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A mixture of 1- and 2-butanol was produced using a stepwise synthesis starting with
a methyl halide. The process included a carbon dioxide utilization step to produce an
acetate salt which was then converted to the butanol isomers by Claisen condensation
of the esterified acetate followed by hydrogenation of the resulting ethyl acetoacetate.
Importantly, the CO, utilization step uses dry, dilute carbon dioxide (12% CO: in nitro-
gen) similar to those found in post-combustion flue gases. The work has shown that
the Grignard reagent has a slow rate of reaction with oxygen in comparison to carbon
dioxide, meaning that the costly purification step usually associated with carbon
capture technologies can be omitted using this direct capture-conversion technique.
Butanol isomers are useful as direct drop-in replacement fuels for gasoline due to
their high octane number, higher energy density, hydrophobicity, and low corrosivity in
existing petrol engines. An energy analysis shows the process to be exothermic from
methanol to butanol; however, energy is required to regenerate the active magnesium
metal from the halide by-product. The methodology is important as it allows electrical
energy, which is difficult to store using batteries over long periods of time, to be stored
as a liquid fuel that fits entirely with the current liquid fuels infrastructure. This means
that renewable, weather-dependent energy can be stored across seasons, for exam-
ple, production in summer with consumption in winter. It also helps to avoid new fossil
carbon entering the supply chain through the utilization of carbon dioxide that would
otherwise be emitted. As methanol has also been shown to be commercially produced
from CO,, this adds to the prospect of the general decarbonization of the transport
fuels sector. Furthermore, as the conversion of CO, to butanol requires significantly less
hydrogen than CO, to octanes, there is a potentially reduced burden on the so-called
hydrogen economy.

Keywords: carbon dioxide utilization, butanol, energy storage, carbon avoided, transport fuel, Grignard reagent

INTRODUCTION

Carbon capture and storage (CCS) and carbon dioxide utilization (CDU) are two potential
approaches to address mitigation of the ever-rising CO, levels in the atmosphere, which have
alarming climate implications (IPCC, 2014). For either approach to be effective in limiting or miti-
gating emissions, three key criteria have to be achieved. Sufficient amounts of CO, must be stored or
converted, or otherwise prevented from atmospheric release. The CO, must be stored or converted
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for a sufficient period of time, and this must be achieved at a
reasonable cost. For CCS, the overall storage capacity and
intended storage time are potentially sufficient with estimates of
total storage capacity exceeding 10 Tt, corresponding to centu-
ries of current-level emissions (IEA, 2009). However, achieving
this storage at practical cost is the major challenge facing CCS
worldwide, with the exception of enhanced oil recovery (EOR)
operations which have questionable total climate impacts given
carbon footprint of the CO, released on use of the additional
oil that is produced (Jaramillo et al., 2009). While a handful of
geological storage CCS projects without EOR have been initi-
ated, and more are planned, these typically operate where high
concentrations of CO, are available (reducing capture/purifica-
tion costs) or are reliant on significant government support or
subsidy (Global CCS Institute, 2016). In the case of CO,-EOR
and CO; utilization, there is an additional complicating factor
that storage is not long term as 92% of the recovered oil will be
burned through combustion, with a similar fate for some, but
not all of the utilization products.

Therefore, perhaps a better way to look at CO, utilization is
not through the mitigation potential of waste, but in the use of
CO; as a valuable C-1 resource. The latter approach, therefore,
considers the utilization as avoiding new fossil carbon entering
the supply chain and so indirectly reduces new emissions by
mitigation and avoidance (von der Assen and Bardow, 2014).
The carbon dioxide is converted for the production of chemicals
with higher economic value, which results in a much more
favorable immediate economic case than that with CCS. The
resulting added-value from the CO; ideally offsets some or all
of the processing costs. This leaves CDU at a decided advantage
over CCS in terms of economics, with several commercial pro-
cesses based on CDU already in operation worldwide (Langanke
et al., 2014; Gunning and Hills, 2015; Styring et al., 2015).

However, even with indirect effects included, the maxi-
mum amount of CO, that may be utilized remains very small
compared to total emissions. For example, if the entire global
annual production of ethylene, the most widely manufactured
commodity chemical containing carbon atoms, was carried out
using carbon sourced exclusively from CO,, this would result
in direct utilization of less than 1.5% of total global CO, emis-
sions (Stratas Advisors, 2016; Olivier et al., 2017). Even with
other commodity chemicals included and assumptions made
of indirect mitigation, theoretical utilization could represent
only a small proportion of total emissions (Figure 1). Naturally,
this further neglects the fact that direct conversion of CO, into
hydrocarbons, and especially aromatics, are not likely to become
commercial processes in the near future.

