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The conversion of CO2 into high energy products (fuels) and the direct carboxylation of

C–H bonds require a high energy input. Energy cannot be derived from fossil carbon, in

this case. Solar energy can be used instead, with a low environmental impact and good

profit. We have studied the use of white light or solar energy in the photoreduction of

CO2 and in photocarboxylation reactions, using different semiconductors modified at

their surface. Two examples of reduction of CO2 to methanol and CO will be

summarized, and two cases of carboxylation of organic substrates. The case of

carboxylation of 2,3-dihydrofuran will be discussed in detail.
Introduction

Today, the introduction of a carboxylic group into an organic molecule occurs via
synthetic methodologies characterized by low Carbon Fraction Utilization (CFU)
and high Carbon Footprint (CF). Some years ago, we undertook a critical analysis
of such issues and suggested that the direct carboxylation of C–H bonds (eqn (1))
represents one of the most effective ways to reduce CO2 emissions and save fossil
carbon.1,2 Such new syntheses may require a quite different approach than
thermal reactions. In fact, a critical barrier that can occur for the reaction, rep-
resented by C–H activation, must be overcome. The use of the photochemical
technology may be of great help, if photocatalysts able to activate the C–H bond
using visible light are developed (eqn (1)).

R�Hþ CO2 /
hv

cat
R� CO2H (1)
aChBE, NUS, 4 Engineering Drive 4, Singapore 117585, Singapore
bIC2R, Tecnopolis, via Casamassima km3, Valenzano 70018, Bari, Italy
cCIRCC, Via Celso Ulpiani 27, Bari 70126, Italy
dFaculty of Chemistry, Jagiellonian University in Kraków, Ingardena 3, 30-060 Kraków, Poland
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On the other hand, CO2 can be used as a source of carbon for the production of
C1 and Cn energy rich molecules, a process that would also be of great interest if
fossil carbon was not used to provide the energy required for the reduction to
occur, and if the hydrogen was sourced from water or waste organics. Further-
more, the use of solar energy as a primary energy source would be of fundamental
importance.3

We have started a programme on the photochemical conversion of CO2 using
newly synthesized semiconductor-based photocatalysts that are able to operate
under visible and/or solar light and have applied such systems to a number of
reactions implying CO2 conversion: either xation into organic substrates of the
entire molecule, or reduction to C1 and Cnmolecules using water or abundant and
cheap polyols as a source of hydrogen.

Fig. 1 shows the matching of some semiconductor band gaps and CO2

reduction potentials in 2ne� transfer processes in water compared to the higher
energy 1e� transfer.4

In this paper we recall the concept on which the catalysts are based on and
present some very recent applications in both carboxylation reactions and CO2

reductions. We discuss new results relevant to the carboxylation of a quite
intriguing substrate, 2,3-dihydrofuran (2,3-DHF).
The new-concept photocatalysts and their application

The photocatalysts have been engineered by carrying out a surface modication of
semiconductors such as TiO2, ZnS and several others. As Fig. 1 shows, TiO2 has a
band gap energy of 3.2 eV that makes it not particularly suited for visible light
utilization in CO2 conversion. In fact, TiO2 alone is better used under UV irradi-
ation in oxidation processes that convert recalcitrant pollutant organics either in
water or in air, thus producing CO2. Moreover, due to a high oxidation potential of
holes photoinduced in the valence band of titanium dioxide, reoxidation of the
reduction product is plausible. The use of UV-light in CO2 conversion would not
be an efficient use of solar light, making the process both economically not viable
Fig. 1 Comparison of the band gap energies of some semiconductors with the reduction
potentials of CO2 in aqueous solutions (pH ¼ 1) for selected one- and multi-electron
transfer processes.4
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and environmentally not acceptable. Nevertheless, it is possible to modify the
spectral properties of titanium dioxide in several modes, as shown in Fig. 2.

Modications of semiconductors with species that are either “hole” (to the VB)
or “electron” (to the CB) injectors may sensibly extend the spectral response of the
photocatalysts and enhance their use with exploitation of solar light. This concept
may be applied to a number of semiconductors which do not absorb in the visible
region, but more in the UV. So, TiO2 modied with uorochromates has been
advantageously used in the reduction of NAD+ into NADH used as an “e� and H+”

vector to enzymes which reduce CO2 to methanol.5–7

Another approach to enhance solar light utilization is to increase the quantum
efficiency of processes driven by near-UV light (e.g. within the range of 320–400
nm) instead of questing for broadening the spectral response of the wide band
gap semiconductors. This goal can be achieved for instance by surface func-
tionalization of semiconductors with co-catalysts improving efficiency of charge
separation and interfacial electron transfer processes. For example, nano-
particles of elemental platinum deposited on the surface of TiO2 act as electron
sinks and enhance photoreduction of the adsorbed electron acceptor (e.g. O2).8–11

A similar methodology was successfully applied by us to zinc sulde photo-
catalysts. As mentioned above, ZnS is an interesting photomaterial having a band
gap energy larger than TiO2 (3.6 vs. 3.2 eV). Due to its redox properties, it may have
a good potential for C–H activation. Unfortunately, ZnS alone does not show good
photoactivity. However, we have synthesized ZnS decorated with Ru nano-
particles12 and used it for the carboxylation of C–H bonds with a different acti-
vation energy: either activated CH2 moieties as in CH3COCH2COCH3 (acac) or
terminal CH3, as shown in eqn (2).
Fig. 2 Mechanisms of wide band gap semiconductor photosensitization. (A) Formation of
composite semiconductors, (B) bulk doping resulting in the formation of acceptor or
donor levels, (C) direct photosensitization (optical charge transfer), (D) dye-photosensi-
tization involving an electron injection to the conduction band from the excited photo-
sensitizer, (E) dye-photosensitization involving a hole injection to the valence band from
the excited photosensitizer.
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CH3COCH2COCH3 /
hv

cat
CH3COCHðCOOHÞCOCH3 þ CH3COCH2COCH2COOH

(2)

In this photochemical process the formation of the radical anion CO2c
� has

been demonstrated to be the key issue. The photomaterial used (ZnS) has the
correct band gap energy for its generation, while Ru enhances the light harvesting
capacity and drives the carboxylation reaction under sunlight irradiation. It is
worth noting that acetylacetone can be carboxylated using chemical catalysts
(typically a base such as the phenate anion) and affords only CH3COCH(COOH)
COCH3. The use of the photocatalyst enables the activation of the C–H bond of the
terminal methyl group, affording the terminal carboxylic acid CH3COCH2-

COCH2COOH. It is noteworthy that the C–H bonding energy is quite different in
the CH2 and CH3 moieties. The former is activated due to tautomerism that
brings the hydrogen onto the oxygen atom (eqn (3)). In the presence of bases, the
OHmoiety is deprotonized and prompted to interact with CO2. The terminal-CH3

moiety is not activated and does not react in thermal reactions, but it does in
photochemical processes.

CH3COCH2COCH3 % CH3C(OH)]CHCOCH3 (3)

ZnS decorated with ruthenium and p-type photocatalysts built on the same
concept have been found to be active in the photoreduction of carbon dioxide to
formic acid and carbon monoxide13 in protic solvents. p-Type semiconductors, in
contrast to n-type materials, have rarely been studied for carbon dioxide
conversion. We have found that wide-band gap semiconductors (like CuI and
NiO) characterized by a band gap energy of 3.6–4.0 eV and a very low potential of
the conduction band edge (in the range of �3.0 to �3.4 V vs. SHE) or also
materials having a band gap energy equal to 3.1 eV and the potential of
conduction band edge of �2.1 V vs. SHE can be usefully applied in the photore-
duction of CO2.14 For example, under full solar light irradiation using isopropanol
as the hole scavenger, CO2 was reduced to CO, CH4 and/or HCOOH. The prepa-
ration method (annealing temperature) plays a key role in determining the
activity of the catalyst and its selectivity towards one of the products.

Results and discussion
Characterization of the catalysts

The properties of Ru@ZnS-A and Ru@ZnS-B used in this work have already been
published.12,13 Here, we report some new additional properties that have recently
been determined, namely the diffuse reectance spectra and the photocurrent
measurement, which are useful for determining the spectral region within which
the catalysts are active, and the EDX analysis. The band gap energies were esti-
mated from diffuse reectance spectroscopy. Obtained spectra (reectance, R, vs.
wavelength, l) have been transformed to Kubelka–Munk function (KM) according
to the equation: KM ¼ (1 � R)2/2R (Fig. 3). Spectra of bare ZnS and materials
decorated with ruthenium are similar, i.e. ruthenium does not inuence the
absorption onset. The band gap energy was calculated according to Tauc theory as
published elsewhere.12,13 ZnS-A shows a smaller bandgap energy (3.47 eV) than
ART � C5FD00040H
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Fig. 3 Diffuse reflectance spectra of the synthesized photocatalysts transferred to
Kubelka–Munk function.
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ZnS-B (3.64 eV). Materials decorated with ruthenium (0.5% of Ru) have band gap
energies of 3.57 and 3.65 eV for Ru@ZnS-A and Ru@ZnS-B, respectively. The
preparedmaterials offer strong reduction properties (for example, the conduction
band edge of ZnS-B is ca. �2.5 V vs. SHE) as learnt from spectroelectrochemical
measurements published elsewhere.13

UV-Vis analysis nicely corresponds to the results of photocurrent measure-
ments. Irradiation of the ZnS-A-covered electrode with near-UV-Vis light (solar
light) results in anodic photocurrent generation (375 nm track), as shown in
Fig. 4. The use of only visible light decreases the intensity of the photocurrent (see
wavelength 405 and 465 nm in Fig. 4). Application of light of longer wavelengths,
520, 595 and 630 nm, did not result in photocurrent generation.

The characterization of materials has been done by EDX analysis. Energy-
dispersive X-ray spectra of ZnS-A and 1%Ru@ZnS-A are shown in Fig. 5. Both
materials show typical signals of zinc and sulphur. Moreover, the spectrum of 1%
Fig. 4 Photocurrent measurements: ZnS-A electrode irradiated with chopped light of
375, 405, 465, 520, 595, 630 nm wavelength.
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Fig. 5 Energy-dispersive X-ray spectra of ZnS-A and 1%Ru@ZnS-A.
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Ru@ZnS-A also shows signals assigned to ruthenium (2.69 and 19.27 keV). Raman
spectroscopy excluded the formation of ruthenium(IV) oxide, since bands at 515
and 626 cm�1, characteristic for this compound (RuO stretching modes) were not
found. This is in accordance with the XRD features of the materials,12 previously
published, which conrm the presence of Ru(0).

The SEM image of Ru@ZnS-A (Fig. 6) shows that the material is composed of
irregular aggregates of various sizes ranging from several nanometers up to 4
micrometers. DLS measurements prove that the average particle sizes are in the
range of hundreds of nanometers. SEM-EDX analysis proves the chemical
composition of the material. All materials have relatively high specic surface
areas (BET measurements) in the range of 55–105 m2 g�1, as published else-
where.12 The specic surface area of the ZnS samples decorated with ruthenium is
reduced when compared to bare materials.
Fig. 6 SEM of Ru@ZnS-A.
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The target molecule and the observed reactions

In this paper, we focus on the discussion of the photoconversion of intriguing
molecules, such as 2,3-dihydrofuran (2,3-DHF) (Fig. 7), at room temperature
under inert gas or in the presence of CO2 dissolved in aprotic or protic solvents.

DHF is an interesting molecule as it contains a multiplicity of bonds having
quite different energies. Table 1 shows the nature of the bonds and their average
energies.

Thus, this molecule has several reactive sites. Despite such complexity, it is
foreseeable that the most reactive position will be the allylic –CH2– moiety, cor-
responding to the lower energy of the C–H bond, while C–C and C–O bond
splitting may occur as secondary events (Table 1). However, in principle, H-
extraction should occur, and occurs, at C-4, affording an allylic radical (Fig. 8).
In order to check whether the photocatalyst would be able to promote C–H bond
cleavage, we carried out a cyclic-voltammetry (CV) analysis. The CVmeasurements
on a solution of 2,3-DHF are shown in Fig. 9. The voltammogram shows an
irreversible peak at 1.35 V versus the non-aqueous silver electrode (Ag/Ag+), cor-
responding to the oxidation of 2,3-DHF. The oxidation potential of 2,3-DHF (1.55
V vs. SHE) is lower than the potential of the ZnS valence band edge (1.8 V vs.
SHE20), thus the photoinduced oxidation of 2,3-DHF by VB holes is thermody-
namically possible.

Such species can evolve in two different ways (Fig. 10), affording either 2,5-
dihydrofuran (2,5-DHF) or, via a C–O splitting and structural rearrangement, the
formyl-cyclopropane molecule (F-Cyp), or even the linear crotonaldehyde (C-ald).
Such photoinduced-isomerization products have been observed when 2,3-DHF
was directly irradiated using UV-light.18

We now show that white (solar) light in the presence of a photocatalyst can
induce the isomerization. This adds a complexity to the system as one can ask if
the interaction of the substrate with CO2 will occur prior to or aer isomerization
of the substrate and, thus, whether carboxylated forms of the rearrangement
products can also be expected. Therefore, we have investigated the reactivity of the
pure substrate and the reactivity of it in the presence of CO2 under the same
experimental conditions (solvent, radiations, irradiation time, temperature,
concentration). The study was carried out at a double scale: at a micro-scale in a
pressurized NMR tube and in a larger photoreactor having a volume of 10 mL,
allowing sample withdrawal for GC analysis. Moreover, in order to establish if
proton donors may inuence the reaction, two different solvents were used,
chloroform and methanol. We shall discuss the behaviour of 2,3-DHF in the two
solvents separately, comparing the role of Ru@ZnS-A and Ru@ZnS-B.
Photocarboxylation in chloroform

Fig. 11a shows the modication of the 13C NMR spectrum of 2,3-DHF during
irradiation under an Ar atmosphere, in chloroform, in presence of Ru@ZnS-A.
Fig. 7 The 2,3-dihydrofuran molecule.
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Table 1 Bonds in 2,3-dihydrofuran and their average energy in kJ mol�1

Bond Number of bonds
Average energy
kJ mol�1 Ref.

sp3C–sp3C 1 346 15
sp3C–sp2C 1 386–390 16
sp2C–sp2C 1 610 15
sp3C–H 4 411 17
sp2C–H 2 422 18
sp3C–O 1 358 15
sp2C–O 1 418 19

Faraday Discussions Paper

1

5

10

15

20

25

30

35

40

45

50
Fig. 11b shows the same system when Ru@ZnS-B is used. It is noteworthy that
within 2 h of irradiation, in the presence of Ru@ZnS-A, all of the starting
substrate is converted (disappearance of resonances at 146, 99.5, 69.5 and 29.3
ppm typical of 2,3-DHF). Two major products are formed, namely, 2,5-DHF
(signals at 104 and 63 ppm) and formylcyclopropane, which are identied
through the signals at 205, 31 and 14 ppm. Crotonaldehyde, the alternative
isomerization product derived from ring-opening, is absent as its resonances at
194.4, 154.3, 134.6 and 18 ppm are not found in the spectrum.21 Other very minor
products are also formed (ca. 1% yield), while signals of ethanol are present from
the beginning, most probably an impurity derived from the work-up of the pho-
tocatalysts. Interestingly, the use of Ru@ZnS-B increases the amount of for-
mylcyclopropane, while producing the same isomerization products. It is worth
noting, that the NMR spectra do not show any change with respect to starting 2,3-
DHF in the absence of irradiation and in the presence of the photocatalyst.

