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A simple, inexpensive catalyst system (Amberlyst 15 and Ni/
SiO2–Al2O3) is described for the upgrading of acetone to
a range of chemicals and potential fuels. Stepwise hydrodeoxy-
genation of the produced ketones can yield branched alcohols,
alkenes, and alkanes. An analysis of these products is provided,
which demonstrates that this approach can provide a product
profile of valuable bioproducts and potential biofuels.

Steady increases in global oil consumption aggravated by de-
clining fossil-fuel reserves necessitate the continued develop-
ment of technologies to manufacture chemicals and fuels from
non-petroleum sources of carbon. As the global population is
projected to continue to grow through the end of this centu-
ry,[1] consumption of alternative sources of energy must be
adopted to meet rising demand.[2–4] Non-food-based biomass
represents a vast source of renewable carbon for the synthesis
of chemicals and fuels.[3, 5–8] The U.S. is projected to have the
ability to produce over a billion tons of biomass for the bioen-
ergy and bioproducts industry within the next six years
alone.[9] To effectively utilize this massive resource, however, ef-
ficient methodologies for transforming biomass-derived
carbon material into useful chemicals and fuels must be devel-
oped at a comparable rate. Moreover, one approach to enable
future biorefineries to produce fuels for the transportation
sector that are cost-competitive with traditional petroleum re-
fineries is to co-produce high-value chemicals from biomass to
offset the cost of producing inherently low-value fuels.[10] To il-
lustrate this point, in the U.S. , 76 % of a barrel of oil (by

volume) is used for the production of gasoline, diesel, and jet
fuel, and this market is worth $935 billion annually. In contrast,
16 % is used for production of chemicals in a market worth
$812 billion.[11] In a commercial biomass-upgrading process in
which volumetric output is limited, one strategy would be to
pursue small-volume, high-value chemical production in the
short term. If fuels could be produced using the same process,
this approach would allow the expansion to an almost limitless
market upon reaching the upper limit of the chemical market
as production volume increases.

Herein, we describe our preliminary efforts toward such an
approach for converting bio-derived isopropanol/acetone mix-
tures to known chemicals and molecules with promising fuel
properties for both gasoline and diesel applications. Specifical-
ly, we present an inexpensive dual catalyst system for the up-
grading of acetone through polyaldol condensations to pro-
vide C6, C9, and C12 aliphatic ketones, along with C9, C12, and
C15 aromatic compounds.[12, 13] Additionally, we demonstrate
that the mild conditions for acetone upgrading can be modi-
fied to subsequently defunctionalize the aliphatic ketones and
readily produce branched alkanes. Along with being known
solvents and industrially used chemicals, predicted/measured
fuel properties of a selection of these molecules reveal that
certain compounds produced herein are candidates as drop-in
fuel replacements for spark- and compression-ignition engines.

Ketones are a versatile class of chemical building blocks that
can be renewably produced from biomass.[14–17] In particular,
methyl ketones have shown promise as bio-derived synthons
for the production of chemical/fuel precursors because their
carbon chain can be readily extended through aldol condensa-
tion.[17–19] Acetone, the simplest ketone building block, has
been industrially produced for nearly a century by the microbi-
al fermentation of biomass through the acetone–butanol–etha-
nol (ABE) fermentation process, with the products obtained in
roughly a 3:6:1 ratio, respectively. Recently, however, metabol-
ically engineered microorganisms were developed that can
produce mixtures of isopropanol and acetone in high titers
from carbohydrate inputs using strains that have the potential
to be scaled up industrially.[20] These isopropanol/acetone mix-
tures are much more attractive from a technoeconomic per-
spective because 1) the output stream from fermentation con-
tains a larger fraction of isopropanol/acetone, and 2) in situ de-
hydrogenation of the isopropanol fraction can be performed
to provide the system with bio-derived H2 sufficient for ace-
tone upgrading (Scheme 1). This is an advantage over other
processes that incorporate acetone from ABE fermentation,
such as furfural–acetone condensation[21, 22] and acetone alkyla-
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tion using other bio-derived alcohols[17, 23] because an isopropa-
nol feed could supplement an H2 supply required for further
processing steps.