It should be noted that while this demonstrates that CDU
may only have minor or limited impact on total emissions miti-
gation, even when imagining a hypothetical sustainable route
for the production of the most common commodity chemicals
from CO,, profitable CDU processes may provide finance for
CCS initiatives, thus offsetting further public or governmental
costs (Hendricks et al., 2013). However, if CDU is only consid-
ered in isolation from CCS, other potential products in which
to sink the emitted carbon must be made to allow for substantial
reductions in CO, emissions. In this context, the only carbon-
containing materials that are used on sufficient scale for CDU to
impact on total emissions are fuels themselves (Figure 2).

LOW-CARBON FUELS FROM CARBON
DIOXIDE

In the case of CDU-derived fuels, which re-release the CO, that
was initially trapped when they are combusted, the efficacy of the

Theoretical amount of

Total Carbon From CO,
Emissions: 9,870 Mt/a

carbon offset by CDU
production of top 5
Commodity Chemicals:

Remaining Total Carbon
From CO2 Emissions:
9,555 Mt/a

314.8Mt/a

Ethylene: 128.3 Mt/a

Propylene: 97.8 Mt/a

Benzene: 42.4 Mt/a
Urea: 35.8 Mt/a

Butadiene: 10.5 Mt/a

FIGURE 1 | Comparison of total carbon in global CO» emissions compared to carbon atoms contained in five major carbon-containing commodity chemicals,
avoiding derivatives such as ethylene oxide. 2015 figures used (Levdikova, 2014; Yennigallla, 2015; Heffer and Prud’homme, 2015; Coombs, 2016).
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chemicals shown in Figure 1. 2015 Figures used (Dudley, 2015).

FIGURE 2 | Comparison of total carbon in global CO, emissions compared to carbon atoms contained in major liquid fuels and the theoretical collective commodity

2,659 Mt/a

Medium Distillates
(Diesel, Jet Fuel): 1,310
Mt/a

Light Distillates (Petrol,
LPG): 1,034 Mt/a

Theoretical CDU
Commodity Chemicals:
314.8 Mt/a

process in terms of emissions relies on observing the emissions
avoided by the use of such a fuel. Since the CDU fuel itself may
be seen as carbon neutral, provided all carbon atoms contained
within the liquid fuel come from emission CO, and no further
emissions are generated in production, upon combustion useful
work is extracted without the use of new fossil carbon. In the
extreme scenario where all major liquid fuels are synthesized
from CO,, the result is that road, water, and air vehicles essen-
tially become indirectly powered by renewable electricity. By
using synthetic fuels of this kind, it is possible to still use liquid
fuel combustion engines and the existing fuels infrastructure.
Thus, a 23% reduction/utilization of total emissions could be
theoretically achieved (Mobility, 2015). Furthermore, with the
large shift in the energy-generation sector toward renewable and
lower carbon energy sources, this figure will rise as the total
relative share of the emissions from the transport sector grows.
It should be noted that other than widespread vehicle electri-
fication, which is strongly limited for long-distance haulage,
shipping and air-travel, or dramatic societal change, CDU fuels
production represents one of the few potential strategies able
to reduce transportation carbon emissions in the short-term
future. Furthermore, it is the only strategy that may offer such
reductions in transport emissions without significant disrup-
tion or onerous infrastructure redevelopment in the short and
medium term, provided the CDU fuels are drop-in replacements
for existing fossil analogs.

Unlike certain commodity or fine chemicals that can be
generated from CO, without significant energy input, such as
polyurethane foams, fuels synthesis by definition requires a large
energy input, naturally exceeding the combustion energy of the
resulting product. Furthermore, the energy must necessarily be

renewable or low carbon and as cheap as possible. In this respect,
the conversion of CO, into fuel may be better considered as an
energy-vectoring strategy to balance electricity demand and
supply as increasing amounts of renewable energy capacity is
installed worldwide. Spot negative energy prices, once very
rare, are now becoming more frequent even in large economies
like Germany, Australia, UK, and parts of the United States
(Martinez-Anido et al., 2016). Furthermore, renewable energy
curtailment has grown dramatically. Germany, for example, has
had to dramatically increase curtailment of renewable energy
supplies in recent years, with over 1.5 GWh of renewable energy
curtailed in 2014 (Morris, 2015). This wasted energy alone (not
including a much larger amount of ultra-low and negative cost
energy generated that year) would have been sufficient energy to
produce approximately 50,000-80,0001 of CDU-gasoline, assum-
ing the overall energy efficiency of the conversion of electricity
to chemical energy in the fuel to be 30-50% with respect to the
combustion energy density of petrol. Although this amount is
relatively small in terms of the German liquid fuel market, with
nearly 15,000 TWh per year of additional renewable energy
expected to be produced worldwide by 2035, production of
CDU fuels may be an important tool to balance periods of low
demand and high generation in certain areas (BP Statistics, 2015;
International Energy Agency, 2016).