Fig. 11 presents the products formed in CHCl3 when the photoconversion is
carried out under 0.7 MPa of CO2 in a high pressure NMR-sapphire tube using
Ru@ZnS-B as the photocatalyst. Ru@ZnS-A gives the same products, but at lower
concentrations. As well as the signals due to the isomerization products, it is quite
evident that the insurgence of some new signals, some of which can be ascribed to
species formed upon incorporation of CO2. In particular, the signals at 178, 144,
100, 62 and 50 ppm are due to the new species. A careful comparison of the 13C-
spectra of the reaction solution with those of the photoisomerization products
found under Ar, and then of the expected carboxylation products, brings us to the
conclusion that the major photocarboxylation product is 2,5-dihydrofuran-2-
Fig. 8 Radical formation in 2,3-DHF upon irradiation.
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Fig. 9 Cyclic voltammogram of 0.1 mol L�1 2,3-dihydrofurane in acetonitrile with lithium
perchlorate (0.1 mol L�1) as the electrolyte. Scan rate: 50 mV s�1.
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carboxylic acid (2-COOH-2,5-DHF). Such species have 13C-NMR signals at 184
(COOH), 104 (C]C), 63 (CH2) and 60 (CH–COOH) ppm. The absence of a signal at
140 ppm (characteristic of the O-bonded C in the O–CH]CH– moiety) conrms
the isomerization of the starting material. A simulation of the 13C-NMR spectrum
made using CS Chem Draw Ultra 6 (Cambridge Soware Corporation) shows that
2-COOH-2,5-DHF (Fig. 12A) has signals at 176, 129, 89 and 68 ppm, while 4-
COOH-2,3-DHF (Fig. 12B) has computed signals at 177, 144, 100, 80 and 32 ppm.
Finally, 2-COOH-1-formyl-cyclpopropane has computed peaks at 204, 184, 36 and
6–15 ppm. The signals found in the 13C-spectrum of the mixture irradiated with
visible light in the presence of Ru@ZnS-B shows, in addition to the signals of 2,5-
DHF and 1-formyl-cyclopropane, two series of new signals at: 184, 126, 81 and 68
ppm due to 2-COOH-2,5-DHF and lower signals attributable to 2-COOH-2,3-DHF
at 184, 145, 102, 80 and 29 ppm. The absence of signals in the high part of the
spectrum excludes the formation of the carboxylated form of 1-formyl-
cyclopropane. The formation of the two carboxylated isomers can be explained
by the coupling of the radical shown in Fig. 6 with the CO2c

� radical anion. The
new C–C bond is formed at C-2, and the double bond migrates to the 3–4 carbons
or to the 4–5 carbons, the latter with less favourable energetics as it implies H-
migration. As reported above, 2-COOH-2,3-DHF is present at a lower concentra-
tion. Besides the signals of the products reported above, weak resonances due to
THF and furan are also found, which also occur in solutions irradiated in the
absence of CO2. A new signal due to methanol also appears (50 ppm), which is not
Fig. 10 2,3-DHF and the products of its photocatalytic isomerization (inert atmosphere).
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Fig. 11 13C-NMR spectra of 2,3-DHF and after 2 h of using Ru@ZnS-A (A) and Ru@ZnS-B
(B) as photocatalysts: the starting product is quantitatively converted into isomerization
products. In absence of CO2, carboxylated products are not formed.
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found in the absence of CO2, and this is quite interesting but not surprising as we
have shown that CO2 can be reduced to methane, formic acid or methanol under
irradiation in the presence of the ZnS photocatalysts or others (such as CuI).13

In order to obtain further information on the compounds formed, we have
produced a 1H-NMR spectrum of the mixture. The resulting spectrum is quite
complex due to the many signals of the various isomers. The only signicant
signals are those of the aldehydic (9.75 ppm in CDCl3) and carboxylic groups (11.3
ppm in CDCl3, not seen in CD3OD most probably due to the hydrogen bonding
and H–D exchange that causes broadening).

In order to conrm the structural features of the carboxylated forms obtained
through the multinuclear NMR, a GC-MS analysis of the reaction solution in
methanol produced on a large scale was carried out, allowing the identication of
various products. Several peaks were found in the GC of the solution irradiated in
the absence and presence of CO2, corresponding to the isomers described above.
Under CO2, the 2-COOH-2,3-DHF peak appeared, attributed on the basis of its
fragmentation showing m/z values at: 114 (molecular peak), 85, 69, 45 (carboxylic
group) and 41.

Carboxylation in methanol

The carboxylation in methanol has features different from those of the same
reaction in CHCl3. A single carboxylated isomer is formed in this solvent, namely
2-COOH-2,3-DHF. This product is also formed in a higher concentration than in
chloroform, reaching over 25% of the total of the starting product, aer 10 h with
1%Ru@ZnS-A as the photocatalyst (Fig. 13B compares the various photocatalysts:
ZnS-A, 1%Ru@ZnS-A, ZnS-B and 1%Ru@ZnS-B). The accumulation of the
carboxylated products over 10 h can be explained assuming that:
Fig. 12 (A) 2-COOH-2,5-DHF and (B) 2-COOH-2,3-DHF.
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Fig. 13 GC-MS analysis of the reaction solution during photocatalytic carboxylation of
2,3-DHF in methanol. (A) Gas-chromatograms of samples withdrawn at different times
during the photocatalytic tests in methanol using 1%Ru@ZnS-A as a photocatalyst with
irradiation times of 0, 3 and 12 h, (B) the MS spectrum on the peak at 3.8 min, and (C) the
relative formation of 2-COOH-2,3-DHF in the presence of ZnS-A (set equal to 1), 1%
Ru@ZnS-A, ZnS-B and 1%Ru@ZnS-B after 10 hours of irradiation of a 2,3-DHF solution in
methanol.
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1. The isomerisation is fast and the isomerized product can then be carbox-
ylated. This is not the case as discussed in the next sub-chapter.

2. The isomerisation rate in methanol is slower than in chloroform or the
lifetime of the radical shown in Fig. 8 is longer in methanol, so that a more
extended carboxylation is observed with time, with higher selectivity.

In order to collect data on the formation rate of the carboxylated product and
on the activity of the catalysts, we have carried out extended irradiations of the
solution up to 12 h and compared the catalysts. Fig. 13 reports an example of the
evolution of the chromatograms with time, the MS spectrum of the peak at 3.8
min due to 2-COOH-2,3-DHF, and the relative activity of the different photo-
catalysts. Fig. 13C clearly shows that the Ru-decorated ZnS materials are more
active than bare sulphides. Using Ru@ZnS-A as the photocatalyst and collecting
data at xed time intervals (30 min) over 12 h, it was possible to obtain prelimi-
nary information about the kinetics of the conversion of the starting material.
Fig. 14 shows the percentage of conversion of 2,3-DHF into 2-COOH-2,3-DHF with
time. It is interesting to note that at the time of 12 h all the starting materials was
converted either into the isomerisation product or its carboxylated form, as
demonstrated by 13C NMR.

Does the carboxylation occur concurrently with the photoisomerisation or aer
it?

As reported above, the only carboxylation products observed in CHCl3 are 2-
COOH-2,3(or 2,5)-DHF, while no carboxylated forms of F-Cyp were found. The
question came to our mind of whether the carboxylation is concurrent with the
isomerisation or whether it follows this step. We have carried out a simple
experiment to answer such a question. We rst irradiated the 2,3-DHF solution
ART � C5FD00040H

This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, xx, 1–15 | 11



Fig. 14 Photoconversion of 2,3-DHF into 2-COOH-2,3-DHF using Ru@ZnS-A as the
photocatalyst.
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under argon in CHCl3 and in the presence of the photocatalyst Ru@ZnS-B or
Ru@ZnS-A and, when the photoconversion of 2,3-DHF into 2,5-DHF and 1-formyl-
cyclopropane was complete, CO2 was admitted and the irradiation continued. The
analysis of the reaction mixture aer irradiation (2 h) showed that there was no
further conversion of 2,5-DHF nor 1-formyl-cyclopropane, thus inferring that the
carboxylation occurs on the radical species (shown in Fig. 8) more than on the
products of photoisomerization. The carboxylation of the substrates formed upon
isomerisation of 2,3-DHF takes place under quite different conditions than those
described in this paper.
Conclusions

The irradiation of a solution of 2,3-DHF in CHCl3 in the presence of Ru@ZnS-B
under inert atmosphere causes isomerization of the starting product into 2,5-
DHF and 1-formyl-cyclopropane. This reaction proceeds via the formation of
allylic radicals (hydrogen abstraction from 2,3-DHF), identical to those formed in
the reaction of 2,5-DHF oxidation by valence band holes generated upon the
irradiation of ZnS and CdS.22–25 Since the radical is stabilized by its two resonance
structures, its lifetime is sufficient to enable bimolecular reactions. When
methanol is used, the photoisomerization reaction requires a longer time.

When the irradiation is carried out under CO2 atmosphere in CHCl3, the
carboxylation of the substrate occurs affording two isomeric products, namely 2-
COOH-2,3-DHF and 2-COOH-2,5-DHF. The carboxylation occurs by coupling of a
CO2c

� radical anion with the allylic radical. The formation of the CO2c
� radical

under the operative conditions has been conrmed by our recent studies
involving spin-trapping and EPR measurements.26 The generation of this very
reactive radical is thermodynamically feasible due to the high reduction abilities
of electrons excited to the conduction band of zinc sulphide. Moreover, the
presence of ruthenium nanoparticles enhances adsorption of carbon dioxide and
improves the charge separation, which is reected in the diminished recombi-
nation efficiency and the pronounced CO2c

� formation.26 When the photo-
carboxylation is carried out in methanol, 2-COOH-2,3-DHF is formed as the only
product. This allowed us to carry out preliminary kinetic studies and calculate the
photocarboxylation yield to be 25% aer 10 h.
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The photocarboxylation process discussed here is another example of a
possible application of photocatalytic systems in the synthesis of chemicals.
Although the overall efficiency of the process can be improved, the actual pho-
toconversion is quite interesting (25% of 2,3-DHF converted aer 10 h, or 0.025
M) and mimics a reductive path of photosynthesis (reduction of carbon dioxide)
utilizing the UV part of the solar radiation.
Experimental part
Synthesis of photocatalyst

Zinc sulphide (ZnS-A) was prepared according to methods published elsewhere.12

Under an argon atmosphere, using Schlenk’s system, a solution of Na2S (0.1 mol)
in 25 mL of distilled water was added dropwise to the aqueous solution of ZnSO4

(0.1 mol, 25 mL). The mixture was stirred for twenty four hours, ltrated, washed
with water to neutrality and dried at room temperature under vacuum. Another
sample of zinc sulphide (ZnS-B) was also prepared under a nitrogen atmosphere.
A solution of sodium hydroxide (10 g) in distilled water (20 mL) was added
dropwise to a solution of ZnSO4 (0.01 mol, 20 mL), as already described.12 The
primarily formed solid Zn(OH)2 was dissolved as [Zn(OH)4]

2�. Aerwards, 40 mL
of a thiourea solution (1.52 g) was added. The mixture was heated to 353 K for 48
h. Aer separation via centrifugation, the powder was washed with H2O and dried
at 333 K. Ruthenium nanoparticles were deposited as follows: 1 g of ZnS was
suspended in an aqueous solution of RuCl3$xH2O (10mL, 10mM) under an argon
atmosphere. A concentrated ethanol solution of NaBH4 was added dropwise (in a
big excess) under ultrasonic agitation. Then the powder was ltered off and
washed with water under argon, dried and stored under a nitrogen atmosphere.
Characterization of materials

Diffuse reectance spectra of photocatalysts were measured using a UV-Vis
spectrophotometer (UV-3600 type, Shimadzu), equipped with an integrating
sphere (15 cm diameter). 25 mg of analysed samples were ground with 0.5 g of
BaSO4. Barium sulphate was also used as the reference material. Hydrodynamic
particle diameters were measured using Zetasizer NanoZS (Malvern). The scan-
ning electron microscope (Vega 3 LMU, Tescan) was equipped with a LaB6

cathode. EDX spectra were recorded using the EDX detector (Oxford Instruments,
X-act, SDD 10 mm2). The photoelectron spectra were measured using a mono-
chromatized aluminium AlKa source (E ¼ 1486.6 eV) and a low energy electron
ood gun (FS40A-PS) to compensate the charge on the surface of the non-
conductive samples. A typical three-electrode set-up was employed for photo-
current analysis. The electrolyte solution was 0.1 M KNO3. Platinum and Ag/AgCl
were used as auxiliary and reference electrodes, respectively. The working elec-
trodes were prepared by casting the samples onto ITO conductive foil. Light
emitting diodes of various wavelengths (Instytut Fotonowy) were used as light
sources. The measurements were collected using the potentiostat (PGSTAT 302N,
Autolab).
ART � C5FD00040H

This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, xx, 1–15 | 13



Faraday Discussions Paper

1

5

10

15

20

25

30

35

40

45

50
Cyclic voltammetry

CV experiments were carried out using a BioLogic SP-150 potentiostat. The
measurements were collected at a scan rate of 100 mV s�1. The electrochemical
cell consisted of three electrodes: the glassy-carbon electrode (working electrode),
the nonaqueous Ag/Ag+ (reference electrode) and platinum wire (counter elec-
trode). The reference electrode was prepared by placing a clean silver wire into an
electrolyte (0.01 M tertrabutylammonium perchlorate in acetonitrile) containing
silver ions (0.01 M AgNO3). The electrodes were placed in a Teon cuvette lled
with 0.1 mol dm�3 LiClO4 solution in anhydrous acetonitrile. Oxygen was thor-
oughly removed from the electrolyte by purging with argon before (15 min) and
during the experiment.

