stages
differently heated if the system should be maintained approximately isotherm.
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At the industrial scale level, it is opportune to operate with three or four adiabatic
reactors in sequence with a heat exchanger between a reactor and the successive stages
to repristinate the desired reaction temperature. A preliminary estimation [42], based on
the previously described copper chromite catalyst and related kinetic model, has been
made using ChemCad software by simulating a complete industrial plant producing
21 tons/h of ethyl acetate and 1 ton/h of hydrogen. The overall process was divided into
four different sections:

Section (1) was devoted to fresh ethanol purification and recycling. In this section,
ethanol was dehydrated because water is dangerous for the catalyst. Dehydration was
realized by distillation in the presence of ethylene glycol as an entrainer.



Processes 2023, 11, 785 10 of 20

Section (2) Catalytic reactors. Dehydrated ethanol is heated, vaporized, and pressur-
ized before entering the reactors. Four adiabatic reactors, each of 10 m3, were considered in
sequence with inter-bed heating to compensate for the endothermicity of the reaction. The
inlet temperature was 493 K for the first two reactors and 503 K for the other two.

Section (3) Hydrogen separation through two flash units. 5% of hydrogen is recycled
acting as carrier gas and catalyst stabilizer.

Section (4) Separation of ethyl acetate from unreacted ethanol + by-products. To
break the azeotrope ethanol-ethyl acetate a pressure swing distillation system has been
considered by varying the pressure from 20 atm (the reaction pressure) to 1 atm. The
separation scheme consists of a first distillation column working at 20 atm in which on the
overhead the azeotrope ethyl acetate-ethanol was separated from pure ethyl acetate. The
azeotropic mixture was then depressurized to 1 atm and fed to a second distillation column
for further separation. Alternatively, the separation can be made by azeotropic distillation
by using an effective agent such as ethyl ether, methyl formate, or cyclohexane [44] or some
ionic liquids as entrainers [45].
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2.6. Techno-Economic Analysis of the Process

A techno-economic analysis of this dehydrogenation process has recently been made
by Khanhaeng et al. [16] with the scope of determining the cost of hydrogen produced
through the steam reforming of ethanol and the ethanol dehydrogenation to acetaldehyde.
The comparison has been performed by using Aspen PLUS V10. The hydrogen produced
would be used for the synthesis of methanol by reacting hydrogen with CO2. This com-
parison is not useful for our purpose, but the cost estimation for ethanol dehydrogenation
could be a useful reference for this study. The scheme of the industrial process considered
by the authors is shown in Figure 7.

The kinetics published by Carotenuto et al. [28] have been used by Khanhaeng et al.
for the calculations related to ethanol dehydrogenation. As reported in Figure 7, ethanol
preheated at 493 K was pumped to 20 atm (E-200) by using high-pressure steam before
entering in the fixed bed reactor (R-200). The conditions inside the reactor were maintained
at 20 atm and 513 K. The reaction mixture (unreacted ethanol, ethyl acetate, and hydrogen)
was cooled (E-202) at 308 K by cooling water. Unreacted ethanol and ethyl acetate were
separated from hydrogen in a flash vessel (V-200). The hydrogen collected had a purity of
98.87%. The mixture of unreacted ethanol-ethyl acetate collected from the bottom stage
was separated by extractive distillation using dimethylsulfoxide (DMSO) as suggested
by Zhang et al. [46]. The extractive distillation occurred in a distillation column with
48 theoretical trays (T-200). 99.64% of ethyl acetate was separated with a purity of 99.5%.
Then, the mixture of ethanol–DMSO was separated in a simple distillation column with
10 theoretical trays and the unreacted ethanol was then recycled. The authors evalu-
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ated the overall cost of the process consisting of Fixed Capital Investment + Cost of
Manufacturing. The Fixed Capital Investment for a plant producing 1665 tons/year of
hydrogen was estimated to be 4,784,141 USD, while the Cost of Manufacturing was cal-
culated to be 6,919,315 USD/year. This cost also includes the value of the employed
raw materials (ethanol 3,192,398 USD/year and DMSO 1924 USD/year) that must be
calculated just for undergoing the first LOHC cycle, while, after the successive LOHC
cycles the same ethanol is reused. Hence the effective cost of manufacturing would be:
6,919,315− 3,192,398− 1924 = 3,724,993 USD/year corresponding to a cost of 2237 USD/ton
of hydrogen produced. The cost must be increased by considering the Fixed Capital Invest-
ment + Cost of Raw Materials for the start-up: 4,784,141 + 3,192,398 +1924 = 7,978,463 USD.
If these expenses are amortized in 10 years we have a charge of 794,846 USD/year which
is 479 USD/ton of hydrogen produced. Therefore, the estimation of the hydrogen cost
will be 2237 + 479 = 2716 USD/ton of hydrogen produced. This means a cost of energy of
about 0.0684 USD/kWh. However, we must point out that some energy must be supplied
to the system for sustaining: (i) ethanol heating from room temperature to the reaction
temperature, including the ethanol vaporization heat; (ii) the heat necessary for supplying
the heat of the endothermic reaction; (iii) the energy necessary for the separations; (iv) the
energy for ethanol recycle. This energy can be supplied by burning the purge that mainly
contains ethanol with small amounts of acetaldehyde and very small amounts of other
organic by-products. In this case, a moderate excess of ethanol must be employed in the
process. An alternative could be the use of waste heat where available.
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The different described behaviors suggest that there is a large margin for improvement
in defining the best operative modality either increasing the catalyst activity or improving
the operative conduct. We can now summarize some of the advantages of this process:

• Only ethanol is required as feedstock. Then, if ethanol derives from a biological source
the process is based on a renewable resource.

• No problems of corrosion are envisaged during the plant operation. This allows
using lower grades of material in the equipment fabrication and the plant costs are
therefore reduced.

• Pure hydrogen is obtained exempt from CO and CO2 and is therefore directly usable
in fuel cells.

• High purity of the product ethyl acetate (>99%), which can be directly sent to the
second hydrogen reloading step without significant action.

In conclusion, starting from the described kinetic models, adapted to any newly
developed catalyst, a more detailed process design can be obtained using ChemCAD or
ASPEN. By imposing the desired productivity, a process optimization study can be realized
with the aim of reducing the cost of plant realization and the cost of hydrogen production.
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2.7. Process Intensification and Adoption of Membrane Reactors

An attempt to introduce process intensification has recently been made by the Startup
Co. Greenyung [47–52], which published different patents proposing an innovative ethanol
dehydrogenation process performed in a reactive distillation column, according to the
following scheme (Figure 8).
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In this case, ethanol is fed in a reactive distillation column, in which a dehydrogenation
zone is present where the main reactions occur together with the associated side reactions.
The employed catalyst was a physical mixture of CuO/Al2O3 and ZnO/Al2O3. Two
streams exit from the reactor: (i) the produced hydrogen, which exits from the top of the
column; (ii) the by-products, which are then hydrogenated because some side products are
hard to separate from ethyl acetate. This means that the catalyst employed by Greenyung
was not selective enough, but more details about this process and some data on costs
are reported in a report of the Pennsylvania University available online [53] and on the
published patents [47–52]. However, the idea of process intensification combining the
dehydrogenation reaction with the hydrogen separation can be considered as a profitable
opportunity. Another very promising possibility is the adoption of a membrane reactor
as can be argued from the published literature [54–59]. The introduction of a membrane
reactor allows the shifting of the equilibria of reactions (3) and (4) to the right by subtracting
hydrogen from the chemical environment, so increasing the ethanol conversion at lower
temperatures, without any loss in selectivity. Moreover, the use of a membrane reactor
greatly simplifies the subsequent separation process that in this case occurs contemporar-
ily with the reaction [13]. The dehydrogenation reaction of ethanol to acetaldehyde in
membrane reactors has been studied by many authors [54–57] using particularly Pd and
Pd-Ag membranes. More specifically the technology has been applied also to the ethanol
dehydrogenation to ethyl acetate [58,59] using Pd, Pd-Ag and Pd-Zn membranes. As the
dehydrogenation of ethanol to acetaldehyde is much faster than the ethanol-acetaldehyde
coupling reaction, the residence time must be opportunely regulated to obtain the desired
product. Moreover, in the presence of an opportune membrane, generated hydrogen can
be selectively separated in situ from the reaction mixture and the reaction can be driven
to completion. Moreover, reaction and hydrogen separation steps occur inside the same
reactor, thus avoiding a further separation unit.
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3. Ethyl Acetate Hydrogenation
3.1. Thermodynamics of the Occurring Reactions