It should be noted that even if a high-efficiency pathway to
transform CO; into a liquid fuel can be developed and deployed,
the overall use of the energy will have poor efficiency due to
the limitations of the combustion engines that use these fuels.
Furthermore, since liquid fuels are relatively cheap per liter, if
a competitive economic price is desired, the CDU fuel pathway
would only be viable when energy prices are very low. Although
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a simple energy calculation shows that the absolute maximum
energy price that allows CDU fuel production at around €1/L is
€105/MWh (readily achievable by most low-carbon generation
methods), the real energy price will have to be much lower to
account for process inefliciencies and further issues such as the
cost of capturing and purifying the CO, from the waste streams
to begin with.

THE COST OF CARBON CAPTURE

The high cost of capturing carbon dioxide from waste streams
is a major challenge for both CDU and CCS strategies. Despite
the thermodynamic de-mixing costs being relatively low in flue
gas streams (approximately 150-250 MJ/t CO, depending on
concentration), CO, capture and purification processes have
much larger energy costs stemming from the sorption/desorp-
tion process. This is evident where an energetic driving force
is required for either the sorption of the carbon dioxide, such
as in high pressure adsorption and membrane separation, or
for the desorption step, such as in amine-based chemisorption
or vacuum swing adsorption. This results in a range of energy
costs from approximately 1 to 4 GJ/t CO, with the lower range
consisting mainly of immature techniques and the upper range
consisting of benchmark amine processes such as monoethan-
olamine (Dowson et al., 2016). Further issues associated with the
capture processes involve the challenges of retrofitting existing
plants and the footprint size of the capture process facility, which
must be sited near to the point source, as well as the interac-
tions between the sorbent materials and trace gases in the waste
stream which are often corrosive or deleterious, especially to the
benchmark amine sorbent materials (Uyanga and Idem, 2007;
Soosaiprakasam and Veawab, 2008). Furthermore, temperature
swing processes such as the benchmark amine-based processes
require a substantial amount of waste heat to desorb the captured
CO, which may be available in sufficient quantity for a capture
from certain point sources such as power plants although at a
high parasitic energy cost (Lin et al., 2016). However, similar
waste heat may not be available in industrial manufacturing
waste streams, for example.

One potential method to avoid these issues is to directly
react the low partial pressure CO, with a reagent that provides
a platform for further product generation. This approach has
superficial similarities with amine-based chemisorption pro-
cesses, in that a new chemical bond is formed with the flue gas
CO,. However, such a direct utilization route has the benefit of
not requiring large energy expenditure to re-release the CO,
into the gas phase, but instead takes the “capture product” and
directly converts it further to form value-added compounds.
By necessity, this will require a stoichiometric quantity of the
reagent, which must therefore be able to be generated using
environmentally benign processes.

Previous work carried out by this group has identified orga-
nometallics and particularly Grignard reagents as being suitable
for the direct conversion of flue gas concentration of CO, into
value-added products such as acetic, terephthalic, and adipic
acids (Dowson et al., 2015). The organomagnesium reagent,
which was shown to react readily with CO,, even at low partial

pressures, can then be regenerated from the by-product mag-
nesium dihalide (MgX,). Electrolysis of the dihalide produces
magnesium metal and the elemental halogen, which can then
either directly halogenate certain hydrocarbons or be “burned”
in hydrogen and subsequently reacted with an alcohol to
produce the organohalide starting precursor (RX) to the initial
Grignard reagent (Figure 3). In this way, the Grignard reactant
is “looped” making the overall process akin to post-combustion
chemical looping, which is typically carried out using calcium
oxide as a reactive capture agent (Blamey et al., 2010). Again,
the difference in this case is that the looping process produces
a value-added compound containing the captured CO, rather
than low-value CO, gas, combining both capture and utilization
in one step.

As a result, the reduced magnesium consumed during the
reaction provides the driving force for the overall process, render-
ing all other steps exothermic, and readily carried out at ambi-
ent pressures and temperatures. The hydrogen-halide burning
process in particular is extremely exothermic and can also allow
for surplus energy recovery (Group, 2014). The crucial magne-
sium electrolysis step, while highly energy intense, is also highly
efficient in industrial magnesium production from sea salts.
Faradaic efliciencies approaching 90% have been reported, and
energy costs may be further reduced if the expensive magnesium
chloride drying process can be avoided by using non-aqueous
hydrogen halide for the post-Grignard reaction quench step
(Polmear, 1999).

