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1. INTRODUCTION

Global warming and its impact on the environment and
society are driving governments around the world to mandate
reductions in carbon dioxide emissions. The European Union
has implemented the EU Emissions Trading System which is
intended to reduce carbon dioxide emissions through a cap and
trade mechanism.' > In the U.S,, the EPA is requiring fossil-fuel-
fired electric utilities and refineries to reduce their greenhouse
gas emissions beginning in mid 2012.* These regulations will
force industries to replace fossil fuels with other sources of energy
that do not produce carbon dioxide. Among the energy sources
that are carbon-free are solar, wind, and ocean waves. All of them
produce electricity, but they do so at times that do not consis-
tently match the daily or seasonal variations in energy needs of
society. While these forms of energy have the potential to offset
much of our dependence on fossil fuels, it is the storage of this
energy at off-peak demand times that is required to make these
nonpolluting forms of energy viable.

One approach to storing off-peak electricity is to convert it
into a nonpolluting chemical fuel such as hydrogen
(dihydrogen). While H, has the great advantage of producing
only water when it reacts with oxygen in air (eq 1), it has a very
low boiling point and is highly flammable which makes it

Hz(g)Jr%Oz(g) — H,0(/), AH = —285K/mol (1)

very difficult to store and to be transported. A variety of materials
have been proposed as storage media (SM) for hydrogen® "'
(eq 2) including metal hydrides,’ "' metal-organic frame-
works,' >3

SM + ;Hz(g) = SM-xH 2)

14-16 . 17,18 . q19-22
4 organic materials, 718 CO,/formic acid,”*~** bor-

5—11,24

carbon,
on—nitrogen compounds,” and other solids and liquids.
All of them have shortcomings related to the conditions required
for hydrogen uptake or release, selectivity of the reactions,
stability of the absorbent, and the energy required to provide
low and high pressures and temperatures needed to drive
reaction 2.5 !

In this Viewpoint, I am proposing that aldehydes and ketones
be considered for storage of H, that is generated by the
electrolysis of water”>>° using off-peak demand electricity. The
hydrogen storage reaction (HSR) would be accomplished by the
hydrogenation of an aldehyde/ketone according to eq 3. This is
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an exothermic reaction with a AH of approximately —55 kJ/mol
for
R! R!
\
C=0(/) + Hylg)—> CH-OH(/), AH = ~ -85 ku/mol @)
R? R?
R" = aryl or alkyl
RZ = H, aryl or alkyl

aldehydes/ketones such as benzaldehyde and acetone.”” Ther-
modynamics are favorable for this hydrogenation, and a variety of
catalysts are known to facilitate these reactions as described in the
following sections.

Energy from the hydrogen stored in the product alcohol
(in eq 3) can be recovered in the catalyzed reaction of the
alcohol with oxygen/air to give water and the original aldehyde/
ketone (eq 4). The sum of the hydrogen storage reaction (HSR,
eq 3) and the energy recovery

R! R!

CH-OH() +3 05(g) —=  C=0(/) + H,0(/), AH = ~ 230 kd/mol ~ (4)
R? R2

reaction (ERR, eq 4) is simply the combustion of H, (eq 1), and
the sum of the AH values for eqs 3 and 4 is the AH for eq 1. The
energy recovery reaction (ERR, eq 4) produces heat (~230 kJ/
mol), which is 55 kJ/mol less than that (285 kJ/mol) for the
direct combustion of H, (eq 1). Thus, the cost of storing
hydrogen in the form of an alcohol is ~55 kJ/mol, although
some of this energy (eq 3) is, in principle, usable. However, the
storage of hydrogen in the form of a liquid alcohol is much more
practical than storing neat H,. The heat energy produced in the
ERR (eq 4) could be used to heat buildings and in industrial
processes. Heat from this reaction has been used to drive the
endothermic dehydrogenation of alcohols (R,CHOH —
R,C=0 + H,) as well as a variety of other hydrogen-containing
organic compounds, which are proposed as hydrogen storage
media, as described recently in a patent.

The overall process for hydrogen storage in an aldehyde and
energy recovery from its alcohol is shown in Scheme 1. For an
aldehyde/ketone to be a viable hydrogen storage medium, the
ERR must be highly selective for the generation of the aldehyde;
this requires finding or choosing a catalyst (CatA) that is specific
for this reaction. The HSR must also make use of a catalyst
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Scheme 1. Overall Process for H, Storage (HSR) and Energy
Recovery (ERR) Using an Aldehyde/Alcohol System

RCH,OH
0,
HSR) [CatB
(HSR)(Ca CatA)ERR) .
H3 RCHO
H,O

(CatB) that is selective for the formation of the alcohol. In the
next two sections are described known catalysts for both the HSR
and ERR reactions. The availability of promising catalysts for these
reactions suggests that aldehydes/ketones could be key compo-
nents in a realistic energy storage/energy recovery system. In the
next section, the HSR and ERR reactions for the benzaldehyde/
benzyl alcohol hydrogen storage system are analyzed. In the
subsequent section, the use of several ketones/alcohols in hydro-
gen storage systems (Scheme 1) are discussed briefly.