Ethyl acetate hydrogenation is the reverse reaction of ethanol dehydrogenation. There-
fore, we can write for the overall reaction:

CH3COOC2H5 + 2H2 � 2C2H5OH (24)

∆H◦500 K = −33.64 kJ/mol; ∆G◦500 K = 6.44 kJ/mol Kp-500 = 0.21
This reaction very probably occurs in two steps that are:

(1) CH3COOCH2CH3 + H2 � CH3CHO + CH3CH2OH (25)

∆H◦500 K = 37.66 kJ/mol; ∆G◦500 K = 17.03 kJ/mol

(2) CH3CHO + H2 � CH3CH2OH (26)

∆H◦500 K = −71.30 kJ/mol; ∆G◦500 K = −10.59 kJ/mol
We have then Kp1-500 = 0.0166 and Kp2-500 = 12.76.
Calculations have been made on thermodynamic data reported by Stull et al. [36].

3.2. Catalysts Normally Employed for Promoting the Ethyl Acetate Hydrogenation Reaction

The interest in ethyl acetate hydrogenation to ethanol is due to the possibility to use
ethanol as an alternative fuel and many papers have been published on the subject. Ad-
kins and Folker [60] firstly described the reaction of esters hydrogenation promoted by a
copper-chromium catalyst, being copper with chromium additive often used for fatty esters
hydrogenation [61]. In fact, copper catalysts are highly active for C=O bond hydrogenation
but much less active for C-C bond cleavage and this explains the choice of copper-based
catalysts for ester hydrogenation. More recently, as chromium poses environmental prob-
lems, research is focused on the development of chromium-free catalysts. For this purpose,
the addition to copper of other metal oxides, such as ZrO2, Fe2O3, or ZnO, has been investi-
gated with the aim of promoting the activity of copper in the hydrogenation of esters to
alcohols [62–66]. These works are of great interest for the LOHC process because very active
catalysts in the hydrogenation of esters are probably also active in the reverse reaction
of alcohol dehydrogenation. However, the hydrogenation of ethyl acetate to ethanol has
received poor attention in the past and according to the few published works before 2014 a
conversion of 40% of ethyl acetate with an ethanol selectivity of 80% has been reported [32].
In this article, a bimetallic Cu-Zn/SiO2 catalyst has been employed. The catalyst was ob-
tained by calcination of the synthesized compound CuZn(OH)4(H2SiO3).2.4H2O at 473 K in
air followed by a reduction step with hydrogen at 573 K. The Cu/Zn molar ratio of 1:1 was
the optimal one leading to ethyl acetate conversion of 82% and ethanol selectivity of 94%.
In another work [31], a Zn-promoted Cu-Al2O3 catalyst has been positively tested in a fixed
bed reactor carried out at 523 K and 20 atm. The catalyst was prepared by impregnating
alumina with a mixture of copper nitrate and zinc nitrate in a solution by incipient wetness.
By opportunely regulating calcination and reduction conditions the best results were ethyl
acetate conversion of 71.5% and ethanol selectivity of 95%. An activity test was prolonged
for 90 h without any apparent catalyst deactivation. Interesting results have been obtained
also by Di et al. [30] by using two different synthesized Cu/SiO2 catalysts. In the first case,
an acidic copper nitrate solution was added to a basic sodium silicate solution obtaining
a precipitate that was then calcined and reduced, thus providing the Cu/SiO2 catalyst.
The other one was prepared by using the urea hydrolysis deposition-precipitation method.
Catalytic runs were performed in a fixed bed reactor operating in the temperature range of
483–553 K at 30 atm using 1 g of catalyst and a LHSV = 1.24 h−1. The reactor was fed with
a molar ratio H2/EA = 29. The best data obtained were 99.7% of ethyl acetate conversion
and 99.07% of selectivity to ethanol. These data seem to be optimistic, probably because
of the high H2/EA ratio. Good results have been obtained by Huang et al. [67] by using a
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Cu/SiO2 catalyst for hydrogenating methyl acetate to methanol + ethanol, obtaining a con-
version of 94% and a selectivity of 94%. The catalyst was prepared by the precipitation-gel
method by reacting copper nitrate with NaOH and then supporting the gel on silica. On
the other hand, Lu et al. [33] prepared by coprecipitation and tested three different catalysts
of the type Cu/ZnO/MOx, where MOx could be the supports SiO2, Al2O3, and ZrO2. The
best catalyst results were from Cu/ZnO/Al2O3 that, in a fixed bed reactor (filled with 3 g
of catalyst) kept at 553 K and 20 atm, gave a conversion of 80% with a selectivity of 95%.
A value of the activation energy equal to 115 kJ/mol was estimated for this catalyst. This
work can be reinterpreted for a kinetic approach to this reaction. A confirmation of the
good performances of the CuZn-SiO2 catalyst has been furnished by Zhao et al. [68] who
studied the hydrogenation of methyl acetate on the same catalyst. In conclusion, a catalyst
active in the hydrogenation of ethyl acetate and probably also in the reverse reaction of
ethanol dehydrogenation is a copper-based catalyst with copper extremely dispersed and
hindered from sintering by the presence of other oxides. In this regard, the role of zinc as a
promoter seems very important, while the support cannot be acidic to avoid the formation
of by-products from the reactions of acetaldehyde condensation.