Naturally, it should be noted that Grignard reagents are
highly sensitive to water, requiring that any incoming flue gas
stream that supplies the CO, for the first step in Figure 3 must

co,

MgX
- k

o
)J\ MgX
/ R™ o7

Acid
RX retained for
quench
H,0 HX
ROH

[0}

MgX, + )]\

R O
Hydrocarbon
RH Route
Electrolysis
i

HX
/ +
2HX or RX H

Alcohol
Route

Xz
Mg
Net reaction: 0
By-product
coO
2+ RH Electrolysis )L
R OH
(0]
By-product
+ H H
€O, ROH + 2 Electrolysis )L + "0
R OH

FIGURE 3 | General Grignard CO; reaction/cycle scheme including Grignard
regeneration using alcohols or hydrocarbons as starting reagents.
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be vigorously dried. While this would normally represent a
considerable energy penalty for the process in terms of more
standard capture approaches, compared with the electrolysis of
one molecular equivalent of magnesium salt per molecule of CO,
captured, the energy cost is relatively small. Furthermore, there is
the possibility that the drying process could be carried out using
the otherwise non-recoverable portion of the exothermic heat
(waste heat) from the reaction process to thermally cycle drying
agents. In any case, the flue gas will need to be dried irrespective
of the capture process, either post-capture in the case of amines
or pre-capture for membranes or direct CDU.

Trace levels of water that are carried through to the Grignard
reaction will cause the formation of methane and Mg(OH)X. The
methane could potentially be recycled to increase the CO,:0,
ratio in the flue stream or otherwise utilized/reclaimed. The
other product, Mg(OH)X, would be converted to the standard
MgX, by-product after the general Grignard quench with HX.
Some care would have to be taken to avoid the formation of MgO,
which is not typically reduced by electrolysis in the same way
as MgX,, although this too is relatively easily converted back to
MgX,. Overall, the presence of small quantities of water would
primarily serve to only reduce reaction yield. Previous work car-
ried out by our group has indicated that the reaction of Grignard
reagents with oxygen is relatively slow compared to its reaction
with CO,, although flue gas streams with very high oxygen levels
may see trace amounts of the oxygen products, MgO, methanol,
and possibly dimethyl ether (Goebel and Marvel, 1933; Dowson
etal., 2015).

Without these undesirable reactions, the post-quench
products of the reaction of Grignard reagents with CO, are
carboxylic acids, which are not typically used as liquid fuels,
although they can be used to generate biodiesel esters. Further
conversion steps are therefore required for the generation of
a more conventional advanced fuel. One potential advanced
fuel target would be butanol. Butanol is well recognized to be
a potential drop-in replacement for petrol in road vehicles
as well as a suitable blending agent for diesel engines (Yao
et al., 2010). Unlike ethanol, which can only be blended with
hydrocarbon fuels up to certain limits due to its corrosivity and
hydrophilicity, butanol is lipophilic and non-corrosive (New
Zealand Ministry of Transport and SGS Industrial, Penrose
2009). Furthermore, it has a slightly higher energy density
(36.0 MJ/L) than gasoline (34.2 MJ/L), and similar burn rate
and octane number, allowing completely unmodified vehicles
to run on both butanol alone and butanol/petrol fuel blends
(Szulezyk, 2010; Xu and Avedisian, 2015). Butanol further allows
higher ethanol concentrations to be used within blended fuels,
as it solubilizes ethanol in the bulk petrol and prevents ethanol
volatilization (Yanowitz et al., 2011).

As a CDU fuel, butanol is also attractive as it requires
significantly less hydrogen to produce it from CO, than the
proposed synthetic hydrocarbons suitable for petrol engines.
This is due to its relatively high density, partial oxidation, and
shorter chain length. Simple stoichiometric calculations show
that 15% less hydrogen per liter and 26% less hydrogen per
kilogram is required in the product fuel than for synthetic
octanes. Given the limitations in energy efficiency of hydrogen

generation from water electrolysis, this presents a potentially
significant energy advantage for butanol production (Dincer
and Acar, 2015). Furthermore, as a single-component fuel, it
does not encounter issues with the absence of branched and
aromatic compounds in synthetic hydrocarbons that reduce the
octane numbers of methanol-to-gasoline and Fisher-Tropsch
products to unsuitable levels (Dry, 2002). The fact that it can
be used as a single-component fuel potentially allows for higher
general engine efficiency to be achieved even than conventional
petrol as the combustion characteristics are entirely uniform
and not disrupted by variations in low-octane components,
when the butanol is being used alone (Irimescu, 2012). The
other advantage is that mixtures of butanol isomers can be
directly used as drop-in fuels, meaning that isomer mixtures
do not need to be separated prior to use.