2. HYDROGEN STORAGE AND ENERGY RECOVERY
SYSTEMS

2.1. Benzaldehyde/Benzyl Alcohol in a Hydrogen Sto-
rage/Energy Recovery System (Scheme 1). The benzalde-
hyde/benzyl alcohol system has been chosen to illustrate the
possibilities for aldehydes/ketones in hydrogen storage and
energy recovery because these compounds have several favorable
properties. As described in their MSDS’s, both benzaldehyde
(mp —26 °C, bp 179 °C) and benzyl alcohol (mp —15 °C, bp
205 °C) are liquids which means that they can be interconverted
in the HSR and ERR reactions without using an added solvent,
and they can be transported by pipeline and tankers. Both
benzaldehyde and benzyl alcohol are flammable, but they have
relatively high autoignition temperatures (192 and 436 °C,
respectively) and are much less flammable than gasoline. Bein
FDA-sanctioned and generally recognized as safe for foods,”
they pose a low toxicity hazard. Benzaldehyde is described as
having an “aromatic (slight)” odor, and benzaldehyde is de-
scribed as having a “pleasant almond-like odor” and is used as a
flavoring agent and odorant. Benzaldehyde is “very slightly
soluble in cold water”, which will make it easily separable from
the water byproduct in the ERR (eq 4). Both benzaldehyde and
benzyl alcohol are currently produced on a large scale.

A key component in a successful hydrogen storage/energy
recovery system (Scheme 1) based on benzaldehyde/benzyl
alcohol is CatA for the ERR (eq S). The AH for this reaction
is the

1 .
PhCH,OH(/) +505(g) 2 PhCHO(/) + H,0(/),

AH = —231kJ/mol ()

difference between AH (—285 kJ/mol) for eq 1 and AH for the
hydrogenation of benzaldehyde (—53.9 kJ/mol, eq 3).** Numer-
ous heterogeneous catalysts have been demonstrated for this
reaction. They are summarized in several reviews.>' ~*In Table 1
are listed examples of these catalysts and the conditions under
which they catalyze reaction 5. Relatively inexpensive metals
(Mn, K, Cu, Mo, and V) comprise the catalysts in entries
1-5.337% Although the conditions for these reactions were

not necessarily chosen to optimize the conversions of benzyl
alcohol, the aldehyde yields are generally very high. Selectivities
for benzaldehyde are especially important so as to minimize
losses of the alcohol to byproduct; the selectivities for benzalde-
hyde are all greater than 97%. Most of the reactions use 1 atm of
O, pressure, but entry 1 uses air.

Entries 6—8 make use of supported ruthenium hydroxide/
oxide.**™* The temperature and O, pressure conditions are
mild, and selectivities are very high (>99%). Other catalysts
consisting of ruthenium hydroxide/oxide supported on various
solids have also been reported.*>**

Nanogold on solid supports catalyzes the oxidation of benzyl
alcohol to benzaldehyde often with very high selectivities, as
shown in entry 9.** Nanogold on other sugports has also been
reported to catalyze this reaction.’”**~* The mixed metal
nanoparticles, Au—Pd/SBA-15, supported on mesoporous SBA-
1S, are very active and are more resistant to agglomeration
because the metal garticles are located in the mesopores of
SBA-15 (entry 10).*® The gas-phase oxidation of benzyl alcohol
is catalyzed by Ag supported on CaO, as well as MgO and SiO,,
to give benzaldehyde with very high selectivities (entry 11).* A
few supported Pd catalysts have been reported,®* such as Pd
metal supported on a clay which catalyzes reaction S with high
selectivity (96%).%°

The catalyst systems summarized in Table 1 clearly indicate
that there are several promising catalysts for the recovery of
energy from the hydrogen in benzyl alcohol (eq S). Which
catalytic system is optimal for this reaction depends upon the
cost of the catalyst, its lifetime, the temperature, pressure,
equipment requirements, among many other factors.