3.3. Ethyl Acetate Hydrogenation, Kinetic Methodology in Conventional Reactors

Very few papers have considered the kinetics of the ethyl acetate hydrogenation to
ethanol on copper-based catalysts [69,70]. The first one determined the intrinsic kinet-
ics of ethyl acetate hydrogenolysis to ethanol over a Cu-Zn/Al2O3 catalyst operating
in a tubular reactor in the temperature range of 453–503 K, pressure 10–15 atm, LHSV
0.7–1.9 h−1 and molar ratio H2/EA = 20–50. A power law kinetic model was applied for
interpreting the experimental data and the optimal kinetic parameters were determined
by mathematical regression. The second paper studied the kinetic behavior in the ethyl
acetate hydrogenation promoted by a Cu/ZrO2 catalyst prepared by coprecipitation from
copper nitrate and zirconium oxynitrate with NaOH as precipitating agent. The kinetics of
hydrogenation were studied at atmospheric pressure in the temperature range 293–513 K.
The hydrogenation reaction was followed by gradually increasing the temperature from
293 to 513 K, stopping the temperature level for a determined time for evaluating conver-
sion and yield at intermediate temperatures. The conversion varied therefore from 8 to
45%. The first ethyl acetate hydrogenation reaction was always far from the equilibrium,
while acetaldehyde quickly reached the thermodynamic equilibrium. As a matter of fact,
acetaldehyde hydrogenation is 6000 times more active than ethyl acetate hydrogenation.
Data was collected on conversion as a function of the residence time, and hydrogenation
rates as a function of the ratio H2/ester at different temperatures. The authors assumed
the reaction mechanism suggested by Natal Santiago et al. [71], which is characterized by
dissociative adsorption of ethyl acetate yielding acyl and alkoxy species:

CH3COOCH2CH3 + 2∗ → CH3CO ∗+CH3CH2O∗ (27)

The alkoxy fragment is rapidly hydrogenated to ethanol, whilst the acyl fragment
is less reactive and, more slowly, can be partially hydrogenated to acetaldehyde or fully
hydrogenated to ethanol. A moderate deactivation was observed due to coke deposition
occurring at higher temperatures. This phenomenon is hindered by operating in the
presence of an excess of hydrogen. A kinetic model is mentioned in the work by using, for
the overall reaction, a power law kinetic expression. Reaction order results were 0.1–0.3 for
hydrogen and −0.4 to 0.1 for ethyl acetate; the apparent activation energy was 74 kJ/mol.