However, the production of butanol from carbon dioxide,
other than via biological processes or syngas, has previously
only been reported as trace production in the high temperature/
pressure hydrogenation of CO, in water by platinum/cobalt
catalysts (He et al., 2016). Here, we report a route to produce
butanol-based fuel that is suitable for petrol-based applications
in a multi-step-moderate-yield process. This has the potential to
become a moderate-to-high yield process from CO, once fully
optimized. The reported process is demonstrated under near-
ambient conditions for the major synthesis steps.

EXPERIMENTAL METHODS

All reagents and deuterated solvents were purchased from
Sigma-Aldrich at the highest available purity and were used
without further purification. Schlenk-line techniques, used
where indicated, were carried out using furnace-dried glassware
under a dry nitrogen atmosphere. The apparatus was purged
at least three times prior to handling of air-sensitive Grignard
reagents. All solvents were purchased from VWR at HPLC grade
or higher and were used without further purification. H,, CO,,
N>, O, and dry synthetic flue gas (12% CO,, 88% N,) were sup-
plied by BOC-Linde. Catalyst pre-treatment and hydrogenation
experiments were carried out in a 250-mL stainless steel Parr
autoclave with heating mantle and glass insert and were stirred
magnetically using an IKE stirrer hot-plate.

'"H NMR spectra were recorded on a Bruker Avance 400
spectrometer operating at 400 MHz. All samples were dis-
solved in deuterochloroform and TMS added as the internal
standard. Quantitative analysis of the butanol mixtures was
performed by "H NMR using mesitylene (10 pL) as an internal
standard against 0.2 mL of reaction products diluted with
deuterochloroform.

BUTANOL SYNTHESIS: GRIGNARD
REACTION AND ESTERIFICATION

Magnesium Acetate Chloride
(CH;COOMgCI)

A 250-mL two-necked, round bottom flask with magnetic stirrer
bar attached to a reflux condenser and Schlenk-line apparatus
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with large silicone oil bubbler, under an atmosphere of dry nitro-
gen was cooled in an ice-water bath. Methylmagnesium chloride
(50 mL, 3.0 M solution in THE 150 mmol) was added under a
flow of dry nitrogen. A further 100 mL of dry THF was added
to maintain solubility of Grignard reagent throughout the reac-
tion. After liquid additions were complete and the reaction vessel
sealed, the nitrogen flow was stopped. Dry synthetic flue gas (12%
CO,, 88% N,) was admitted at a slow flow rate that maintained
positive overall pressure through a needle adapter and sparging
needle inserted as deeply as possible into the liquid layer. Flow
was monitored using the oil bubbler. Maintaining low gas flow
rates and the use of a reflux condenser was important to limit the
evaporative loss of solvent and formation of a gel-like solid within
the reaction vessel, indicative of poor initial solubility or inverse
solubility of the magnesium chloride acetate salt intermediate
product in THE. The latter effect can become pronounced, par-
ticularly if temperatures become elevated. Complete reaction was
indicated by a stable internal pressure when gas flow was paused
(monitored by oil bubbler) or by the reaction remaining cold or
cooling even when the ice bath was temporarily removed. The
resulting product, magnesium acetate chloride, was used directly
in solution without isolation.

Ethyl Acetate by Direct Esterification

of Magnesium Acetate Chloride

The Grignard reaction mixture was quenched by the very slow
addition of a small excess of sulfuric acid (30 mL, 166 mmol)
dissolved in ethanol (100 mL). The resulting mixture was then
fractionally distilled, using a long fractionating column due to
the relatively close boiling points of THF and the ethyl acetate/
ethanol azeotrope (66 and 71.8°C). The resulting product was
dried using anhydrous magnesium sulfate and stored over
molecular sieves. Crude product yield was 13.62 g, indicating
an ethyl acetate yield of approximately 9.41 g (71% overall yield
from the starting Grignard agent) with an azeotropic composi-
tion of 71.8% ethyl acetate. Separation of the azeotrope was not
attempted as neither ethanol nor trace THF would adversely
affect subsequent reaction stages.

Ethyl Acetoacetate

A Claisen condensation was carried out using a previously
published procedure which emphasized the importance of
ensuring the alkoxide salt was of highest purity possible to
achieve maximum yield (Fisher and McElvain, 1934). Therefore,
freshly prepared sodium ethoxide (1.3 g, 19 mmol) was added
to the azeotropic mixture from the previous reaction and
heated under reflux for 24 h. The mixture was then cooled
and aqueous acetic acid added slowly to quench the base. The
product, ethyl acetoacetate was extracted using diethylether,
with additional distilled water added to the reaction mixture
to limit ethanol contamination of product yield. 4.80 g of very
pale yellow ethyl acetoacetate (69% yield from ethyl acetate)
was isolated and characterized by '"H NMR spectrometry, com-
paring the resulting spectrum to reference spectra: du (ppm)
400 MHz, CDCls: 1.30 (t, 3 H), 2.28 (S, 3 H), 3.45 (S, 2 H), and
4.20 (q, 2 H).