We first investigated the conversion of acetone into higher-
molecular-weight ketones using a commercially available sul-
fonic-acid-functionalized polystyrene resin (Amberlyst 15). The
initial self-condensation of acetone to afford mesityl oxide was
previously reported to be thermodynamically limited if cata-
lyzed by similar ion-exchange resins such as Dowex
(Scheme 2 A).[24] This constraint can be alleviated in two ways:

By using reactive distillation to remove water from the equilib-
rium, or by driving the reaction through catalytic hydrogena-
tion of the C=C alkene bond of mesityl oxide to afford methyl
isobutyl ketone (MIBK; Scheme 2 B). The latter approach is em-
ployed industrially to produce MIBK from petroleum-derived
acetone using Pd-impregnated acidic resins under low H2 par-
tial pressures.[25]

Our attempts focused on the latter approach, and we
sought to develop a catalyst system using readily available, in-
expensive catalysts to target the production of C6 + ketones
that might serve as drop-in fuel replacements for gasoline and
diesel. Initial attempts to form MIBK using Pd/C as the hydro-
genation catalyst were hampered by acetone volatilization at
moderate temperatures, thus minimizing catalyst–substrate
contact time and resulting in low conversions. Upon increasing
the H2 pressure to minimize this effect, the yield of condensa-
tion products was again inhibited, but in this case by acetone
reduction to isopropanol, leading to the ultimate formation of
diisopropyl ether as the sole product. To circumvent unwanted
C=O bond hydrogenation and thus provide the desired ace-
tone condensation products, we hypothesized that replace-
ment of Pd with Ni would lead to less aggressive hydrogena-
tion reactivity. We therefore selected Ni/SiO2–Al2O3 as a hydro-
genation catalyst given that this material is readily available

through commercial sources. Reaction of acetone
with H2 (0.3 MPa) in the presence of Amberlyst 15
and Ni/SiO2–Al2O3 (85 8C, cyclohexane) successfully
provided a mixture of C6 and C9 aliphatic ketones
without any of the previously observed side reac-
tions. Acetone conversion, however, was low (ca.
50 %), and we hypothesized that this could be im-
proved by increasing the reaction temperature and
pressure. To maintain a low partial pressure of H2 (to
avoid competing C=O bond hydrogenation), we em-
ployed dilute H2 in Ar (6 %) as the headspace gas at

higher pressures (1.7 MPa). Using these conditions at higher
temperatures (120 8C) resulted in the complete conversion of
acetone into a mixture of C6, C9, and C12 ketones (84 % total
carbon yield of C6–C12 ketones, Scheme 3). Aromatic products

were also identified as minor products from the reaction using
GC–MS analysis (Scheme 3), with mesitylene as the predomi-
nant aromatic compound present in approximately 1 % carbon
yield. An initial screening of condensation conditions revealed
the necessity of both Ni/SiO2–Al2O3 and Amberlyst 15 to obtain
good carbon yields of C9 and higher ketones (Table S1 in the
Supporting Information). Notably, replacement of Ni with
either Pd/C or Ru/C under these conditions resulted in lower
C9 yields. In the case of Pd/C, a high selectivity for MIBK pro-
duction was observed, as previously reported.[26]

The evolution of ketone species over time was examined by
analyzing the acetone-condensation reaction products at vari-
ous time points (Figure 1 A). In the first 6 h, acetone consump-
tion was at a maximum, whereas subsequently MIBK and diiso-
butyl ketone (DIBK) production was at a maximum. Beyond
6 h, C9 and C12 products began to increase concomitantly with
the decrease of MIBK. From these results, a general pathway
for the production of the C6, C9, and C12 ketones from acetone
can be constructed (Figure 1 B). The initial condensation of ace-
tone catalyzed by Amberlyst 15 and Ni/SiO2–Al2O3 produces
MIBK, which in turn can be condensed with remaining acetone

Scheme 1. Strategy for production of chemicals and fuels employing acetone upgrading
as a key step.