Even more firmly established than catalysts for the ERR (eq S)
are catalysts for the hydrogen storage reaction (HSR) for
benzaldehyde (eq 6). A variety of catalysts are known for

PhCHO(/) + H,(g) “~ PhCH,OH(/),

AH = —53.9KkJ/mol (6)

this reaction.”’ A supported Ni/SiO, catalyst gives very high
selectivities (~99%) for benzyl alcohol at 120° under 1 atm of H,
in a flow reactor.>* Copper supported on SiO,, ZrO,, and carbon
gives the alcohol at a relatively low temperature (100 °C) and
1 atm of H,.>*** Supported Pd catalysts, such as Pd/bentonite,
are also effective for the hydrogenation of benzaldehyde to
benzyl alcohol with 100% selectivity under mild conditions
(100 °C, 5 atm H,).>* Ruthenium supported on mesopolymers
are also highly active for benzaldehyde hydrogenation to benzyl
alcohol (99% selectivity) at room temperature under 40 atm H,
pressure.*® In addition to the specific catalysts mentioned above
for reaction 6, many more are reported in the literature. It is
therefore very likely that an efficient catalyst can be chosen for
this reaction.

While there are many advantages to the use of benzaldehyde/
benzyl alcohol in the HSR and ERR system described in
Scheme 1, this system would be suitable for use only in stationary
(nontransportation) applications because the amount of com-
bustible hydrogen (2H in CHsCH,OH) is only 1.9% by weight,
which is short of the U.S. Department of Energy target value of
6.5% for use in transportation fuels.” Even the inclusion of two or
three hydroxymethyl groups in the molecule, as in Cq(CH,-
OH),H;_ ., where x = 2 or 3, would increase the combustible
hydrogen to only 2.9% and 3.6% for n = 2 and 3, respectively.
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Table 1. Examples of Catalysts for the Energy Recovery Reaction (ERR, eq 5) Using Benzyl Alcohol

entry CatA conditions” yield selectivity ref
1 KMngO;4-nH,0O 110 °C, 0.2 atm (air), toluene, 4 h, batch 95% 100% 35
2 Y-MnO, 110 °C, 1 atm, toluene, 2 h, batch 75% >99% 36
3 K—Cu—TiO, 210 °C, 1 atm, none, flow 72% >98% 37
4 CuMn/AlL, O3 100 °C, 1 atm, toluene, 4 h, batch 91% >99% 38
S (NH,),PMo,;VO,, 250 °C, 1 atm, none, flow 62% 97% 39
6 Ru(OH), /AL O, 80 °C, 1 atm, toluene, 0.5 h, batch 45% >99% 40,41
7 Ru(OH),/TiO, 80 °C, 1 atm, toluene, 0.5 h, batch 62% >99% 40,41
8 Ru(OH),/CaO—7ZrO, 90 °C, 1 atm, o-xylene, 0.75 h, batch 100% 100% 42
9 Au/Cu—Mg—Al oxides 90 °C, 1 atm, C¢H3Me;, 3 h, batch 98% >99% 44
10 Au—Pd/SBA-15 80 °C, 0.2 atm (air), H,O, 8 h, batch 39.2% 97% 48
11 Ag/CaO 240 °C, <1 atm, none, flow 22% >99.5% 49

“ Reaction temperature, O, pressure, solvent, reaction time, batch or flow reactor.

These latter compounds also have the disadvantage that they are
solids at room temperature, and their syntheses are much more
expensive than benzyl alcohol.

2.2. Ketones and Their Alcohols in Hydrogen Storage/
Energy Recovery Systems (Scheme 1). Although the benzalde-
hyde/benzyl alcohol system has many positive features, it is worth
considering ketone/alcohol systems that may have advantages under
certain circumstances. Acetophenone (mp 20 °C, bp. 202 °C) may
have an advantage if conditions for the ERR (eq 4) lead to
overoxidation of benzaldehyde to benzoic acid (although it is not
an issue under the conditions discussed above, Table 1). Hydrogena-
tion of acetophenone to 1-phenylethanol (mp 21 °C, bp 204 °C) is
catalyzed by a varie?r of hetero&eneous catalysts including Cu—Cr
oxide, Ni,*” Pd, Pt>' and Co.>® The ERR reaction (eq 4) of 1-
phenylethanol is catalyzed by several of the same catalysts used for the
oxidative-dehydrogenation of benzyl alcohol: Ru(OH),/CaO—
7r0,* Ru(OH),/TiO5,* Au/ Cu—Mg—Al oxides,** Bi—Pd/
ALO;,* and others.*>** Selectivities of these oxidations to acetophe-
none are typically higher than 98%. One disadvantage of the
acetophenone/1-phenylethanol system is the lower mass of combus-
tible hydrogen (2H in C;H;CH(OH)CHj), 1.6%.