An example of a laboratory-scale plant (Figure 9) is reported by the already cited
Zhu et al. [31].
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5—Valves; 6—Pressure reducer; 7—Non-return valve; 8—Tubular reactor; 9—Heating furnace;
10–11—Thermocouples and thermoregulators; 12—Liquid condenser; 13—Liquid product container;
14—Valve; 15,16—Valves; 17—Gas Chromatograph;18—Hydrogen to the vent. See Ref. [69].

Based on these data, it could be possible to elaborate a simplified scheme for the
corresponding industrial plant.

3.4. The Industrial Ethanol-Ethylacetate LOHC Process

A work published very recently by Mevawala et al. [35] has specifically been devoted
to the possibility of using the ethanol-ethyl acetate system as a LOHC by examining three
different aspects: the thermodynamics of the chemical reaction, the energy balance of
the process and the assessment of greenhouse gas emission. This work confirmed that
the energy demand for dehydrogenation is small, and the authors calculated an energy
efficiency of the system equal to 88%. The results obtained by the authors show that the
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ethanol-ethyl acetate system is very promising as a LOHC and is worth further study.
In particular, the same authors furnished a complete Block Flow Diagram developed in
Aspen Plus 10 of the ethanol-ethyl acetate LOHC process for a production of 500 kg/h
of hydrogen.

4. Ethanol as a Possible LOHC in Comparison with Other Candidate Molecules

“Green” electricity provided by renewable sources of energy such as photovoltaic
plants, wind turbines, hydroelectric plants, geothermal energy plants, and energy from
biomass can be used within an electrolysis process to produce gaseous hydrogen from
water. However, when the renewable sources of energy are in places where the energy
demand is low, it is opportune to store the excess of produced energy. This can be done by
producing hydrogen and storing it inside a LOHC through a hydrogenation reaction. The
hydrogenated molecule must allow long-term storage, must be suitable for long-distance
transport and must be ready, at the time of need, to unload hydrogen after the transport
and storage in a place where the energy demand is high. Many different LOHC substances
have been proposed until now such as: methylcyclohexane, 12H-N-ethylcarbazole, 18H
dibenzyl toluene, naphthalene and others. The use of a LOHC is based on a two steps
cycle: (i) loading hydrogen into the LOHC molecule through hydrogenation; (ii) recovering
hydrogen through dehydrogenation. Normally, hydrogenation is an exothermic process,
and the reaction heat can be used to keep the reaction pressure and temperature at the
desired level. In contrast, dehydrogenation is an endothermic process occurring at low
pressure and high temperatures. The hydrogen released by dehydrogenation requires,
therefore, heat from an appropriate heat source to drive the dehydrogenation process. This
occurs when LOHCs are molecules containing aromatic rings. The heat necessary during
dehydrogenation can be furnished by burning part of the hydrogen produced, so reducing
the efficiency of the overall process, or alternatively by building the plant near a waste heat
source. Let us consider, for this purpose, the LOHC system methylcyclohexane-toluene as
a reference for comparison [72]. The use of bioethanol as LOHC allows storing of 4.3% by
weight of hydrogen, which means storage of 34 kg of H2/m3 of ethanol or, alternatively,
1.35 kWh/L of ethanol. Bioethanol is a free-flowing liquid that has the advantage of being
non-toxic, renewable, biodegradable, and largely available as raw material at a lower and
lower cost. Bioethanol is, therefore, a good LOHC candidate for the application of green
energy storage according to the cycle of Figure 11.
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Ethyl acetate can also be considered a green product and, like ethanol, benign for both
the environment and human safety. To compare the cost of using ethanol as LOHC with
respect to other compounds, we can neglect the cost of transportation, this being similar for
all the liquid organic compounds; therefore, the comparison will be made on the cost of the
dehydrogenation-hydrogenation cyclic operations. Let us consider, for this purpose, one of
the most studied LOHCs, namely, methylcyclohexane (MCH). The MCH-toluene reaction
is promoted by catalysts of platinum or nickel supported on alumina, at 623–723 K, with a
yield between 50 and 92%. The highest hydrogen yield (95% at 593 K) was obtained on a
K-Pt/Al2O3 catalyst [15]. MCH has a hydrogen storage capacity of 6.11% by weight, which
means density storage of 47.5 kg of H2/m3.