Photocatalytic tests

2,3-Dihydrofuran, a Sigma-Aldrich product, was carefully distilled under reduced
pressure prior to photocatalytic tests. It was stored at 4 �C and used for up to 30
days aer distillation. Chloroform was dried with alumina, distilled and stored
under a nitrogen atmosphere. Methanol was distilled under a nitrogen atmo-
sphere, dried using molecular sieves and distilled again. The photocatalyst (1 g
dm�3) was suspended (by sonication) in the solvent (5 or 10 mL) and the organic
substrate (0.1 mol dm�3 unless otherwise stated) was added. CO2 was bubbled
through the suspension for 3 minutes to remove oxygen and aerwards the
mixture was closed under an elevated pressure of carbon dioxide (7–8 bar) in a
sapphire tube reactor, unless otherwise stated. Photocatalytic tests were carried
out in a closed reactor using a XBO-150 lamp as the light source equipped with a
cut-off lter (360 nm). Samples of the reactionmixture were collected periodically,
ltered through syringe lters and analysed. The progress of the reaction was
monitored by GC-MS (Shimadzu QP5050) equipped with a DB 5 MS 30 m capillary
column. Nuclear Magnetic Resonance (NMR) experiments were carried out using
a 400 MHz Varian INOVA apparatus and 600 MHz Bruker Advance.
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The electrocatalytic reduction of CO2 is studied on a series of electrodes (based on Cu, Co,

Fe and Pt metal nanoparticles deposited on carbon nanotubes or carbon black and then

placed at the interface between a Nafion membrane and a gas-diffusion-layer

electrode) on two types of cells: one operating in the presence of a liquid bulk

electrolyte and the other in the absence of the electrolyte (electrolyte-less conditions).

The results evidence how the latter conditions allow productivity of about one order of

magnitude higher and how to change the type of products formed. Under electrolyte-

less conditions, the formation of >C2 products such as acetone and isopropanol is

observed, but not in liquid-phase cell operations on the same electrodes. The relative

order of productivity in CO2 electrocatalytic reduction in the series of electrodes

investigated is also different between the two types of cells. The implications of these

results in terms of possible differences in the reaction mechanism are commented on,

as well as in terms of the design of photoelectrocatalytic (PEC) solar cells.
Introduction

There is an increasing interest in the literature on solar fuels,1–10 although
different concepts are oen associated to this denition. Solar fuels are indicated
here as those having a carbon-negative footprint, because they utilize emitted CO2

to produce energy carriers or chemicals through the use of renewable energy (RE)
sources. The net effect is thus of introducing RE into the energy or chemical
production cycle. The type of products obtained in this process is relevant,
because they should preferably be drop-in liquid-fuels according to both economic
and sustainability perspectives. In fact, it is oen forgotten that there are many
problems (economic, normative, authorization etc.) associated with the intro-
duction of new products requiring a novel infrastructure. Being on such a large
scale as the problem of energy is, a “sustainable” transition to a low-carbon
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economy is only possible by the development of energy vectors and raw materials
for chemistry, which smoothly integrate in the actual system and infrastructure,
minimizing the above issues. Liquid products are necessary to allow energy-
efficient and low cost transport over long distances and storage for a long time,
one of the actual main advantages of oil and derivate energy carriers.

We previously discussed the above aspects in more detail, in relation to the
need to develop a sustainable low-carbon energy and chemical production
method.11–14 In this vision, CO2, biomass and solar energy are the three key
elements around which future sustainable scenarios for energy and chemical
production should be developed.12,15 Critical factors to enable this scenario are
the development of new approaches for the electrochemical conversion of CO2, a
key step towards articial leaf-type devices.7,16 Many reviews have recently dis-
cussed the electrocatalytic conversion of CO2,17–23 as well as articial leaf-type or
photosynthetic devices,7,10,24–29 although only a few of them are cited.

A common aspect is the presence of a bulk electrolyte used to close the electric
circuit in the electrocatalytic cell or photoelectrocatalytic (PEC) devices. We have
shown, however, that a different approach is possible, indicated as electrolyte-less
(EL), because a bulk liquid electrolyte is absent.30 The ionic conduction is realized
through a membrane having the photo- and electro-catalysts on the two opposite
faces of the membrane, while the electronic conduction is realized through an
external wire.31 This EL approach allows the conversion of CO2 electrocatalytically
to >C1 products,32–34 while essentially C1 products, with traces of C2 products are
detected in the presence of an electrolyte.35–40

EL design for PEC solar cells shows some advantages: (i) it is possible to
operate at higher temperatures, allowing process intensication and the use of
solar concentrators; (ii) the problems related to CO2 adsorption/diffusion in the
liquid phase are eliminated; (iii) the sealing and design of the cell is greatly
simplied; (iv) gas-cap formation on the electrode (whichmay largely decrease the
performance) is avoided; (v) operations under pressure are simplied; (vi) light
scattering and absorption by the liquid are avoided; (vii) corrosion of the electrode
(a main issue in conventional PEC cells) is virtually absent. However, the greatest
advantage is the more effective (from cost and energy perspectives) recovery of the
liquid products of CO2 reduction, because they can be collected from the gas
stream leaving the EL-PEC cell and not from the liquid electrolyte, requiring
distillation or other costly separation procedures. However, the electrodes in a EL-
PEC cell, or the hemi-cell for the electrocatalytic reduction of CO2, should be
different from the conventional ones utilized in PEC or electrochemical cells. In
fact, together with good electron conductivity, the electrode for the electro-
reduction of CO2 should guarantee a good transport of the protons coming from
the membrane to the active centers for CO2 reduction.

There is thus an intriguing question as to whether this difference in electrode
characteristics is responsible for the different type of products observed experi-
mentally during the electrocatalytic reduction of CO2 or instead there are intrinsic
differences in terms of reactivity and reaction mechanism deriving from the
presence or not of a bulk liquid electrolyte. The electric double layer, which
determines the characteristics of the interface at the catalytic centers, depends on
the electrolyte. In PEC cells, concentrated electrolyte solutions are used to mini-
mize internal resistance, but in a EL-PEC cell approach the electrolyte is virtually
absent. However, a thin liquid lm may be present over the electrocatalysts.
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Although the ionic transport (to close the circuit) can be realized by surface
transport over the electrocatalysts and then through the membrane (without thus
the need of a liquid lm over the electrode), a surface aqueous acid thin layer may
eventually be present as well as the occurrence of capillary condensation in
micropores, depending on the temperature and pressure of operations. Never-
theless, the interface between the electrocatalysts and a bulk electrolyte is clearly
different from that when the electrocatalysts are in direct contact with the gas
phase (CO2), even when a thin aqueous lm may be present. The concentration of
CO2 at the surface of the electrocatalyst is thus expected to be different. However,
the different type of electrodes used in conventional and EL hemi-cells for the
electrocatalytic reduction of CO2 do not allow for clarication of above question
or to obtain better insight into the motivation for the different behaviours
between conventional and EL-cells in the electrocatalytic conversion of CO2.

The aim of this contribution is thus to utilize the same type of electrodes and
reaction conditions, except for the presence of the liquid bulk electrolyte, in order
to compare conventional and EL approaches, determine more precisely the
differences in the productivity and type of products, and obtain indications about
possible differences in the reaction mechanism.
Electrochemical cells for the reduction of CO2

In electrochemistry, attention is typically focused on the electrode and operative
conditions, while cell design is oen not considered, except in engineering terms
for the realization of optimal charge transport, homogeneous ow and electron
distribution in large cells, etc. The possibility to operate without a liquid elec-
trolyte is not typically considered for the electrocatalytic reduction of CO2,
although PEM (proton exchange membrane) fuel cells may be considered an
example of EL operations. We will compare here two different approaches for the
electrochemical reduction of CO2: (1) gas phase (EL-cell approach) and (2) liquid
phase, e.g. the conventional one, although using the same type of electrocatalysts
as the gas-phase approach. The two devices show common aspects:

(i) the two electrodic compartments are separated by a proton selective
membrane, which allows the migration of protons from the anode to the cathode
side;

(ii) the electrocatalyst (metal nanoparticles supported over a functionalized
carbon nanotube – CNT) is located at the cathode side, supported over a
conductive net (carbon paper) and in close contact with the membrane, while the
external part, which is in contact with the gas or liquid phase, is coated with
Teon to realize a gas diffusion electrode (GDE) (Fig. 1) as in PEM fuel cells;

(iii) CO2 continuously ows to the cathode of the electrocatalytic cell as 100%
CO2 at a rate of 10–20 ml min�1;

(iv) the currents/potentials applied are similar (1–2 V; 10–100 mA).
These cells are the CO2 reduction hemi-cells of PEC solar cells, where a photo-

anode is also present. The latter is a photo-active material able to absorb sunlight
to create charge-separation, with the holes utilized at suitable catalytic centers for
the reaction of water oxidation to produce O2 and protons, the latter being
transported to the electrocatalyst through the membrane. The electrons are
instead collected and transported externally (through a wire) to the conductive
electrocatalyst. We have studied the photo-anode behaviour by preparing TiO2
ART � C5FD00069F
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Fig. 1 Schematic illustration of the GDE-type electrodes utilized for CO2 electrochemical
reduction. The image on the left shows the full gas-diffusion electrode (GDE), while the
images on the right are scanning electron microscopy images of the side in contact with
the membrane and of the side in contact with the gas phase (CO2) or the electrolyte in
which the CO2 is bubbled.
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nanostructured electrodes,33 doped with noble (Pt, Au)41 and non-noble nano-
particles (Cu)42 to enhance their visible response. Electrolyte and EL operations
for the photoanode side (indicated as liquid and gas phase operations, respec-
tively) were both investigated. In water photoelectrolysis and ethanol dehydro-
genation processes, higher performances (in terms of H2 production) of the gas
phase with respect to liquid-phase conguration were observed.42,43 Therefore, a
full EL-PEC cell may be developed, both for the anodic and cathodic parts.
However, discussion will be focused here only on the electrocatalytic reduction of
CO2, thus on the cathodic part of the PEC cell.
Experimental
Synthesis of the electrode materials

The working electrode for the electrochemical cells for CO2 reduction consists of a
carbon substrate on which the metal nanoparticles are deposited. This electro-
catalyst is then deposited on a gas diffusion layer (GDL 25 BC Sigracet®), on the
side not modied with Teon. The carbon substrates are commercial carbon
black (CB, Vulcan® XC-72) and carbon nanotubes (CNTs, PR-24-XT-PS Pyrograf®).

PR-24-XT-PS CNTs have an average diameter of about 100 nanometers. The
inner part shows well-ordered graphitic layers aligned along the main axis, but
the external surface displays a turbographic structure. The CNTs were pyrolyzed at
750 �C to remove polyaromatic hydrocarbons from their surface. Due to the tur-
bographic structure, these CNTs offer a large amount of sites for functionalization
of the external surface.

The nature of the functional groups on the carbon surface plays a key role in
the catalytic activity of the electrocatalysts. Thus, CNTs were functionalized by
direct oxidative treatment in concentrated HNO3, introducing oxygen function-
alities on the carbon surface. In detail, 1 g of CNTs (or CB) was suspended in 50ml
HNO3 (65% Sigma Aldrich) and treated in reux at 100 �C for 3 h, followed by
rinsing until at a neutral pH, ltering, and drying overnight. Different types of
ART � C5FD00069F
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oxygen functionalities were introduced by this treatment. The total quantity and
relative distribution can vary as a function of the annealing post-treatment in an
inert atmosphere, as shown from synchrotron radiation XPS data.23

The main properties of a commercial GDL and CNTs are reported in Table 1.
Before depositing the carbon substrates on the GDL, metal (M ¼ Cu, Co, Fe or

Pt) nanoparticles (NPs) were deposited on CB and CNTs by an incipient wetness
impregnation method using an ethanolic solution containing the proper metal
precursor [Cu(NO3)2$3H2O; Co(NO3)2$6H2O; Fe(NO3)3$9H2O; H2PtCl6$xH2O].
Aer drying at 60 �C for 24 h, the samples were reduced for 2 h at 350 �C under a
slow H2 ow. The total amount of metal loaded onto the carbon substrate was 10
wt%. This amount was chosen in order to have an amount comparable to the
metal loading in the electrocatalysts for PEM fuel cells (usually 10–20 wt%), which
corresponds to a small metal loading in the nal catalyst (about 0.5 mg cm�2).

The as-prepared carbon substrates with the deposited nanoparticles were then
deposited on the GDL using a similar impregnation in anhydrous ethanol and
aer joining the GDL with the Naon membrane, the samples were tested as
working electrodes both in liquid and gas phase cell congurations. While in the
liquid-phase cell the electrode is in contact with the electrolyte solution saturated
with CO2, in the gas-phase cell the electrode is absent and ionic conductivity is
guaranteed from the contact with the proton-conducting membrane (Naon®).
Before use, the Naon® membrane was pre-treated with hydrogen peroxide to
eliminate organic impurities and nally activated with H2SO4.
Characterization

Surface area of the samples (BET method) was determined by the physical
adsorption of N2 at liquid nitrogen temperatures by using a Micrometrics ASAP
2010 system.

Transmission electron microscopy (TEM) images were acquired by using a
Philips CM12 microscope (resolution 0.2 nm) with an accelerating voltage of 120
Table 1 Properties of the as-produced commercial materials used to prepare the
electrocatalyst

Properties of GDL 25 BC Sigracet®

Thickness 235 mm
Areal weight 86 g m�2

Porosity 80%
Air permeability 1.0 cm3 (cm2 s�1)
Electrical resistance (through plane) <12 mU cm2

Properties of CNTs PR-24-XT-PS Pyrograf®

Fiber diameter (average) 100 nm
Surface area 45 m2 g�1

Dispersive surface energy 85 mJ m�2

Moisture <5 wt%
Iron <14 000 ppm
Polyaromatic hydrocarbons <1 mg PAH per g ber
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kV, while SEM images were recorded with a Philips XL-30-FEG scanning electron
microscope.
Liquid-phase cell

The electrochemical cell, made in Plexiglas® to allow visual inspection, has a
three-electrode conguration and is schematically illustrated in Fig. 2. The
working electrode (about 3 cm2) is located at the cathode side, at a small distance
(0.5 cm) from a saturated Ag/AgCl electrode (working as the reference electrode) to
reduce the solution resistance. The electric contact with the working electrode is
maintained with a Pt wire. The counter-electrode is a commercial Pt rod (Amel)
immersed in the anode compartment. A potentiostat/galvanostat (Amel mod.
2049A) is employed to supply a constant current/bias between the electrodes.