Scheme 2. Equilibrium for acetone self-condensation over acidic resins (A)
and strategy to promote polyaldol condensations of acetone using catalytic
hydrogenation (B). Scheme 3. Synthesis of C6 + ketones and aromatics from acetone. Yields are

based on carbon, as determined by 1H NMR spectroscopy (see Supporting
Information for more details). Conditions: acetone (2.72 mmol), cyclohexane
(3.0 mL), Amberlyst 15 (0.20 g), Ni/SiO2–Al2O3 (0.04 g), 24 h.
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to form the two C9 ketone species. The 2-methyl isomer of the
C9 ketone species can also condense with residual acetone (if
present) to produce the C12 ketone. However, the most likely
contributing pathway for the production of the C12 ketone is
the self-condensation of MIBK. This is visualized in Figure 1 A
with the disappearance of MIBK over time and the gradual in-
crease of the C12 ketone. The time-dependent ketone product
profiles demonstrate that this reaction can be opti-
mized to provide the most desirable ketone product
by altering the reaction conditions. The separation of
the ketone products from acetone condensation
should be easily accomplished by distillation given
the difference in boiling points of these compounds
(115, 165, and 220 8C for the C6, C9, and C12 ketones,
respectively; see Figure S11 and discussion in the
Supporting Information for more details).

Modifying the above condensation conditions en-
ables access to molecules with varying functional
groups through stepwise, or one-pot, defunctionali-
zation reactions. For instance, MIBK can be readily hy-
drogenated to methyl isobutyl carbinol (MIBC) by Ni/
SiO2–Al2O3 under moderate temperatures and H2

pressures in excellent yield without solvent
(Scheme 4 A). Under identical conditions, DIBK can
also be easily hydrogenated to diisobutyl carbinol
(DIBC, Scheme 4 B). Alkenes can be readily isolated
from the resulting alcohols; as an example, a mixture
of alkenes (di- and tri-substituted, cis and trans iso-

mers) was produced exclusively from DIBC by reaction with
Amberlyst 15 in the absence of solvent. If desired, the alkenes
are rapidly hydrogenated to alkanes using Ni/H2. Moreover, the
combination of Amberlyst 15 and Ni/SiO2–Al2O3 can be used to
affect the hydrodeoxygenation of ketones in a one-pot ap-
proach. For example, reaction of DIBK with H2 in the presence
of Amberlyst 15 and Ni/SiO2–Al2O3 afforded 2,6-dimethylhep-
tane as the exclusive product, which was isolated in 74 % yield
(Scheme 4 B) and fully characterized by MS as well as 1H and
13C NMR spectroscopy (see Supporting Information). This reac-
tion is general and efficiently provides alkanes from methyl ke-
tones as well. As a further example, we subjected neat techni-
cal-grade C9H18O (an 8:3 mixture of 2,6-dimethyl-4-heptanone
and 4,6-dimethyl-2-heptanone) to the aforementioned condi-
tions and obtained the corresponding mixture of alkanes ex-
clusively in 77 % isolated yield (Scheme 4 C). Notably, we did
not observe any isomerization of the methyl groups across the
carbon chain, which was reported during hydrodeoxygenation
of similar substrates using other catalyst systems.[27] This reac-
tion was performed on >3 g-per-batch scale, and we have iso-
lated >0.1 L of the C9 alkanes to date. These step-wise and
one-pot approaches enable access to a wide range of products
using identical catalysts, a feature that is central to producing
flexible product profiles on demand from biomass inputs.

As stated previously, biofuel production can be supported
by the co-production of bioproducts. The products from the
acetone condensation reaction are used commercially and are
therefore inherently valuable. For example, current global pro-
duction of MIBK is approximately 394 000 metric tons per
year,[28] and it finds use as a solvent in resins, printing inks, and
as an extraction solvent in the production of antibiotics.[25] The
current U.S. spot market price of MIBK is approximately $1587–
1631 per metric ton.[29] Similarly, global production of DIBK is
approximately 236 000 metric tons per year, and it is used as
a solvent for extraction of iron and copper ores, among other
applications.[25] The current U.S. spot price of DIBK is approxi-

Figure 1. Consumption of acetone and formation of ketone products over
time (A), and possible product formation pathways (B). Conditions: acetone
(2.72 mmol), cyclohexane (3.0 mL), Amberlyst 15 (0.20 g), Ni/SiO2–Al2O3

(0.04 g), Ar/H2 (94:6; 1.7 MPa), 120 8C.

Scheme 4. (A) Hydrogenation of MIBK, (B) stepwise and one-step hydrogenation/hydro-
deoxygenation reactions of DIBK, (C) one-step hydrodeoxygenation of C9 ketones [sol-
vent-free conditions, isolated yields in parentheses; in (B), the isolated yield stems from
the one-pot hydrodeoxygenation of DIBK, see Supporting Information for full reaction
conditions].