HYDROGENATION CATALYST (Cu/ZnO)
PREPARATION

ZnO (32.55 g, 400 mmol) was added to a 1 M aqueous solution
of Cu(NOs), (100 mL, 100 mmol) and stirred to form a well-
dispersed slurry. The suspension was dried under vacuum using
a rotary evaporator and the moist solid further dried using the
same method with the addition of 2-propanol to drive off mois-
ture by azeotropic evaporation. The resulting solid was placed
in a furnace at 500°C for 16 h to yield a gray-black powder of
CuO supported on ZnO. 2 g of the resulting powder was placed
in a 250-mL Parr autoclave and heated to 200°C under 10 bar H,
for 4 h. During cooling, the autoclave was evacuated to remove
any generated water, yielding a copper-orange powder of Cu
on ZnO with a loading of 20 wt% Cu determined by the initial
molar ratio of the reactants.

HYDROGENATION AND
HYDROGENOLYSIS

Ethyl acetoacetate (4.80 g, 36.9 mmol) and ethanol (5 mL) were
added to the catalyst contained in the 250-mL Parr autoclave
which was then sealed and purged using H, to a pressure of
20 bar. Reaction was continued for 16 h. The reaction mixture
was cooled and filtered, then dried over anhydrous magnesium
sulfate to yield 10.5 mL of mixed alcohols, which were analyzed
by "H NMR spectroscopy (Table 1) with quantitative analyses
carried out using mesitylene [Su(ppm) 400 MHz, CDCls: 2.25
(s, 9 H), 6.75 (m, 3 H)] as an internal standard. The branched
methyl group on the 2-butanol appears as a doublet at a shift of
1.12 ppm was cleanly away from the bulk of the signals. The com-
bined integral of the terminal CH; groups (at du 0.7-0.8 ppm)
where the 1- and 2-butanol signals overlap was determined and
the amount of 1-butanol was determined by subtracting the
amount of 2-butanol based on the amount determined from
the 1.12 ppm doublet. A small doublet was observed next to
the 2-butanol doublet which did not fit with being a carbon
satellite and fitted the reference spectrum for 1,3-butane diol
(the terminal CH3), which was used to calculate the butanediol
concentration. The combined butanol isomers, butanediol and
acetone were isolated in 98% conversion from ethyl acetoacetate
with 95% selectivity to the butanol isomers. The overall four-step
conversion from methyl magnesium chloride (chloromethane)
to butanol isomers is 44%.

RESULTS AND DISCUSSION

Producing butanol entirely and directly from CO, using the
Grignard process would not be possible without additional steps

TABLE 1 | Composition of total product mixture, determined by 'H NMR,
400 MHz, CDCls,

Composition 1-butanol 2-butanol Ethanol 1,3-butanediol Acetone
Mass (%) 69 26 4 1 <1
Volume (%) 70 25 4 1 <1
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and starting reagents. First, the Grignard process requires a
hydrocarbon or alcohol to form the initial Grignard reagent and
the product of the Grignard reaction would have to be converted
from a carboxylic acid to the final alcohol product. With CDU
processes in mind, the two obvious candidates for the starting
hydrocarbon and alcohol shown in Figure 3 would be methane
and methanol, both readily synthesized by the hydrogenation of
CO; (Figure 4) (Mikkelsen et al., 2010; Saeidi et al., 2014). The
selective formation of methyl halide from the reaction of meth-
ane and the elemental halogen is somewhat challenging, due
to the higher reactivity of the products than starting materials,
although appropriate choice of rare-earth or precious metal cata-
lyst can yield the desired product (Olah et al., 1985; Podkolzin
et al., 2007). By comparison, the conversion of methanol into
any of the methyl halides is rather trivial using the hydrogen
halide to carry out nucleophilic substitution. The former path-
way remains potentially interesting as it does not require the
addition of hydrogen to the process shown in Figure 3, although
additional hydrogen would be needed in the CDU production of
methane over methanol. With either of these compounds used
as starting materials, the product of the Grignard process, after
quenching, is acetic acid. This would have to then be condensed
and hydrogenated to form the desired product, butanol.

Condensing two equivalents of smaller molecules such as
ethanol, to produce butanol has previously been reported by
Guerbet chemistry (Koda et al., 2009; Dowson et al., 2013; Ho et
al.,2016). However, production of butanol from acetic acid has not
previously been reported. Although butanol has previously been
made directly from CO,, the yield was limited (Irimescu, 2012).
Acetic acid can be condensed in the Claisen self-condensation via
ethyl acetate to produce the desired four-carbon chain product,
as shown in Figure 5.