The anode compartment is physically separated from the cathode side by a
proton-conducting membrane (Naon® 117, Ion Power). A 0.5 M aqueous solu-
tion of KHCO3 was used as the electrolyte solution in both the cathode and anode
compartments. The volume of the electrolyte solution at the anode was about 9–
10 ml. The electrochemical cell was designed in order to have a large surface area
of the electrode and to minimize the electrolyte solution in direct contact with the
electrocatalyst. A continuous ow of pure CO2 (10 ml min�1) was introduced into
an external reservoir to saturate the electrolyte solution. This prevents interfer-
ence from gas bubbles striking the electrode surface in the cathode compartment.
The electrolyte solution is continuously circulated between the cathode
compartment and the external container by using a peristaltic pump. The total
amount of solution (cathode + external container) was 20 ml.

The liquid products were analysed by sampling the liquid in the external
container and determining the composition of the solution using 1H nuclear
magnetic resonance spectroscopy (NMR, Varian NMR 500) and gas
chromatography-mass spectrometry (GC-MS, Thermo Trace 1310, ISQ Single
Quadrupole MS, column Stabilwax MS). The gas products were detected by
sampling the gaseous stream leaving the external container at regular intervals
and analysing using gas-chromatography (GC-TCD, Agilent 7890A, column 5A
Plot).
Fig. 2 Schematic drawing of the experimental apparatus for electrocatalytic tests of CO2

reduction in liquid phase, e.g. in the presence of a liquid electrolyte.
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Gas-phase cell (EL conditions)

The electrochemical cell for CO2 reduction working in the gas-phase (electrolyte-
less – EL – conditions) was designed to operate under a continuous ow of CO2

diffusing through the GDL to arrive at the surface of the electrocatalyst. The cell
was made in Plexiglas® and it is located within an oven to work eventually at
higher temperatures, up to about 70–80 �C, although all the tests reported here
were carried out at room temperature to be comparable to those in the liquid cell,
which do not allow operations at temperatures above about 40 �C. Fig. 3 reports a
schematic drawing of the experimental apparatus.

The cell has a three-electrode conguration, with a Pt wire as the counter-
electrode and a saturated Ag/AgCl electrode as the reference electrode, both
immersed in the anode compartment. A membrane electrode assembly (MEA)
separates the two cell compartments. The MEA consists of: (i) a proton-
conducting membrane (Naon® 117) and (ii) the electrocatalyst deposited on
the GDL. These two samples were assembled together by hot pressing at 80 atm
and 130 �C for 90 s. The electrocatalyst is located at the interface with the
membrane. The anode side, to be more comparable with the liquid cell, works in
the liquid phase and is used to provide the protons (through the Naon
membrane) needed for the CO2 reduction process. The anode side is lled with an
electrolyte aqueous solution (KCl 0.5 M) and it is in direct contact with one side of
the Naon® membrane. A gas ow of pure CO2 (10 ml min�1) is continuously
uxed into the cathodic compartment.

A potentiostat/galvanostat (Amel mod. 2049A) was used to supply a constant
current (10–20 mA) between the electrodes. The voltage increased as a function of
time-on-stream during the rst hour stabilizing to a value of around 1.4 to 1.5 V.
At the end of the reaction (typically 1 h), the current polarity was inverted to
facilitate desorption of the products from the working electrode. The liquid
products were collected in a cold trap from the ux leaving the cathodic part of the
cell. They were analyzed using a gas chromatograph equipped with a mass
detector (Thermo Scientic GC Trace 1310 – ISQ MS).
Fig. 3 Schematic drawing of the experimental apparatus for electrocatalytic tests of CO2

reduction in gas phase, e.g. in electrolyte-less (EL) conditions.
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Results and discussion
Characterization of the electrodes

The BET characterization of the electrocatalysts is reported in Table 2. An increase
in the surface area and pore volume aer the addition of Cu, Co, Fe nanoparticles
is observed, but not for Pt, although no relevant changes in the average pore
volume were observed in all cases. The effect may thus be interpreted as a reduced
sticking between the CNTs, due to the change in the surface properties of func-
tionalized CNTs during the process of addition of the metallic nanoparticles. On
the contrary, the samples based on CB (carbon black) as the support (only an iron
sample is reported in Table 2, with the results for the other samples being quite
similar) have a signicantly larger BET surface area and pore volume.

Fig. 4 reports an image by TEM of a Fe-CNT sample. It may be observed that
there is presence of a good dispersion of iron particles, preferentially located on
the external surface of the CNT. The average size is between 3 and 5 nm, with a
relatively narrow distribution. A similar distribution of the metal nanoparticles is
observed in the other samples. Pt allows for obtaining a slightly lower average size
for the metal particles, centred around 1–3 nm. A good dispersion is also observed
in the samples based on a CB support, without determining relevant differences
in terms of dispersion and average metal nanoparticle size. It may thus be
concluded that in spite of the different surface areas, both CNTsox and CB allow a
good dispersion of the metal nanoparticles and an analogous average size to be
obtained.
CO2 electrocatalytic reduction in a liquid phase cell

The main products detected in the liquid electrolyte on the cathode side are
reported in Table 3 for all the electrocatalysts tested in the liquid-phase cell. As a
reference, (i) metal Cu foil and (ii) CNTox alone (e.g. without metal particles, but
deposed on the GDL) were analysed.

The main products detected in the liquid electrolyte solution were: formic
acid, acetic acid and methyl formate. The pure Cu foil electrode also formed
methanol in traces. The main other product of the reaction, detected in the gas
stream leaving the cell (see Fig. 2) is H2, while CO, CH4 or C2 hydrocarbons were
not detected in all the samples.

The rst interesting observation is that CNTox itself is able to form H2 (from
protons and electrons), as well as some products of CO2 conversion. In the
Table 2 Characterization of the textural characteristics of the electrocatalysts using a BET
method

Electro-catalyst aBET, m
2 g�1

Vm,
cm3 g�1

Average pore
diameter, nm

CNTox 23, 1 5, 3 11, 4
Cu-CNTox 48, 3 11, 1 10, 8
Co-CNTox 72, 6 16, 7 14, 9
Fe-CNTox 63, 8 14, 6 9, 2
Fe-CB 221, 2 50, 8 12, 2
Pt-CNTox 23, 6 5, 4 11, 3
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Fig. 4 Transmission electron microscopy (TEM) image of a Fe-CNT sample.
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absence of CNTs, the products of CO2 conversion were instead not detected. Thus,
the CNT itself (without metal particles) is able to convert CO2 electrocatalytically.
It is worth noting that without the oxidative pretreatment, the CNT is inactive,
thus the behaviour observed cannot be attributed to residual traces of metal
utilized for the synthesis of the CNT itself (by catalytic chemical vapour deposi-
tion). The activity has to be related to the oxygen functional groups created during
the CNT pretreatment (see the Experimental part).

Formic acid formation may be explained as deriving from the reaction of H2

(formed by the catalytic electroreduction of the protons diffusing through the
membrane) with the CO2 present in the electrolyte. However, bubbling together
H2 and CO2 in the absence of a potential/current applied to the electrode did not
result in the formation of products of CO2 conversion. Reasonably, the functional
groups present on CNTox, likely chetonic groups as observed for other catalytic
reactions,44 are able to reduce CO2 to formic acid according to a mechanism
tentatively outlined in Scheme 1.
Table 3 Main products formed in 1 h of reaction in the CO2 electrochemical reduction in
the liquid phase

Electrode Formic acid [M] Acetic acid [M] Methyl formate [M]

Cu foil 6.1 � 10�4 4.0 � 10�4 —
Cu-CB/GDL 3.6 � 10�5 1.4 � 10�5 1.7 � 10�4

Fe-CB/GDL 4.6 � 10�5 5.4 � 10�5 6.0 � 10�6

Co-CB/GDL 8.1 � 10�5 9.5 � 10�5 7 � 10�6

Cu-CNTox/GDL 1.2 � 10�4 8.4 � 10�5 1.5 � 10�5

Fe-CNTox/GDL 1.8 � 10�5 2.1 � 10�5 1.2 � 10�5

Pt-CNTox/GDL 2.3 � 10�4 1.8 � 10�4 —
CNTox/GDL 2.2 � 10�5 1.4 � 10�5 —
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Chetonic groups present at the edges or defects of CNTs may act as trapping
sites for electrons, forming resonance species as outline in Scheme 1. The pres-
ence of an electron localized on the carbon activates the nearlying C–C bond,
becoming able to coordinate the oxygen in CO2, breaking the molecule from
linearity. The activation of nearlying C–C bonds, making it susceptible for O2

activation, is the mechanism proposed for N-doped CNTs active in the oxygen
reduction reaction (ORR).44,45

Acetic acid is the other main product observed using a CNTox/GDL electro-
catalyst (Table 3). It is not easy to explain the formation of this product. A
preliminary hypothesis is that the further reduction of formic acid, with a
mechanism similar to that outlined in Scheme 1, leads to the formation of
formaldehyde. Formaldehyde may selectively transform with even 100% selec-
tivity to acetic acid in relatively mild conditions (100 �C, 500 psi CO) in the
presence of a strong acid (HI).46 Formic acid in strong acid conditions (as present
near the electrocatalyst surface, being located close to the Naon membrane)
decomposes to CO and H2O. Carbon monoxide may react with formaldehyde in
the presence of a strong acid to selectively give acetic acid (a variation of the Kock–
Haaf reaction).46 It is reasonable that a similar mechanism occurs in our case
during the electrochemical reduction of CO2:

CO2 ������!2e� ; 2Hþ
HCOOH (1)

HCOOH ���������������!strong acid catal:
CO þ H2 (2a)

HCOOH /
2e�; 2Hþ

HCHO þ H2O (2b)

HCHO þ CO ��������!strong acid; Hþ
CH3COOH (3)

This may also explain why methanol, the further product of formaldehyde
reduction, is not observed.
Scheme 1 Tentative reaction mechanism of CO2 at chetonic groups present on the
surface of CNTox.
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The presence of a metal nanoparticle leads to an increase in the productivity in
the conversion of CO2 and the presence of methyl formate in some cases (Table 3).
The latter reasonably derives from the reaction of formic acid esterication with
methanol under acid conditions:

HCOOH þ CH3OH
��������!strong acid

HCOOCH3 þ H2O (4)

Methyl formate may thus be associated with the formation of methanol and its
fast conversion under the reaction conditions present in our experiments.

Various other observations can be made on the results evidenced in Table 3.
Copper-based electrodes have been tested in three types of forms: as Cu foil (as a
reference, being one of the type of electrodes oen utilized in the electrocatalytic
reduction of CO2), and in the form of copper nanoparticles supported over CNTox
or CB. It may be observed that methyl formate is observed in both cases using CB
or CNTox as a support for copper nanoparticles, but not when copper foil is used.
This result indicates that the presence of copper metal nanoparticles supported
on carbon materials rather than copper itself (as suggested oen in literature)
promotes the formation of methanol. In terms of productivity, a Cu-CB/GDL has a
formation of methyl formate nearly one order of magnitude higher than a Cu-
CNTox/GDL, although the copper amount and size of the copper nanoparticles is
analogous. The higher surface area of CB with respect to CNTox (Table 2) may thus
not be the reason for the different behaviour, as the dispersion of copper in the
two supports is relatively similar. We may also note in Table 3 that formic and
acetic acid formation is instead higher in a Cu-CNTox/GDL in comparison to a Cu-
CB/GDL. Thus the main difference between the two samples is in the rate of the
further reduction of formaldehyde to methanol:

HCHO /
2e�; 2Hþ

CH3OH (5)

with methanol then further reacting according to eqn (4). CB (Vulcan XC-72)
contains about 0.3% S, present as sulphonic groups (–SO3H) on the surface.
These acid groups, stronger than the –COOH groups present on CNTox as a
consequence of the oxidative pretreatment, reasonably favour a better surface
transport of protons coming from the membrane. Probably the difference in the
behaviour observed between the CNTox/GDL and Cu-CB/GDL is associated with
the different concentration of protons at the electrocatalytic centers, although
this hypothesis should have better proof. A higher proton concentration favours
the further reduction up to methanol, reducing the rate of side reactions. In fact,
Table 3 shows that productivity to acetic acid (which can be considered a side
reaction with respect to methanol formation) is about six times higher in the
CNTox/GDL with respect to the Cu-CB/GDL, which parallels the strong decrease in
methyl formate productivity.

A comparison of the results of the Cu-foil electrode with those of the Cu-CB/
GDL and Cu-CNTox/GDL electrodes provides some further interesting indica-
tions. To estimate the amount of copper present in the two types of samples, it
may be considered that in the Cu-CB/GDL or Cu-CNTox/GDL the total amount of
copper in the 3 cm2 electrode is about 1.5 mg. To estimate the amount of copper
active in copper foil, it is not possible to just have the weight of the foils, but it
may be assumed that a foil of the same electrode size (3 cm2) having a 10 nm
ART � C5FD00069F
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thickness would have a comparable thickness to the size of copper nanoparticles
in the samples over the carbon support.

Considering for copper a density of 8.9 g cm�3, this estimated amount of
“surface” copper in the copper foil is about 0.03 mg, thus signicantly lower than
that present in the “3D-like” electrodes based on a carbon support. Alternatively,
it may be considered as the surface area of metal copper. For copper-foil, it is
simply the geometrical electrode area of the copper foil, e.g. 3 cm2. For copper
nanoparticles, the surface area can be estimated assuming round-shaped copper
nanoparticles of 10 nm size. With this simplication, the surface area for a total
amount of 1.5 mg of copper in the electrode results to be about 0.5 � 106 cm2, e.g.
much larger than that of the geometrical surface of the copper foil electrode. It
may be argued that the real surface of the copper foil is not at, but some
roughness is present as well as some porosity. Also for metal nanoparticles, the
part of the surface in contact with the carbon is not accessible (lowering the
electrocatalytic active surface), but also particles smaller than 10 nm are present,
increasing the overall metal surface. However, the differences estimated for the
two types of electrodes (copper foil and copper nanoparticles on a carbon support)
are so large indicating that the issue is not related to a too simple model to
calculate the active surface area of copper.

Therefore, the electrocatalytic active copper is much lower in copper-foil than
in samples supported over carbon. Nevertheless, the productivity in conversion of
CO2 is about ve times higher in Cu-foil than that of the Cu-CB/GDL sample and
even more with respect to the Cu-CNTox/GDL (Table 3). This indicates that
transport of protons/electrons as well as CO2 diffusion to the active electro-
catalytic centers is dominating the behaviour and productivity is not related to the
metal active surface area in our experimental conditions.

This conclusion may also explain why notwithstanding some differences, the
behaviour of other metal nanoparticles, namely iron and cobalt, is not signi-
cantly different from that observed for copper nanoparticles (Table 3). However,
copper, particularly when on a CB support, allows signicantly higher methyl
formate formation with respect to iron nanoparticles on the same support. Pt
nanoparticles, on the contrary, do not form methyl formate but, as for Cu foil,
they give larger quantities of formic acid as well as acetic acid.