Despite the advantage in the storage capacity of MCH with respect to ethanol, the
energy that must be consumed in the MCH dehydrogenation favors the use of ethanol. The
overall reaction enthalpy for the reaction has already been seen:

2C2H5OH � CH3COOC2H5 + 2H2 (28)

∆H◦500 K = 33.64 kJ/mol.
This value is much lower than that of MCH and the reaction temperature range,

between 493–543 K, is lower, too:

Methylcyclohexane � Toluene + 3H2 (29)

∆H◦500 K = 213.22 kJ/mol.
Moreover, the drawback of the higher endothermicity of the dehydrogenation of

MCH respect to that of ethanol is more evident considering the enthalpies calculated per
moles of produced hydrogen. In fact, although the dehydrogenation of ethanol leads
to the formation of two moles of hydrogen whilst three moles are produced from the
dehydrogenation of MCH, the enthalpy per mole of produced hydrogen is markedly lower
in the first case, being 16.82 kJ/mol instead of 71.11 kJ/mol, thus confirming that the
dehydrogenation reaction of MCH requires a higher amount of heat than that of ethanol.
The heat can be provided in several ways, e.g., from the combustion of compounds external
to the process or, more advantageously, from the combustion of a part of the produced
hydrogen. In fact, the enthalpy of hydrogen combustion is about 243 kJ/mol thus, being
comparable with the enthalpy of the MCH-toluene reaction (213.22 kJ/mol), about one
mole of hydrogen produced could be used to sustain the dehydrogenation reaction of MCH.
However, this strategy lowers the effective hydrogen storage to about 5%, which becomes
comparable with the level for ethanol. Hydrogen release from ethanol is achieved at lower
temperatures and with significantly less energy consumption. Moreover, hydrogenation,
in this case, is just moderately exothermic, while, for MCH we have a highly exothermic
reaction with problems of heat transfer. Besides, MCH dehydrogenation, considering its
high endothermicity, requires a more sophisticated reactor characterized by very high
heat exchange efficiency. An opposite situation characterizes the hydrogenation reaction
that being very exothermic requires a very efficient heat exchange system. This means
additional costs for the plant realization.

The mentioned advantages of ethanol as LOHC can be further implemented by in-
creasing the dehydrogenation reaction rate and the overall reaction yield. This can be done
by improving the catalyst performance and by employing membrane reactors. The catalyst
activity is strongly related to the specific surface area of dispersed copper while selectivity
and stability depend on the copper chemical environment. The improvement of catalyst
performance in terms of activity and selectivity is therefore of paramount importance for
the overall efficiency of the process.

As previously mentioned, the introduction of a membrane reactor allows the shifting
of the equilibrium to the right by subtracting hydrogen from the chemical environment, so
increasing the ethanol conversion at lower temperatures, without any loss in selectivity. The
introduction of a suitable membrane reactor requires a study oriented to the specific case
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to evaluate the best membrane to be used and the most opportune operative conditions.
On the other hand, many studies have been published on hydrogen separation for similar
purposes such as, for example, in the case of ethanol and methanol steam reforming [73,74].

5. Conclusions

The potential impact of the employment of ethanol as a hydrogen carrier through the
chemical cycle dehydrogenation-hydrogenation can be summarized in the following points:

(a) The realization of an innovative and simple system for hydrogen storage
and transportation.

(b) The use of inexpensive raw materials (bio-ethanol, ethyl acetate), which are abundant,
renewable, biodegradable, non-toxic, and not dangerous for the environment.

(c) The synthesis of more active and selective dehydrogenation-hydrogenation catalysts
and the development of techniques for their characterization and kinetic testing.

(d) The realization and modeling of membrane reactors for process intensification.
(e) Modeling of the overall cyclic system for different operative scales.

Significant progress in each of the mentioned points would render feasible and conve-
nient the process by overcoming all the disadvantages in the use of the system ethanol-ethyl
acetate as LOHC with respect to the more conventional systems.
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