While this reaction is readily carried out in the presence of
a strong base, the final alkyl acetoacetate (ethyl acetoacetate in
the case shown in Figure 5) product cannot be isolated without
an acid quench, requiring a stoichiometric equivalent of base to
be consumed to drive the otherwise mildly endergonic reaction.
Care must also be taken that the acid quench does not hydrolyze
the alkyl ester to produce the oxobutanoic acid (acetoacetic acid),
as this is not stable, particularly at room temperature, decompos-
ing to produce acetone and carbon dioxide (Hay and Bond, 1967).

Hydrogenation of the produced acetoacetate ester to directly
yield butanol had not been previously reported in the scientific
literature but similar hydrogenation processes using supported
Cu(0) catalysts have been reported, particularly in the reduc-
tion of highly oxidized species such as low-molecular weight
esters, glycerol, dimethyl maleate, and carbon dioxide (Figure 6)
(van de Scheur and Staal, 1994; Brands et al., 1999; Schlander and
Turek, 1999; Bienholz et al., 2011).

By including all compounds generated and consumed during
the overall reaction process, a basic energetic pathway of the
generation of butanol from the reaction of methanol with CO;
and hydrogen, as described in the experimental section can be
constructed using the available reaction enthalpy data (Figure 7).

Note that this energy calculation in Figure 7 excludes the
initial formation of the methanol (or methane) starting reagent,
previously illustrated in Figure 4, for clarity.

From the starting methanol, the reaction profile clearly
demonstrates the strongly exothermic nature of the overall reac-
tion pathway, but naturally does not show the energy required
to regenerate the Grignard agent, which provides the majority
of the driving force for the overall process, with the remaining
steps driven by the by-production of water in the esterification
and hydrogenation steps. Furthermore, it should be noted that

OH i:HCI, -H,0
& vy, —— M T
4 H,0 HsC ii: Mg
o]
V4
/C +4H, CH, CH,CI
O/ -2H,0 Cl,, -HCI

FIGURE 4 | Overall preparation of acetic acid via CO, hydrogenation followed by Grignard reaction.
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the Claisen condensation has a slightly positive overall enthalpy
of reaction. This, in combination with the reaction entropy,
renders this step of the reaction non-spontaneous without
consumption of one equivalent of base by use of acid work-up
(Davis and Garratt, 1991). However, given the exothermic
nature of the overall reaction pathway, a broad estimation of
the overall energy cost of the reaction, starting from methanol
or methane, can be calculated from the energy requirements
of magnesium regeneration, hydrogen production, and Claisen
base/acid. Note that this calculation does not include energy
costs associated with the drying of the carbon dioxide source and
assumes 100% reaction yield. Simultaneously, potential energy
recovery of the 15.26 MJ/L exotherm from the reaction process
shown in Figure 7, has not been included, which would make
the overall process more favorable. While the drying costs will
be small in comparison with the other energy requirements
such as magnesium electrolysis, reaction yields may be limited.
In fact, magnesium electrolysis costs can be minimized by real-
izing that the process operates commercially at large scale and
so it would be economically more favorable to batch process the
regeneration of magnesium as part of that process rather than
using dedicated electrolysers. At this stage, energy costs associated
with the process alone are considered. A full life-cycle analysis is
being carried out to account for all impacts, including the impact
of methanol production and transport of the by-product to
the electrolysis site. However, a full scope three LCA falls outside
the scope of this paper due to the complexity of the analysis.

TABLE 2 | Minimum energy cost per liter of butanol fuel produced from methanol
and methane.

Reaction component Required Alcohol Hydrocarbon
amount route route
Magnesium electrolysis? 531.2¢g/L 13.37 MJ/L 13.37 MJ/L
Hydrogen production® 88.1 and 66.1 g/L 16.80 MJ/L 12.60 MJ/L
Claisen base/acid® 437.1 g/L 1.583 MJ/L 1.683 MJ/L
Total energy cost - 31.7 MJ/L 27.5 MJ/L
Increase in fuel energy® - 156.4 MJ/L 9.74 MJ/L
Energy efficiency - 48.6% 35.4%

“Calculated using magnesium electrolysis cost of 25.2 MJ/kg (Demirci and Karakaya,
2012).

PHydrogen electrolysis efficiency of 75% used.

Chloralkali process for base (NaOH) production (Thannimalay et al., 2013).
dCalculated by difference in energy density of butanol compared to 2 M equivalent
quantities of methanol and methane, respectively.

By comparison of the specific energy of the starting materials
(methanol and methane, respectively) with the energy density of
the butanol product, and then comparing this difference with a
reasonable minimum overall energy cost of conversion (includ-
ing magnesium regeneration, hydrogen generation, and the
stoichiometric acid and base required to complete the Claisen
condensation) a calculation of the efficiency of the transforma-
tion via this route, with the assumptions listed above, can be
made (Table 2).