The change of production rate with time during liquid-phase cell experiments
is shown in Fig. 5 for Cu-CB/GDL and Cu-CNTs/GDL electrodes. Formic acid
formation decreases aer 3 h of reaction, while the concentration of acetic acid
increases in both the cases in agreement with the reaction mechanism discussed
before. The methyl formate concentration in the liquid phase is higher aer 1 h
for the Cu-CB/GDL, strongly decreasing aer 3 h, due to its high volatility (methyl
formate boiling point ¼ 32 �C). Traces of methyl formate were found in the gas
outlet from the external container.

It should also be commented that pH changes greatly inuence the perfor-
mance, in agreement with the discussion on the possible reaction mechanism.
The aqueous electrolyte used for liquid phase experiments is KHCO3 (0.5 M).
When CO2 is bubbled into the hemi-cell compartments, an acid–base equilibrium
between CO2 and HCO3

� establishes in solution:

CO2 + H2O # HCO3
� + H+ (6)
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Fig. 5 Time dependence of formic acid, acetic acid and methyl formate formation for
liquid-phase testing experiments with (a) Cu-CB/GDL and (b) Cu-CNTox/GDL
electrocatalysts.
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The pH of the fresh electrolyte is about 12, but decreases to about 9 when CO2

is bubbled in it. A small ow of pure CO2 (10 ml min�1) was also uxed directly
into the anode compartment to favour desorption of O2 and oxygen species on the
Pt counter-electrode surface which may increase the overpotential of the cell.47

The ux of CO2 in both compartments of the cell also avoids the creation of pH
gradients related to the solubilisation of CO2, as indicated in eqn (6). However,
the pH in the anodic section varies as a consequence of the reaction. The pH of
the electrolyte solution at the anode compartment is initially 6. It maintains
stable during the rst 30–60min, depending on the electrocatalyst in the cathodic
part. During this initial time, the voltage and current given to the electrochemical
cell remain stable (Fig. 6). Then, a sharp decrease of both the current and
potential is observed, due to the following reaction at the anode, which decreases
the pH inhibiting the half-reaction at the anode:
ART � C5FD00069F
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Fig. 6 Profiles of voltage (E) and current (I) as a function of time in experiments in the
liquid-phase. (A) addition of some drops of fresh electrolyte solution (0.5 M KHCO3); (B)
addition of some drops of 1 M NaOH aqueous solution to maintain pH in the anode part at
pH > 6.
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H2O # 1/2O2 + 2H+ + 2e� (7)

By adding some drops of 1 M NaOH aqueous solution, the pH increased to
values above 6 and the current rapidly returned back to the set-point value. In
order to have stable performances, it is thus necessary to maintain a pH > 6 in the
anodic part by adding a base.

This corroborates that the transport of protons across the membrane is the
rate limiting process in our case, because otherwise they should be transported to
the cathodic part where they are consumed to generate H2 and reduce CO2.

The comparison of these results with those reported in the literature in terms
of TOF (turnover frequency) is not easy, because the cell/electrodes and cell
operation conditions are different and TOF values are typically not reported in the
literature for the electrocatalytic reduction of CO2. Kuhl et al.35 have not only
made a quite detailed investigation of this reaction, but have also reported the
TOF values for each of the products determined (in the supplementary part). Due
to the different types of electrode (a copper foil mechanically polished) and
reaction conditions, they observed different types of products in the reduction of
CO2 (CH4, formate, CO, methanol, ethylene, ethanol, glycolaldehyde,
ART � C5FD00069F
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acetaldehyde, acetate, ethylenglycol, n-propanol, allyl alcohol, acetone). It is thus
possible to compare the total TOF in products of CO2 reduction, rather than for
the single species. The results are reported in Table 4. A potential of �1.1 V (vs.
RHE), corresponding to the maximum formation of products of CO2 reduction in
the Kuhl et al.35 results, was chosen for this comparison. TOF data are reported as
mmol s�1 cm�2, e.g. the same unit used by Kuhl et al.35 They also reported in
parallel the TOF values expressed as molecules s�1 surface Cu atoms�1. However,
this estimate requires a series of assumptions on the number of Cu atoms which
are even less valid in our case, due to the different types of electrodes. As Kuhl
et al.35 used only a Cu foil electrode, we report the TOF data in Table 4 only for the
Cu-based electrode, for a more homogeneous comparison. TOF results may be
easily derived for the other electrodes, being proportional to the total amount of
product formed. Having not detected in our case CO formation, the results of
Kuhl et al.35 are differentiated to or not to include the amount of CO formed.
However, the differences are limited.

As shown in Table 4, TOF data in our electrodes are from three times higher
(for dispersed Cu nanoparticles on a carbon support) to 13 times higher (for Cu
foil).

CO2 electrocatalytic reduction in a gas phase cell (EL operations)

Experiments made in the gas-phase electrochemical cell on the same electrodes
used for the liquid-phase cell show relevant differences, regarding both the types
of products formed and the productivity. However, a common aspect in both cells
is the relevant formation of H2. Hydrogen is an undesired product, because it
reduces the Faradaic efficiency to the products of CO2 reduction. This indicates
that in our experimental conditions the use of electrons/protons for the reduction
of CO2 is a slower process with respect their recombination to form H2. Inhibiting
the last reaction is thus a requirement to improve the performances in the elec-
trocatalytic reduction of CO2. On the other hand, these results also show that the
formation of H2 is a facile reaction not specically requiring dedicated catalysts.

There are main differences in the type of products of reaction between liquid-
and gas-phase cell operations, e.g. the presence or absence of the bulk electrolyte.
In the gas outlet stream leaving the cathodic part of the cell, together with H2, CO
and in a small amount CH4 are also detected in the case of EL operations. The two
last products are not detected in liquid phase operations. Although CO may form
from formic acid decomposition (eqn (2a)) in liquid-phase operations, it imme-
diately reacts and CO is not detected in the product stream leaving the cell, at
least up to the detection limit. On the contrary, CO is a main product of CO2
Table 4 TOF values (mmol s�1 cm�2) on copper-based electrodes, in comparison with
TOF values reported by Kuhl et al.35 (*) for Cu foil electrode

Electrode TOF (all products)
TOF (all products,
except CO) TOF (all products)

Cu foil 9.35 � 10�2 — —
Cu-CB/GDL 2.04 � 10�2 — —
Cu-CNTox/GDL 2.03 � 10�2 — —
Cu foil (*) 6.66 � 10�3 6.96 � 10�3
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electrocatalytic reduction in gas-phase cell operations, indicating a different
mechanism of formation, with probably CO being the primary product of CO2

reduction, rather than a secondary product, as observed in liquid-phase opera-
tions. This may explain why methane, deriving from the catalytic reduction of CO
on copper, iron and cobalt metal nanoparticles, is observed even if in small
amounts in experiments with gas-phase cells, but not in those with liquid-phase
cells.

The type of liquid products formed, detected in the electrolyte or condensed in
the cold trap from the gaseous stream leaving the gas-phase cell, are also different
in the two cases. Table 5 summarizes the behaviour of the different types of tested
electrodes in gas-phase cells (EL conditions). A rst observation is that different
types of products are observed:

(i) methanol, rather than formic acid as the C1 main product (together with
CO);

(ii) acetaldehyde and ethanol together with acetic acid as C2 products, while
only the latter was observed together with methyl formate in some
electrocatalysts;

(iii) acetone and isopropanol as C3 products, while no C3 products were
detected in liquid phase operations.

This different type of products clearly suggests a different type of mechanism
of CO2 electrocatalytic conversion, in agreement with what is commented earlier.
Table 6 summarizes the difference observed in the type of products of reduction
of CO2 between gas-phase and liquid-phase cell operations.

It may be observed that not only is the productivity different between gas-
phase (Table 5) and liquid-phase (Table 3) operations, but also the relative
order of activity. In gas-phase cells, the best productivity to products of CO2

reduction is shown by a Fe-CNTox/GDL (around 4.8 � 10�4 mmol h�1). The same
electrode in liquid phase operations, considering the total volume of electrolyte,
has a productivity of about 0.3 � 10�4 mmol h�1, e.g. about one order of
Table 5 Products obtained in the CO2 electrochemical reduction in gas-phase

Electrode
Methanol,
mmol h�1

Acetaldehyde,
mmol h�1

Ethanol,
mmol
h�1

Acetone,
mmol
h�1

Isopropanol,
mmol h�1

Acetic
acid,
mmol
h�1

H2,
mmol
h�1

CO,
mmol
h�1

Co-
CNTox/
GDL

1.2 � 10�4 4.5 � 10�5 2.0 �
10�4

1.3 �
10�6

— 3.4 �
10�5

2.0 �
10�1

3.2 �
10�2

Cu-
CNTox/
GDL

4.8 � 10�5 1.1 � 10�5 6.7 �
10�5

1.0 �
10�7

9.3 � 10�6 — 1.7 �
10�1

9.6 �
10�3

Fe-CB/
GDL

1.1 � 10�4 2.9 � 10�5 1.1 �
10�4

1.2 �
10�6

1.1 � 10�6 1.5 �
10�5

3.2 �
10�1

3.6 �
10�2

Fe-
CNTox/
GDL

1.4 � 10�4 6.7 � 10�5 9.4 �
10�5

1.8 �
10�7

8.4 � 10�5 9.2 �
10�5

3.6 �
10�1

6.5 �
10�2

Pt-
CNTox/
GDL

1.0 � 10�5 1.7 � 10�5 3.6 �
10�5

1.7 �
10�7

2.4 � 10�5 1.4 �
10�5

4.5 �
10�1

3.5 �
10�2
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Table 6 Comparison of types of products obtained in liquid and gas phase operations in
CO2 electrocatalytic reduction

Gas phase Liquid phase

Methanol Formic acid
Acetaldehyde Acetic acid
Ethanol Methanol (in traces)
Acetone
Isopropanol
Hydrocarbons C4–C9 (in traces)
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magnitude lower. For the Cu-CTNox/GDL catalyst, productivity in gas-phase
operations is about 1.4 � 10�4 mmol h�1, while in liquid-phase operations
about 0.15 � 10�4 mmol h�1. Thus again a difference of about one order of
magnitude is observed.

Also the relative order of productivity to products of CO2 reduction is different,
being:

Fe-CNTox/GDL > Fe-CB/GDL > Cu-CNTox/GDL > Pt-CNTox/GDL

in gas-phase cells (Table 5) while for liquid-phase cells (Table 3):

Pt-CNTox/GDL z Fe-CNTox/GDL > Cu-CNTox/GDL > Fe-CB/GDL.

This observation further remarks that different aspects may determine the
productivity in the reduction of CO2, and can be reasonably associated to the
different reaction mechanisms.
Differences in the reaction mechanism

Clarication of the above question requires a more in depth analysis of the
reaction mechanisms, with operando techniques, which, however, are not simple
to apply to electrochemical tests under relevant environmental conditions. We
may thus advance only some initial considerations, which help in setting the
scene for more detailed mechanistic studies.

As earlier commented, the mechanism in the liquid-phase may be associated
(on the specic carbon-based electrocatalysts we utilize) with the activation
mechanism of CO2 at specic carbon sites, such as the carbonyl groups formed by
oxidation pretreatment. One electron transfer to this site generates a C–O� center,
with the charge localized on the carbon activating the nearlying C–C bondmaking
it susceptible of activating the oxygen in the O]C bond of carbon dioxide, thus
generating a d+ charge on the C of CO2, facilitating the electron transfer from a C–
O� center. In a different paper on the reactivity of carbon nanotubes (modied by
a specic surface nitrogen doping mechanism), we showed that the amount of
nitrogen in CNTs inuences performance in the electrocatalytic reduction of CO2.
The behaviour linearly correlated with the change of work function in these
materials. The latter aspect inuences the electronic coupling between the elec-
tron donor/acceptor and in turn the rate of electron transfer.
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This can provide an explanation of the role of metal nanoparticles in our
electrocatalysts. It may be noted, in fact, that there are differences in the behav-
iour and productivity, but limited with respect to the very relevant change in the
type of metal nanoparticles, from Pt to Cu, Fe and Co. If the reaction occurs only
at the metal surface, much greater differences are expected. On the other hand,
metal nanoparticles may change locally the work function of carbon, thus facil-
itating the electron transfer. It may be also facilitate the electron transfer to
protons, generating Hc species, which are more reactive in reacting with oxygen of
CO2 or with the products of its reduction. The metal will thus act as co-catalyst
with the functional groups present on activated carbon, rather than as unique
catalytic sites. The sites will thus bemainly located at the perimetral edge between
carbon and metal particles, in agreement with previous studies using calorimetry
on this type of electrocatalysts for the reduction of CO2.49 Although clearly further
demonstrations are necessary to support this mechanism, it can provide
preliminary indications on the aspects investigated, as being different from the
actual mechanisms proposed for CO2 electrocatalytic conversion, which are
focused only on the role of the metal surface.

Reasonably the intermediate generated in this mechanism of reduction of CO2

requires a solvent to be stabilized. On the other hand, metal nanoparticles are
easy passivated, because CO2 dissociation at the electrocatalyst metal surface
generates CO and an O species, both remain strongly bound to the metal surface.
In the absence of the bulk electrolyte, both the absence of the solvent (electrolyte)
and the higher CO2 concentration at the surface of the electrocatalyst reasonably
contribute in inhibiting one side of the mechanism of electron transfer/
hydrogenation of CO2 (via formic acid and formaldehyde), and on the other
hand, promoting themechanism of CO2 dissociation to CO at themetal surface or
reasonably at the metal-carbon perimetral region. The further reaction of adsor-
bed species on themetal surface leads to C–C bond formation and to the products
being observed experimentally.

Although speculative, this change in the type of mechanism of CO2 reduction
may explain the differences observed in the productivity, type of products and
relative rates of reactions between different electrodes. These observations show
how a more complex surface chemistry in the electrocatalytic reduction of CO2

may exist with respect to what is previously suggested in the literature. A better
understanding of these aspects opens new possibilities in controlling the type of
products formed and their productivity, as evidenced from the comparison
between liquid- and gas-phase operations on the same electrodes. On the other
hand, the results also remark that carbon may not only be a support, but also
plays a relevant role in understanding the chemistry of the reduction of CO2. This
also opens new possibilities in the design of electrocatalysts for the reduction of
CO2 and of the critical elements to consider for their improvement.
Conclusions

The comparison of the same electrodes for the electrocatalytic reduction of CO2 in
operations in the presence (liquid-phase) or absence (gas-phase) of a bulk elec-
trolyte provide a series of interesting indications both on the limiting steps of the
process and on the reaction mechanism.
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It is demonstrated that under electrolyte-less (EL) operations, the productivity
in the reduction of CO2 is about one order of magnitude larger, and different types
of products are formed. This is related to differences in the reaction mechanism,
which were discussed, although further studies are needed to better clarify the
reaction mechanism and the inuence of the presence of the electrolyte.