ChemSusChem 2016, 9, 1 – 6 www.chemsuschem.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3 &

These are not the final page numbers! ��These are not the final page numbers! ��

Communications

http://www.chemsuschem.org


mately $2930–3050 per metric ton.[30] To contextualize these
figures, U.S. spot prices of acetone have varied considerably,
but have been as low as $400–500 per metric ton in 2015,[31]

which demonstrates the value in upgrading acetone to either
of these two possible products.

To assess the potential for these products to be employed
as drop-in fuel replacements, we predicted their corresponding
derived cetane numbers (DCNs) and research octane numbers
(RONs). This was accomplished using a group-contribution
method based on functional-group additivity previously re-
ported for DCN prediction[32]in combination with a previously
reported relationship between RON and DCN.[33] Although this
method provides only predictions, this approach yields a first
approximation of the suitability of a given molecule for either
gasoline or diesel applications.[34] The results of this analysis
are presented in Figure 2 and demonstrate that the C6, C9, and

C12 ketones and alcohols are predicted to be suitable for gaso-
line drop-in fuel replacement based on their respective pre-
dicted RONs (with the exception of the C12 ketone). Alterna-
tively, the branched C9 and C12 alkanes are predicted to be suit-
able diesel drop-in fuel replacements based on their predicted
DCNs. To support these predictions, a subset of these com-
pounds was subjected to testing using the Ignition Quality
Tester (IQT)[35] to obtain experimental DCNs (Figure 2; bold
values in parentheses). The DCN values obtained using this
method (and the corresponding RON values) strongly agree
with the predictions above.

Notably, 2-methylpentane (derived from the hydrodeoxyge-
nation of MIBK) is not predicted to be a suitable gasoline or
diesel substitute, which is in contrast to previous claims re-
garding its applicability as a gasoline drop-in replacement
fuel.[13, 27] This is an important consideration given that hydro-
deoxygenation of MIBK would cause a negative impact on the
economics of an industrial process because MIBK is inherently

more valuable than the obtained alkane and the reaction re-
quires H2. Furthermore, this fact exemplifies the need to per-
form preliminary fuel-property analyses because alkanes are
not necessarily the most ideal fuel targets for a given input.[36]

In addition to the molecules highlighted in Figure 2, mesity-
lene is a known octane booster for gasoline fuel with a RON
>120,[37] making this aromatic byproduct a potentially desir-
able fuel blendstock as well.

In conclusion, we have presented a simple and inexpensive
dual catalyst system (Amberlyst 15 and Ni/SiO2–Al2O3) for the
upgrading of acetone to fuels and chemicals. Both steps of our
upgrading process (i.e. , condensation and hydrodeoxygena-
tion) can be accomplished with the same catalyst system by
simply modifying the reaction conditions, which enables prod-
uct profiles that can be tuned to market demand. The catalyst
system offers high selectivity for producing ketones during

acetone condensation as well as high carbon efficien-
cy (see Table S2 for a more detailed comparison to
previous reports). The simplicity and ready commer-
cial availability of the catalysts, combined with the
mild conditions, offer an attractive route for the up-
grading of bio-derived acetone. By evaluating the
chemical market and the initial fuel properties, we
are confident that this process supplies relevant mol-
ecules to both sectors rather than presuming a certain
class of molecule is inherently important. By doing
this initial analysis, we have also determined that the
drive towards hydrocarbons is not always necessary
and in certain cases will lead to more expensive pro-
cesses, using more resources to produce a product
with less value than the starting material. Current ef-
forts are focused on developing this chemistry in
flow, full fuel-property testing, and technoeconomic
and life-cycle analyses, and will be described in due
course.

Experimental Section

The details of the experiments are provided in the Sup-
porting Information.
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COMMUNICATIONS

C. M. Moore, R. W. Jenkins, M. T. Janicke,
W. L. Kubic, Jr. , E. Polikarpov,
T. A. Semelsberger, A. D. Sutton*
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Synthesis of Acetone-Derived C6, C9,
and C12 Carbon Scaffolds for Chemical
and Fuel Applications

Combine and conquer: A simple, inex-
pensive catalyst system (Amberlyst 15
and Ni/SiO2–Al2O3) is described for the
upgrading of acetone to a range of
chemicals and potential fuels. Stepwise
hydrodeoxygenation of the produced
ketones can yield branched alcohols, al-
kenes, and alkanes, thus providing a tun-
able product profile of bioproducts, bio-
fuels, and potential chemical precursors.
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