It should be emphasized that Table 2 represents the minimum
energy cost of butanol production calculated with the assumptions
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TABLE 3 | Minimum energy cost per liter of butanol fuel produced from CO. and
hydrogen only.

Reaction component Required amount Reaction energy costs

Magnesium electrolysis® 531.2 g/L 13.37 MJ/L
Hydrogen production? 264.4 g/l 50.41 MJ/L
Claisen base/acid? 437.1 g/L 1.63 MJ/L
Total energy cost - 65.31 MJ/L
Product fuel energy - 29.2 MJ/L
Energy efficiency - 44.7%

aCalculated as in Table 2.

listed below the table and assumes 100% chemical yields for all
steps but with realistic energy requirements for the reagent costs.
While such maximal yields are implausible, near-quantitative
yields for each step should be possible in principle.

Note also that this calculation omits the production of
methanol/methane from CO, as with Figure 7. A calculation
including the energy costs of the additional hydrogen required
to form the methanol and methane required for the Grignard
route are shown in Table 3. However, it should be noted that
these figures omit any costs of capture and purification of CO,
from a waste gas stream, which would be required for the initial
step of this route.

These two tables illustrate that the energy costs associated
with chemical looping of magnesium to capture CO, and
upgrade methanol or methane to drop-in petrol replacement
does not significantly outstrip the energy gain in the content
of the produced fuel. In addition, it can be seen in the two
tables that the conversion of CO,, methanol or methane into
butanol by a CDU approach, and without any additional energy
recovery but with optimistic reaction yields, could in principle
convert nearly half of a given quantity of electrical energy
into a storable fuel that is directly compatible with existing
infrastructure. While it is tempting to therefore make compari-
sons with the efficiencies of existing energy storage methods
such as pumped hydroelectric storage and compressed air
energy storage (which are higher), these approaches would
have a completely different role in energy storage than a CDU-
based fuel.

Overall, we believe that it is not unreasonable to suggest that
CDU fuel production could realistically represent a new tool in
balancing electricity demand and supply and could, with suffi-
cient installation of renewable energy, make a tangible impact in
reducing the carbon footprint of liquid fuel transportation.

CONCLUSION

Butanol can be produced using a multi-step synthetic
approach from methane or methanol via a Grignard reagent
that reacts with dilute carbon dioxide in nitrogen to give an
acetate intermediate. Classic synthetic organic chemistry then
allows homologation to give a four-carbon backbone that is
partially hydrogenated to yield a mixture of 1- and 2-butanol.
Each isomer has a higher octane number and energy density
than octane itself and can be used as a direct drop-in fuel for
gasoline-based combustion engines. This means the fuel can be
used directly in existing automobile engines without blending

or modification of those engines. The transformation, which
is overall exothermic from the Grignard reagent, is facilitated
by the high energy of the organometallic starting material.
Energy is therefore required to regenerate the magnesium from
the stoichiometric amount of magnesium halide by-product.
If this is reprocessed using standard high-efficiency industry
electrolysis techniques using renewable energy then the cost of
this step is minimized.

The methodology allows liquid fuels to be produced from
renewable, weather-dependent electricity at times where it
would otherwise be curtailed, or in situations where dedicated
generation is installed. This provides a potentially excellent
method for chemical energy storage across seasons, otherwise
not possible using other storage methods. The process also adds
value to the system by removing carbon dioxide from primary
emissions sources, storing otherwise curtailed excess renewable
energy and by avoiding new fossil carbon from entering the
supply chain when the fuel is used. While current projected
utilization quantities are expected to fall short of the vast quan-
tities of CO, anthropogenically emitted, it provides a tool in the
arsenal for the production of low-carbon fuels and to balance
energy demands in an increasingly intermittently powered
world. It is recognized that the fuel will eventually lead to CO,
emissions, but this will not be new carbon but second genera-
tion, upcycled carbon.

The fact that flue gas concentration carbon dioxide is used
means that the costly carbon capture step can be omitted,
although it would be required in some form for total synthesis
of fuel from CO, and hydrogen alone. In the original case where
methanol or methane are used as starting reagents, this is an
example of reactive capture of CO, where the gas is chemically
removed from the flue gas stream, thereby purifying the waste
stream while at the same time producing a value-added product.
The process has a number of steps including the esterification
and Claisen condensation where improvements can be made
through more precise definition of the reaction parameters. The
overall carbon avoidance can also be improved by using metha-
nol sources from CO, to prepare the Grignard reagent through
methanol bromination and by preparing the methyl rather than
the ethyl ester. We will also look at using real flue gases from
industrial emissions to test the robustness of the methodology
and product purity.
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