In liquid-phase operations it is suggested that the mechanism involves step
reduction via intermediate formation of formic acid and formaldehyde and nally
methanol, although the latter step is observed only in some electrodes. In fact,
due to the strong acidic conditions present at the electrocatalyst, located at the
interface with Naon membrane, formic acid decomposes to generate CO, which
reacts with formaldehyde to form acetic acid. Methanol also reacts further in
these strong acid conditions to form methyl formate.

In gas-phase operations, this mechanism is no longer effective and the
conversion of CO2 involves its dissociation to CO, which remains strongly
chemisorbed, giving rise to further transformation reactions and the formation of
C–C bonds that produce a different spectrum of products of that observed in
liquid-phase operations.

The electrocatalysts utilized here are based on metal nanoparticles (Fe, Cu, Co,
Pt) deposited on two types of conductive carbon supports: carbon nanotubes
functionalized by oxidation treatment (CNTox) and Vulcan XC-72 carbon black
(CB). CNTsox without metal particles are active both in producing H2 from
protons/electrons and in the reduction of CO2. The possible mechanism and the
role of carbonyl groups, formed during the oxidative treatment, is outlined. It is
commented on why in general and also whenmetal nanoparticles are present, the
carbon does not act only as a support or to transport charges, but has also an
active role in the reaction mechanism. It is suggested that the active sites for the
electrocatalytic reduction of CO2 are located at the perimetral edge between metal
nanoparticles and the carbon. The nature of the latter, in particular the type of
surface functional groups, thus determine considerably the performance, as
experimentally observed.

As commented, these results are the start, not the end of the analysis of the
mechanism of reaction in the type of electrodes investigated here. However, we
believe that these results provide evidence on how a more complex surface
chemistry than typically supposed in the literature is present in the electro-
catalytic reduction of CO2 in the type of electrodes we investigated. It should be
noted that their performances are better than that of various other electrodes
reported in the literature for the conversion of CO2, even if the different reaction
conditions and the way data are reported do not oen allow for a precise
comparison.

There is thus the need of a better understanding of the performance and
reaction mechanism of these electrocatalysts (based on metal nanoparticles on
conductive, functionalized carbon supports) for the reduction of CO2. They may
open new possibilities in controlling the type of products formed and their
productivity in this challenging reaction.
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The dehydrogenation of C3H8 in the presence of CO2 is an attractive catalytic route for

C3H6 production. In studying the various possibilities to utilise CO2 to convert

hydrocarbons using the sustainable energy source of solar thermal energy,

thermodynamic calculations were carried out for the dehydrogenation of C3H8 using

CO2for the process operating in the temperature range of 300–500 �C. Importantly,

the results highlight the enhanced potential of C3H8 as compared to its lighter and

heavier homologues (C2H6 and C4H10, respectively). To be utilised in this CO2 utilisation

reaction the Gibbs free energy (DrG
q
m) of each reaction in the modelled, complete

reacting system of the dehydrogenation of C3H8 in the presence of CO2 also indicate

that further cracking of C3H6 will affect the ultimate yield and selectivity of the final

products. In a parallel experimental study, catalytic tests of the dehydrogenation of

C3H8 in the presence of CO2 over 5 wt%-Cr2O3/ZrO2 catalysts operating at 500 �C,
atmospheric pressure, and for various C3H8 partial pressures and various overall GHSV

(Gas Hourly Space Velocity) values. The results showed that an increase in the C3H8

partial pressure produced an inhibition of C3H8 conversion but, importantly, a promising

enhancement of C3H6 selectivity. This phenomenon can be attributed to competitive

adsorption on the catalyst between the generated C3H6 and inactivated C3H8, which

inhibits any further cracking effect on C3H6 to produce by-products. As a comparison,

the increase of the overall GHSV can also decrease the C3H8 conversion to a similar

extent, but the further cracking of C3H6 cannot be limited.
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1. Introduction

In an attempt to ameliorate the burgeoning growth in greenhouse gas emissions,
there are currently intense world-wide efforts aimed at the utilisation of CO2,
particularly in its conversion to fuels and high-value chemical products.1–7

Chemical processes aimed at the utilisation and conversion of CO2 are, of course,
driven in a thermodynamic sense by the difference in Gibbs free energy between
the resulting nal chemical products, and CO2 and the targeted reactants under
the relevant experimental conditions. However, CO2 being a highly stable mole-
cule will require a substantial amount of energy, effective catalysts and effective
reaction conditions for any chemical conversion processes into fuels or high-
value chemical products.

Thus probably all chemical reactions for CO2 conversion and utilisation are
endothermic and will consume considerable amounts of energy. If such energy is
provided by fossil fuels, the net effect based on any well-to-wheels analysis of the
process will invariably result in a net production of CO2; this situation could only
be deemed benecial from a climate mitigation perspective if the necessary input
process energy is provided from renewable or sustainable sources.

The motivation behind this work, therefore, is to identify and develop specic
chemical utilisation processes for CO2 that can be achieved by the application of
relatively easily-accessible solar thermal energy and associated thermochemical
processes, using so-called “Low and Medium Temperature Thermochemical
Processes”, typically operating for temperature ranges of T � 250 �C and T� 250–
500 �C, respectively.8

Utilising solar thermal energy at these lower temperatures rather than the
widely-utilised high temperature process regime9 (T � 1000 �C) for thermo-
chemical processes, creates highly interesting and important challenges for
catalysis science. Coupling and optimising the catalyst chemistry of CO2 chemical
reactions in the temperature/energy range of ca. 300–500 �C with the engineering
challenges of cheap, solar thermal collectors may allow the prospect of accessible,
sustainable CO2 utilisation. These coupled challenges therefore provide a high
level of opportunity for modern catalysis science and engineering.

As an “improved” reaction of the dehydrogenation of C3H8, the dehydroge-
nation of C3H8 in the presence of CO2 (C3H8 + CO2 / C3H6 + H2O + CO) has been
heavily studied over the last decade.10–15 In this promising reaction, CO2 acts as a
mild oxidant to combine the dehydrogenation of C3H8 with a reverse water gas
shi (H2 + CO2 /H2O + CO), and hence, the equilibrium of the dehydrogenation
of C3H8 can be shied to the product side. Moreover, CO2 may also reduce the
coking effect of the catalyst by coke gasication (C + CO2 / 2CO). Competitive
adsorption among C3H8, CO2 and generated gaseous water can also explain the
relatively lower initial conversion of C3H8, the reduced coking effect, and the
higher stability of catalysts in the CO2 atmosphere.16

In this paper, the advantages of specically selecting C3H8 as the feedstock for
CO2 utilisation are advanced for the lower temperature requirements, as
compared to both its lighter and heavier alkane homologues, C2H6 and C4H10,
respectively. Furthermore, in seeking the possibility to convert alkanes with the
energy source from accessible solar heating technology, the temperature range to
be targeted in thermodynamic calculations has been localised in the range 300–
ART � C5FD00062A
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500 �C which can be easily achieved, for example, by high pressure steam from a
solar heating system.

The shi of the equilibrium state by CO2 in the dehydrogenation of C3H8 has
been identied from a thermodynamic analysis.17–19 However, the reaction
systems modelled previously rarely take into consideration the competing side
reactions and by-products. The dehydrogenation of C3H8 in the presence of CO2

can be signicantly affected by various competing side reactions which are
deleterious to the targeted C3H6 yield, selectivity and indeed to the stability of the
operating catalyst. Hence in this paper, the thermodynamic analysis was operated
across a more comprehensive reaction system which covered all the possible by-
products together with the generation of carbon – particularly important when
considering catalyst operating lifetimes.

When considering the side reactions for the dehydrogenation of C3H8 in the
presence of CO2, the major cause of by-products is the further cracking effect on
C3H6,20 and the competitive adsorption from CO2 is claimed to be an effective way
to inhibit that process.16 Our analysis reveals that the availability of active sites on
the catalyst surface does indeed play a critical role in the reaction system. To
observe the different performance properties of a catalyst when the reactants are
saturated, to the availability of active sites, the reactions were operated over a
ZrO2-supported Cr2O3 catalyst with careful control of the various partial pressures
of C3H8 but keeping a constant C3H8/CO2 ratio. The reaction results exhibited
high C3H6 selectivity by inhibiting the selectivity of the by-products, which is a
promising result if these processes are to be applied in any larger scale industrial
process.

2. Thermodynamics and (selected) chemical
reactions of carbon dioxide

In Fig. 1 we illustrate the underlying thermodynamic considerations for the
chemical utilisation of CO2, where the Gibbs free energy of formation of CO2 and
various related substances are shown for comparison. Any attempt at utilising
CO2 as a chemical reactant must therefore take into account the relative stability
Fig. 1 DfG
q
m of CO2 and related substances at normal temperature and pressure (NTP).
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(Gibbs free energy) of the CO2 utilisation reaction products, as compared to CO2

and the other reactant(s).
Both contributing terms (DH and TDS) for the Gibbs free energy are not

favourable in converting CO2 to other molecules. The carbon–oxygen bonds are
strong and substantial energy is needed for their dissociation and subsequent
reduction. Similarly, the entropy term (TDS) typically makes little or no contri-
bution to the thermodynamic driving force for any CO2 utilisation reaction.

The resulting Gibbs free energy of the CO2 chemical utilisation reaction, DG,
provides information as to the ultimate yield of the reaction products at equi-
librium, through the relationship DrG

q
m ¼ �RT ln(Kq).

From Fig. 2, however, the attractive option that the Gibbs free energy changes
of CO2 reaction becomes increasingly favourable by moving to higher members of
the alkane homologous series. One notes, of course, that a ready solution for CO2

utilisation is its conversion to the more reactive CO via the reverse water gas shi
reaction (H2 + CO2/H2O + CO), and subsequent use of syngas chemistry to yield
the desired products. However, this attractive route clearly needs a ready source of
H2 and ideally a source of sustainable H2 derived from non-fossil fuel routes. In
the absence of hydrogen from low cost, low (zero) carbon sources, this process will
yield a net CO2 emission for the total wheel-to-wheel analysis.

Our research therefore looks in detail at the thermodynamics of the dehy-
drogenation of C3H8 by CO2 as a potential prospect for CO2 utilisation in
temperature and reaction conditions where the ultimate application of solar
thermal energy may be a promising technology. This is a specic example of the
broader challenge facing any CO2 utilisation technology; namely due to the
inevitable input energy required to convert CO2 to useful products, reducing CO2

emissions through CO2 utilisation will only be possible if the energy inputs are
from renewable sources. We believe that Low-to-Medium Temperature Solar
Thermochemical processes offer considerable opportunities in that regard and
the research outlined here — setting out the complete thermodynamic analysis
Fig. 2 DrG
q
m of the reactions between CO2 and other substances at 400 �C and normal

pressure.
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together with a catalytic chemistry study — may present a way forward for CO2

utilisation.
3. Thermodynamic calculations and simulations
3.1 Methods

In order to fully understand the thermodynamic basis of the dehydrogenation of
C3H8 in the presence of CO2, in connecting also with the solar thermal technology
which is normally set close to 500 �C in the form of a high pressure steam, the
standard change of reaction in Gibbs free energy, DrG

q
m, of the dehydrogenation of

C2–C4 alkanes with CO2 utilisation (CnH2n+2 + CO2 / CnH2n + H2O + CO, n ¼ 2, 3,
4) were calculated in the temperature range of 300–500 �C. The cracking of C1–C4

alkanes and olens to form carbon
�

CnHm/nCþ m
2
H2; n ¼ 1; 2; 3; 4

�

were
also included in these calculations, in this temperature range, to indicate the
potential coking ability on operating catalysts of each substances.

Here, the DrG
q
m of each single reaction in the temperature range of 300–500 �C

were calculated as following:

DrH
q
m ð298:15 KÞ ¼

X

j

vj DfH
q
m ð298:15 K; jÞ (1)

DrH
q
mðTÞ ¼ DrH

q
mð298:15 KÞ þ

X

j

vj

ðT

298:15

Cp;mdT (2)

DrS
q
mð298:15 KÞ ¼

X

B

vB Sq
mð298:15 KÞ (3)

DrS
q
mðTÞ ¼ DrS

q
mð298:15 KÞ þ

X

j

vj

ðT

298:15

Cp;m

T
dT (4)

DrG
q
m ¼ DrH

q
m � TDrS

q
m (5)

In the functions above, DfH
q
m is the standard molar enthalpy of formation,

Sqm is the standard molar entropy, while Cp,m is the parameters of molar heat
capacity at constant pressure. The property parameters can be looked up in the
chemical properties hand books, and these parameters for the related substances
are list in Table 1 below.
3.2 Thermodynamic advantages of the dehydrogenation of C3H8 in the
presence of CO2

Fig. 3 exhibits the standard change of reaction in Gibbs free energy (DrG
q
m) of the

reactions being compared. In the temperature range of 300–500 �C, all dehydro-
genation reactions show a similar trend. The highest DrG

q
m is found for the

process to dehydrogenate C2H6 with CO2, indicating that it is much harder to
operate this reaction as compared to other low-n alkanes at 300–500 �C. Impor-
tantly, DrG

q
m does not keep falling as the carbon number of alkane increases, and

the dehydrogenation of C3H8 with CO2 appears to be more feasible than some C4

reactions, for example.
ART � C5FD00062A

This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, xx, 1–16 | 5



Table 1 Standard thermodynamic properties of chemical substances: standard molar
enthalpy of formation (DfH

q
m),25 standard molar entropy (Sqm)25 and parameters of molar

heat capacity at constant pressure (Cp,m)26

Substance

DfH
q
m

(298.15 K)
(kJ mol�1)

Sqm
(298.15 K)
(J K�1 mol�1)

Cp,m ¼ A + BT + CT2 + DT3 + ET4

A(�100) B(�10�3) C(�10�5) D(�10�8) E(�10�11)

H2 0 130.684 2.883 3.681 �0.772 0.692 �0.213
CO �110.53 197.67 3.912 �3.913 1.182 �1.302 0.515
CO2 �393.51 213.74 3.259 1.356 1.502 �2.374 1.056
H2O �241.82 188.83 4.395 �4.186 1.405 �1.564 0.632
CH4 �74.81 186.26 4.568 �8.975 3.631 �3.407 1.091
C2H4 52.26 219.56 4.221 �8.782 5.795 �6.729 2.511
C2H6 �84.68 229.6 4.178 �4.427 5.660 �6.651 2.487
C3H6 20.42 267.05 3.834 3.893 4.688 �6.013 2.283
C3H8 �103.85 269.91 3.847 5.131 6.011 �7.893 3.079
1-C4H8 �0.13 305.71 4.389 7.984 6.143 �8.197 3.165
cis-2-C4H8 �6.99 300.94 3.689 19.184 2.230 �3.426 1.256
trans-2-C4H8 �11.17 296.59 5.584 �4.890 9.133 �10.975 4.085
i-C4H8 �17.10 295.29 3.231 20.949 2.313 �3.949 1.566
n-C4H10 �126.15 310.23 5.547 5.536 8.057 �10.571 4.134
i-C4H10 �134.73 291.82 3.351 17.883 5.477 �8.099 3.243
C (graphite)a 0 5.74 �0.977 9.458 �1.118 0.739 �0.207

a The parameters of Cp,m are calculated by regressing the molar heat capacity at various
temperature in handbook.27
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The DrG
q
m of alkane and olen cracking to generate carbon and H2 are shown

in Fig. 4, The C4 alkanes have multiple curves because of their constituent
isomers. In general, a lower value of DrG

q
m indicates a higher possibility of

cracking. The olens therefore show a much higher cracking possibility than any
Fig. 3 DrG
q
m of the dehydrogenation of light alkane in the presence of CO2 at 300–500 �C.
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Fig. 4 DrG
q
m of the alkanes (left) and olefins (right) cracking to generate carbon and H2 at

300–500 �C.