In the acetone/i-propanol system, combustible hydrogen in
i-propanol is 3.3%. The higher hydrogen density in i-propanol, as
compared with benzyl alcohol, has the advantage of reduced
storage volume. However, the lower boiling points for acetone
(56 °C) and i-propanol (82 °C), and therefore higher volatilities,
may pose more safety issues, although these 1i%uids are currently
produced and shipped on a very large scale.”” Both the hydro-
genation of acetone and oxidative-dehydrogenation of i-propanol
are performed industrially.*’

Like acetone and i-propanol, methyl ethyl ketone (mp —87 °C,
bp 80 °C) and 2-butanol (mp —115 °C, bp 100 °C) are produced
commercially and are interconverted by hydrogenation of methyl
ethyl ketone and oxidative-dehydrogenation of 2-butanol. Re-
cently, new catalysts for the oxidative-dehydrogenation of 2-buta-
nol have been reported. One of these, KMngO,s*nH,O, catalyzes
the ERR (eq 4) of 2-butanol to give methyl ethyl ketone with 100%
selectivity in refluxing toluene (110 °C) under 1 atm of 0, The
oxidative-dehydrogenation of 2-octanol, a homologue of 2-buta-
nol, is catalyzed by Ru(OH),/TiO, in toluene at 80° under 1 atm
of O, to give an 84% yield of 2-octanone with >99% selectivity.*’

Other ketones worth considering for hydrogen storage are
cyclohexanone and possibly cyclopentanone. Both can be hydro-
genated to the corresponding alcohol.>* Cyclohexanol undergoes

774

oxidative-dehydrogenation in the presence of 1 atm of O, and the
KMngO4°nH,O catalyst to give cyclohexanone in 60% yield
with 100% selectivity at 110 °C.>* Cyclopentanol conversion to
cyclopentanone in 76% yield with >99% selectivity at 80 °C is
catalyzed by Ru(OH),/TiO, under 1 atm of 0,.* The ketones
discussed in this section, acetophenone, acetone, methyl ethyl
ketone, and cyclohexanone, represent a range of properties that
offer options for hydrogen storage, and catalysts are known for
their HSR and ERR reactions.

3. CONCLUSIONS

Recognizing the importance of reducing carbon dioxide emis-
sions, many research efforts and resources have been devoted to
energy systems based on the reaction of H, with O, to form H,O.
Such systems require the generation of H, from nonfossil sources
such as the electrolysis of water”>>° using wind or solar energy or
from biomass.®! Because of the nature of H, production by these
methods, it is necessary to find ways to store H, that is generated
in excess of that required by industry and society. Despite the
many attempted approaches to hydrogen storage, as noted in the
Introduction, no system is yet up to the challenge. One of the
difficulties faced in designing such a system is the thermody-
namics of eq 2,*'"** which precludes both the forward and
reverse reactions from being highly favorable without using
energy-consuming methods of changing the H, gas pressure or
the temperature. In addition, the kinetics and selectivity of this
reaction are often not suitable for practical hydrogen storage and
release. Of course, the handling of gaseous H, poses major
challenges for any hydrogen-gas-based energy system.

In the system (Scheme 1) that is proposed herein, hydrogen is
reacted (HSR) with an aldehyde or ketone to give a liquid
alcohol. This is a thermodynamically favorable reaction for
which numerous heterogeneous catalysts are known. Rather
than liberating H, from the alcohol,%> %% as is characteristic of
most hydrogen storage systems (eq 2), the proposed recovery
of energy from the alcohol involves its selective combustion to
the original aldehyde/ketone and water. This reaction (eq 4) is
also highly favorable thermodynamically and yields about 230 kJ
of heat energy per mol of alcohol. Numerous catalysts, many
quite recently reported, selectively facilitate this reaction.

The major goal of this Viewpoint is to suggest that aldehydes
and ketones be considered as hydrogen storage media for a
system that converts excess electric energy to a storable heat
source. Much of the fundamental catalysis research on the
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hydrogen storage (HSR) and energy recovery (ERR) reactions
has been accomplished. Evaluation of the best aldehydes/
ketones and best catalysts is yet to be done; optimizing reaction
conditions to achieve high yields and selectivities, along with long
catalyst lifetime, is necessary. This system is most suitable for
stationary applications, such as organizations/communities that
require both electricity and heat that could be provided by wind
and solar installations. The aldehyde/ketone approach is a
reasonable first step in the direction of storing off-peak electric
energy for later use in heating applications.
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