Paper Faraday Discussions

1

5

10

15

20

25

30

35

40

45

50
alkanes, which implies that the selectivity of the target products will be greatly
affected by further cracking of the olens. For instance, C3H6 will be further
cracked to lower level hydrocarbons or even carbon, so the selectivity will be
reduced. It is also obvious that CH4 has the highest resistance to coking, and as a
sequence of stepwise mechanisms of hydrocarbon decomposition, it will be a
major by-product in these reaction systems when looking at olens only.
Furthermore, it is obvious that the carbon number is the most important indi-
cator of the cracking possibility. With a similar DrG

q
m of dehydrogenation of

alkane with CO2, C3H6 has a much higher resistance to cracking than any isomers
of butene. Although C2H4 has even higher resistance to subsequent cracking, it is
evenmore difficult for C2H6 to be activated with CO2 when the temperature is kept
below 500 �C. From this analysis, the dehydrogenation of C3H8 in the presence of
CO2 is recognisably the best alkane to be targeted for a chemical utilisation
process for CO2 operating in this temperature range, a range specically chosen
for the ready-availability of solar heating technology for these conditions.
3.3 Modelled calculations of the dehydrogenation of C3H8 in the presence of
CO2

In reality, of course, the dehydrogenation of C3H8 in the presence of CO2 is not a
simple single reaction but a multiple reaction system, as shown in Table 2, mainly
coupling the traditional dehydrogenation of C3H8 (reaction (1)) and reverse water
gas shi (reaction (2)).

In this system, (1) and (2) are the main reactions considered; (3) and (4) are the
further cracking of C3 species where lighter by-products are formed; (5) is the
reaction to gasify the carbon deposition.

The DrG
q
m of reaction (1)–(3) and (5) are shown in Fig. 5, while the DrG

q
m of

hydrocarbons cracking (reaction (4)) are already displayed in Fig. 4. From 300–
500 �C, only the cracking of C2 and C3, including reaction (3), can reach a negative
value of DrG

q
m, which means these reactions are thermodynamically favoured. On
ART � C5FD00062A
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Table 2 Modelled reaction system for the dehydrogenation of C3H8 in the presence of
CO2

Reaction number Reaction formula

(1) C3H8 / C3H6 + H2

(2) H2 + CO2 / H2O + CO
(3) C3H8 / C2H4 + CH4

(4) CnHm/nCþ m

2
H2

(5) C + CO2 / 2CO
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the contrary, the decomposition of CH4 is not favoured in this temperature range.
Considering C3H8 is the feedstock in this system, and the stepwise mechanism of
the hydrocarbons to be decomposed, the generation of CH4 can be an important
indicator to measure the degree and extent of side reactions during the reaction
process. CO2, as a mild oxidant, is not favoured to gasify the formed carbon
deposition. Hence, CO2 is always applied in order to shi the equilibrium without
increasing the temperature. It is obvious that all other reactions in this system
depend strongly on the conversion of C3H8 in reaction (1). Thus, when consid-
ering only reaction (1), this is a decomposition reaction which is favoured under a
lower partial pressure of C3H8. With the equilibrium constants calculated from
DrG

q
m at the temperature range of 300–500 �C, the conversions of C3H8 under a

different partial pressure are calculated as shown in Fig. 6.

Kq ¼ exp

��DrG
q
m

RT

�

The C3H8 conversion is observed to be signicantly affected by the partial
pressure of C3H8 within the temperature range of 300–500 �C, it is for this reason
that the dehydrogenation of C3H8 in the presence of CO2 should be operated with
a very low partial pressure of C3H8 when designing experiments.
Fig. 5 DrG
q
m of reactions (1)–(3) and (5) in the modelled system, at 300–500 �C.
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Fig. 6 Calculated C3H8 conversions (mol%) at equilibrium state, considering reaction (1)
only; various C3H8 partial pressure; 300–500 �C.
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Apart from the improvement of catalysts, higher C3H6 selectivity can also be
achieved by changing the conditions of reaction. A general way to inhibit the
reaction extent is to limit the contact time of reactants on a catalyst surface by
increasing the space velocity of gas ow.21 As a comparison wemodel this and also
increase the partial pressure of reactants operating under these conditions.
4. Experimental
4.1 Catalyst preparation

To prepare the 5 wt% of the Cr2O3/ZrO2 catalyst by a precipitation method, ZrO2

(Alfa-Aesar, 90 m2 g�1, 99%) was pre-heated at 600 �C for 6 hour before being
ground and sieved to <125 mm in particle size. Subsequently, the Cr(NO3)3$9H2O
precursor (99%, Sigma-Aldrich) was dissolved in distilled water, and this solution
was mixed with the ground ZrO2 support and stirred at room temperature for 24
hours. To achieve Cr2O3-ZrO2, the as prepared suspension was dried to obtain a
slurry or paste, which was nally calcined at 600 �C for 6 hours in a muffle furnace
using a heating ramp of 10 �C min�1. The solid sample was ground to obtain ne
particles <125 mm.
4.2 Catalyst characterisation

All the samples, including the ZrO2 support, were characterized with high reso-
lution X-ray Diffraction (XRD) using a PANalytical X’Pert PRO diffractometer with
CuKa radiation (45 kV, 40mA). When being scanned, the samples were at loaded
in the custom-built sample holders and scanned from 20� to 30� 2q with a step
size of 0.0084� and a scanning speed at 0.017778� s�1.

The amount of carbon deposition on the spent catalyst was measured via
thermal gravimetric analysis (TGA). The instrument employed was a TA Instru-
ment, SDT Q-600, using owing air at 100 ml min�1 from 50 �C to 1000 �C with a
ART � C5FD00062A
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ramp rate of 10 �Cmin�1. The TGA curves were also derived as D-TGA to show the
rate of weight loss of the samples.
4.3 Catalyst testing

The stability test of C3H8 dehydrogenation in the presence of CO2 was operated in
an M-R-10A micro-reactor (KUNLUN YONGTAI Company, China) over the Cr-
based catalyst prepared as above. All tests were operated under atmospheric
pressure and 500 �C for 5 hours, and the C3H8/CO2 mixture, whose mole ratio was
kept at C3H8/CO2 ¼ 1 : 2. As shown in Table 3, the conditions of tests differed
from each other by two variables, the mole fractions of C3H8 (and CO2) and overall
gas hourly space velocity (GHSV). N2 balance was applied to dilute the gas
mixture. Considering that the reactions were operated under atmospheric pres-
sure, the partial pressure of C3H8 in “R-4800 � 2” and “R-4800 � 3” was
increased, and the GHSV of C3H8 was changed to the same level as “R-9600” and
“R-14 400” respectively.

The composition of outlet gas was tested by online Gas Chromatography
(Perkin-Elmer, Clarus 580 GC), and the conversions of C3H8 and CO2, the selec-
tivity of products, and the carbon balance in the gaseous products can be deter-
mined using the following equations:

Conversion ð%Þ ¼ Ci ¼ 1� X outlet
i � X inlet

N2

X inlet
i � X outlet

N2

� 100 ði ¼ C3H8 or CO2Þ

Flow of gas in productðml min
�1Þ ¼

Foutlct
j ¼ X outlet

j � flow of N2

X outlct
N2

ðj ¼ H2; CO; CO2; CH4; C2H4; C2H6; C3H6; C3H8Þ

Selectivity of Hydrocarbon ð%Þ ¼ SCnHm
¼ n� Foutlet

CnHm

3� F inlet
C3H8

� CC3H8

� 100

Yield of CO ð%Þ ¼ YCO ¼ Foutlet
CO

2� F inlet
CO2

� 100
Table 3 Mole fractions of C3H8 (XC3H8
), overall GHSV and C3H8 GHSV of the coded

reactions

Reaction code XC3H8
(mol%) GHSV (ml h�1 gcat

�1)
GHSV of C3H8

(ml h�1 gcat
�1)

R-4800 5 4800 240
R-4800 � 2 10 4800 480
R-4800 � 3 15 4800 720
R-9600 5 9600 480
R-14 400 5 14 400 720
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Carbon Balance ð%Þ ¼

BC¼
Foutlet
CH4

þ 2� Foutlet
C2H4

þ 2� Foutlet
C2H6

þ 3� Foutlet
C3H6

þ 3� Foutlet
C3H8

þ Foutlet
CO þ Foutlet

CO2

3� F inlet
C3H8

þ 3� F inlet
CO2

�100

Oxygen Balance ð%Þ ¼ BO ¼ 2� Foutlet
CO2

þ Foutlet
CO

2� F inlet
CO2

� 100
5. Results and discussion
5.1 Catalytic test results

The C3H8 conversion and C3H6 selectivity of the reaction under different C3H8

partial pressures and overall GHSV are shown in Fig. 7. The results reveal effective
C3H8 conversions at each specied condition while the C3H6 selectivity drops at
the beginning of reactions. The results with different mole fractions of C3H8 were
displayed with solid symbols and the conclusion drawn from the data in these
gures is an inhibition of C3H8 conversion, but also an improvement in C3H6

selectivity. However, with the same increase in C3H8 fractional GHSV (by
increasing the overall GHSV), the C3H8 conversion was inhibited to a similar
extent while the C3H6 selectivity also decreased. These comparative results indi-
cate that even though the C3H8 conversion was similarly inhibited via the two
routes to increase the C3H8 fractional GHSV, the underpinning mechanisms were
fundamentally different.

Fig. 8 exhibits the production of CH4, the main by-product. The initial selec-
tivity of CH4 was decreased from 6% to 3% as an increase of C3H8 fractional
GHSV. The CH4 selectivity can roughly indicate the cracking capability of the
Fig. 7 C3H8 conversion and C3H6 selectivity over 5 wt%-Cr2O3/ZrO2 upon operation
times at various C3H8 partial pressures and overall GHSV; 500 �C and C3H8/CO2 ¼ 0.5.
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Fig. 8 Dependence of the CH4 selectivity with time on stream over 5 wt%-Cr2O3/ZrO2 at
various C3H8 partial pressures and overall GHSV; 500 �C and C3H8/CO2 ¼ 0.5.
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catalyst on higher level hydrocarbons, which indirectly exhibits the extent of
further cracking effects on C3H6 during the reaction.
5.2 Discussion on the changes of C3H6 selectivity

The conversion of reactants and the mass balances of carbon and oxygen
elements are shown in Table 4. In contrast to the high stability of the C3H8

conversion, the CO2 conversions dropped drastically over the rst 5 hours. This
may be due to the various and different sites for C3H8 and CO2 to be adsorbed on
the catalyst surface respectively; C3H8 is usually attached to Cr species while CO2

can be adsorbed at the interface between the Cr2O3 dopant and ZrO2 support.22

The high level of C-balance indicates the low generation of solid and liquid C-
containing products; this conrms the high stability of C3H8 conversions in
each test. The O-balance, which was higher than 100% at the end of the test,
indicates additional, extraneous oxygenmust have entered into the gaseous phase
during the reaction, and the oxygen source can be attributed to the reduction of
high valance state chromium species (Cr6+/Cr5+) on the catalyst surface.23
Table 4 Conversion of reactants (CC3H8
, CCo2

) and balance of elements (BC, BO, BH) in
gaseous products over 5 wt%-Cr2O3/ZrO2 at various C3H8 partial pressures and overall
GHSV; 500 �C and C3H8/CO2 ¼ 0.5

C3H8 partial
pressure (atm)

CC3H8
(%) CCo2 (%) BC (%) BO (%)

0 h 5 h 0 h 5 h 0 h 5 h 0 h 5 h

R-4800 15.09 16.37 6.95 1.80 99.27 99.17 96.64 103.80
R-4800 � 2 9.52 11.03 4.62 2.79 99.90 99.30 97.80 103.16
R-4800 � 3 8.28 8.05 3.29 1.78 99.99 99.91 99.04 101.45
R-9600 9.77 10.35 5.15 1.51 98.65 98.87 96.93 102.42
R-14 400 9.57 10.00 4.50 1.19 98.55 98.80 97.30 101.78
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Table 5 Yield of CO (YCO) and selectivity of hydrocarbons (Si) over 5 wt%-Cr2O3/ZrO2 at
various C3H8 partial pressures and overall GHSV; 500 �C and C3H8/CO2 ¼ 0.5

C3H8 partial
pressure (atm)

YCO (%) SCH4
(%) SC2Hx

(%) SC3H6
(%)

0 h 5 h 0 h 5 h 0 h 5 h 0 h 5 h

R-4800 3.59 3.54 6.06 3.76 1.32 1.00 83.23 64.30
R-4800 � 2 2.43 2.42 5.07 3.13 1.52 1.36 92.75 72.47
R-4800 � 3 1.94 1.89 4.74 2.48 1.66 1.88 94.56 80.30
R-9600 2.08 1.80 5.17 2.88 1.50 1.33 76.81 62.31
R-14 400 1.80 1.57 3.26 1.68 1.46 1.35 75.91 61.53
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Weckhuysen et al.24 claimed that Cr6+ plays as a precursor for the Cr dehydro-
genation centres, and the reduction of Cr species is assumed to be one of the
primary deactivation mechanisms.

Table 5 is a compilation of the selectivity of gaseous products. The reduced
level of C2Hx production as compared to that of the selectivity of CH4 was
observed. This experimental trend matched the prediction (highlighted in Fig. 4)
that it is muchmore difficult to thermally crack CH4 at 500 �C than corresponding
C2 molecules. The decrease in CO yield was not as much as the trend of CO2

conversion; we believe that this is due to the carbon gasication by reducing the
chromium species (Cr6+/Cr5+) on the catalyst surface, whichmatches the observed
increasing O-balance.

The XRD patterns of 5 wt%-Cr2O3/ZrO2 before and aer the catalytic tests are
displayed in Fig. 9, and the pattern of the ZrO2 support is also shown here as a
reference. The peak at 2q ¼ 36.18� corresponds to the 1-1-0 phase of Cr2O3 with
rhombohedral crystal symmetry. No peak shi or new peaks were observed from
the post-reaction catalyst, which indicated that no phase change occurred during
Fig. 9 X-ray diffraction (XRD) results over the catalysts both before (pre-5 wt%-Cr2O3/
ZrO2) and after (post-5 wt%-Cr2O3/ZrO2) the catalytic tests, with ZrO2 support as the
reference.
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Fig. 10 TGA (solid lines) and D-TGA (dot lines) results over 5 wt%-Cr2O3/ZrO2 at various
C3H8 partial pressure and overall GHSV; 500 �C and C3H8/CO2 ¼ 0.5.
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the catalytic test. Importantly, this also matched the high stability of C3H8

conversions, as shown in Fig. 7.
Thermal gravimetric analysis (TGA) results and the corresponding derivative

weight-to-temperature (D-TGA) plots are displayed in Fig. 10. We attribute the
weight loss, starting from 200 �C, to the combustion of amorphous carbon in air.
The integrated area of the derivative weight equals the weight loss, which dis-
played more coke formed with an increase of the C3H8 fractional GHSV.

In general terms, the mechanism of C3H8 dehydrogenation in the presence of
CO2 involves the primary activation of C3H8 on the catalyst surface, while CO2

provides a contribution to the reaction equilibrium shi by oxidising H2 gener-
ated from the C3H8 dehydrogenation (via the reverse water gas shi reaction, H2 +
CO2 /H2O + CO). From the macro perspective, the average contact time for each
C3H8 molecule is shortened with the higher C3H8 fractional GHSV, and this is the
cause of a decreased C3H8 conversion by optimising both methods to modify the
C3H8 fractional GHSV. However, the observed changes of C3H6 selectivity indicate
that only increasing the partial pressure of reactants can effectively inhibit the
further cracking of C3H6. This arises because the competitive adsorption between
C3H6 and other substances are strengthened from the micro perspective.
6. Conclusions

With the aim of attempting to (ultimately) correlate the dehydrogenation of C3H8

in the presence of CO2 with the energy source from solar heating technology,
thermodynamic calculations were operated for chemical processes operating in
the temperature range 300–500 �C. An important outcome is the great potential of
C3H8 as compared to its lighter and heavier homologues (C2H6 and C4H10,
respectively) from both the perspective of CO2 activation and also coking resis-
tance across this temperature range. The DrG

q
m of each reaction in our thermo-

dynamic modelling of the dehydrogenation of C3H8, in the presence of CO2, also
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indicated that neither the reverse water gas shi nor the coke gasication with
CO2 are favoured at 300–500 �C.

A series of catalytic tests were carried out over 5 wt%-Cr2O3/ZrO2 at various
C3H8 partial pressures and overall GHSV. It was shown that the increase in C3H8

partial pressure is highly benecial for the enhancement of C3H6 selectivity.
Meanwhile, the C3H8 conversion was sacriced due to the competitive adsorption
between the produced C3H6 and inactivated C3H8molecules, which was themajor
reason for the inhibition of further cracking of C3H6. As a comparison, the
increase of the overall GHSV can also decrease the C3H8 conversion to a similar
extent. However, the further cracking of C3H6 cannot be limited as only the
contact time of C3H8 on the catalyst surface was shortened from this micro
perspective.

With respect to the ultimate application of this particular CO2 utilisation
process, we believe that the enhancement of selectivity of the (target) C3H6

product, whilst sacricing some of the reactants’ ultimate conversion, is accept-
able. The efficiency can be improved by a cycle system involving the reuse of the
unconverted feedstock by separating it from the outlet mixture and subsequently
cycling it back to the inlet mixture. It is recognised that this kind of cycle system is
benecial to the reactions with low conversion but very high selectivity. The high
thermo-stability of the present catalyst makes it attractive to scale-up to a moving
bed or even a uid bed reactor for catalyst regeneration.

We believe that the results presented here are promising in terms of the
underpinning catalyst science for establishing the potential industrialisation of
the process of CO2 utilisation through C3H8 dehydrogenation. This type of CO2

utilisation, operating in the relatively low temperature range of 300–500 �C, and
easily accessible by solar thermochemical routes, could help shi the focus of CO2

interest from the disposal of an inconvenient by-product – typied by the process
of Carbon Capture and Storage (CCS) – towards the production and use of CO2 as
a commodity chemical in Carbon Capture and Utilisation (CCU). However, one
must stress again that in order for any proposed CCU process to be realistic for
emission reduction potential, it can only be benecial if any necessary energy
input is from renewable sources. As noted here, our view is that solar thermal
chemical processes for CO2 utilisation, accessible across these temperature
ranges, offer considerable potential in this regard.
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High throughput methodologies screened 81 different metal salts and metal salt

combinations as catalysts for the carboxylation of propylene glycol to propylene

carbonate, as compared to a 5 mol% Zn(OAc)2/p-chlorobenzene sulfonic acid

benchmark catalyst. The reactions were run with added acetonitrile (MeCN) as a

chemical water trap. Two new catalysts were thereby discovered, zinc

trifluoromethanesulfonate (Zn(OTf)2) and zinc p-toluenesulfonate. The optimal reaction

parameters for the former catalyst were screened. Zn(OTf)2 gave an overall propylene

carbonate yield of greater than 50% in 24 h, twice as large as the previous best

literature yield with MeCN as a water trap, with 69% selectivity and 75% conversion of

propylene glycol at 145 �C and 50 bar CO2 pressure.
Introduction

Research on carbon dioxide (CO2) utilization (CDU) has been gaining momentum
over the past decade. While the motivation for this surge in interest may well be a
response to the increasing levels of CO2 in the atmosphere and the need for
mitigating CO2 emissions, the shear volumes of CO2 emitted1 and relatively
modest contribution CDU canmake towardmitigation of these emissions, at least
in terms of chemical production volumes, strongly suggest that a greater moti-
vation is the development of CO2 as a sustainable C1 source for the chemical
industry. CO2 is renewable, easily handled and stored, and essentially non-toxic.
The challenge in its use arises from its thermodynamic and kinetic inertness.
Advances in catalysis and process engineering are therefore necessary in order to
overcome these barriers. Some of these issues can be and have been addressed by
the use of high energy chemical reactants, as exemplied by the production of
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aliphatic polycarbonates from CO2 and epoxides, which is on the cusp of indus-
trial implementation.2

One class of compounds that have generated considerable interest as products
for CDU is the organic carbonates, both open, linear carbonates such as dime-
thylcarbonate (DMC) and closed, cyclic carbonates such as propylene carbonate
(PC). These molecules can be synthesized from CO2 with two equivalents of an
alcohol (methanol, for DMC) or one equivalent of a diol (1,2-propanediol, for PC).
The latter can also be prepared from CO2 and propylene oxide using the appro-
priate choice of catalyst, and the cyclic carbonates can be undesired by-products
in the production of aliphatic polycarbonates.3

The reaction between CO2 and alcohols or diols is thermodynamically unfa-
vorable,4 with water as the other reaction product (see Scheme 1). Without any
added water trap, the yield of PC from 1,2-propanediol (propylene glycol, PG) is
0.5% at 130 �C with CeO2$ZrO2 as a heterogeneous catalyst.5 The addition of
physical or chemical water traps will pull the equilibrium toward products, and
this has most recently been successful with a CeO2/2-cyanopyridine system (20
mol% CeO2 and 10-fold excess 2-cyanopyridine based on PG), which is able to
provide a nearly quantitative yield of PC from PG and CO2 within 1 h at 130 �C and
50 bar CO2, with 2-acetamidopyridine as the by-product from the chemical
trapping of the co-produced water.6

The effect of water traps on the synthesis of organic carbonates from CO2 and
alcohols or diols has recently been reviewed.7 The majority of the other investi-
gations into this reaction have used acetonitrile (MeCN) as the chemical water
trap. One drawback with MeCN is the formation of a number of by-products from
the water-trapping reaction, including acetamide, acetic acid, and acetylated
glycols (see Scheme 1). The most efficient catalytic system (as based on time-yield)
Scheme 1 Primary reaction and formation of the observed side products. Only the 2-
hydroxypropyl acetate side-product is shown. 1-Hydroxypropyl acetate and 1,2-propyl
diacetate side-products were also observed.
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reported thus far is 2.5 mol% Zn(OAc)2 with a 1.8 fold excess of MeCN at 160 �C
and 30 bar CO2, which provided a 12% yield of PC with a 64% selectivity aer 2 h.8

A second report also indicates Zn(OAc)2 as the best M(OAc)2 catalyst (M ¼ Co, Ni,
Cu, Mn, Mg, Ca), but the reported time-yield is poorer (24% yield and 62%
selectivity within 12 h at 170 �C and 100 bar CO2).9 In addition to Zn(OAc)2,
inorganic carbonates (K2CO3 and Cs2CO3/(NH4)2CO3),10 organic bases (TBD ¼
1,5,6-triazabicyclo[4.4.0]dec-5-ene)11 and modied ZnO (KI/ZnO)12 have been
identied as the best catalysts in individual studies.

Direct comparison between these catalysts is difficult since there is always
variation in the reported reaction pressures, temperatures, times and catalyst
loadings.

Considering the relatively limited number of compounds that have been tested
for this reaction, we undertook a high throughput (HT) screening of 81 different
metal salts and salt combinations. This contribution describes the selection of the
benchmark catalyst for the HT studies, trends gleaned from the HT studies, and a
parameter screening for an improvedcatalyst systemfoundduring theHTscreening.

Results and discussion
Catalyst pre-screening and choice of benchmark

This study started with a small catalyst pre-screening for determination of a
suitable benchmark catalyst for the carboxylation of PG into PC at 145 �C and 60
Table 1 Synthesis of PC from PG and CO2 with different catalystsa

Entry Catalyst Solvent Yield PCb (%)

1 [SalenAl]2O
c MeCN 0

2d [SalenAl]2O + TBAB MeCN 0
3 Tetrabutylammonium

bromide
MeCN 0

4 K2CO3 MeCN 0
5 Bu2Sn(OAc)2 MeCN <1
6 Mn(OAc)2 MeCN 7
7 Mn(OAc)2 MeOH 0
8 Fe(OAc)2 MeCN <1
9 Fe(OAc)2 MeOH 0
10 Co(OAc)2 MeCN 8
11 Ni(OAc)2 MeCN 0
12 Cu(OAc)2 MeCN 5
13 Cu(OAc)2 MeOH 0
14 ZnBr2 MeCN <1
15 ZnI2 MeCN <1
16 ZnI2 MeOH 0
17 Zn(acac)$H2O MeCN 15
18 Zn(OAc)2 MeOH <1
19e Zn(OAc)2 MeOH 0
20e Zn(OAc)2 MeCN 1
21 Zn(OAc)2 MeCN 27

a Reactions carried out at 145 �C and 60 bar CO2 pressure for 16 hours using 2.5 mol% of
catalyst and 10 ml MeCN or MeOH. b Yield of PC determined by 1H NMR spectroscopy of
the crude reaction mixture (see ESI). c See ref. 13. d 2.5 mol% tetra-butylammonium
bromide (TBAB) used. e 13X molecular sieves added (200 mg).
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bar CO2. Reactions were carried out in the presence of either methanol or MeCN
as the solvent for 16 hours using 2.5 mol% of catalyst (Table 1). These conditions
were chosen as an average between the conditions provided in the two previous
papers reporting the catalytic activity of Zn(OAc)2.8,9 As shown in Table 1, zinc
salts displayed higher catalytic activity than other metal salts, and Zn(OAc)2 was,
perhaps unsurprisingly, the most active catalyst. Additionally, reactions carried
out in MeCN showed higher conversions than those carried out in methanol,
which supports previous results showing that MeCN not only acts as a solvent but
also as a dehydrating agent, shiing the reaction to the formation of products. As
a catalyst, Zn(OAc)2 showed some problems with reproducibility; a series of 6 runs
gave a 39 � 7% conversion of PG and a 18 � 5% yield of PC with a 41 � 4%
selectivity.

One of the main routes for the synthesis of cyclic carbonates is the trans-
esterication reaction between DMC and diols.14 Similarly, the synthesis of
diphenyl carbonate (DPC) can be carried out by a transesterication reaction
between DMC and phenol,15 and it was found that using sulfonic acids as co-
catalysts improved both the conversion of DMC and the isolated yield of DPC.16

Therefore, the addition of a sulfonic acid as a co-catalyst for the synthesis of PC
from PG was investigated. As shown in Table 2, the addition of 5 mol% p-chlo-
robenzene sulfonic acid (p-CBSA) gave higher PC yields and larger PG conver-
sions. The yields of PC in Table 2 were the highest overall yields that have been
reported in the literature for systems that employ MeCN as a water trap. The 5mol
% Zn(OAc)2/p-CBSA system was therefore chosen as the benchmark catalyst for
the high throughput screening.

High throughput screening

The high throughput (HT) screening experiments included a total of 81 different
metal salts, combinations of metal salts and combinations of metal salts and
strong acids. These screening experiments also included some metal salts tested
in the pre-screening activity, as an additional check of the reproducibility of the
HT system. The screened catalyst systems can be loosely grouped into four
categories: simple Zn salts, other late transition metal salts, combinations of Zn
salts with other reagents, and Lewis acidic triate salts. The rst three categories
Table 2 Synthesis of PC from PG and CO2 with Zn(OAc)2 and sulfonic acids as catalystsa

Entry
Sulfonic
acid

Yield
PC (%)

Conversion PG
(%)

Selectivity
(%)

Isolated
PC yieldb (%)

1c p-CH3C6H4SO3H 22 48 44 —
2d p-CH3C6H4SO3H 28 69 41 18
3 C6H5SO3H 29 72 40 17
4 p-ClC6H4SO3H 33 73 45 25
5e p-ClC6H4SO3H 35 84 42 34
6f p-CH3C6H4SO3H 26 63 41 27

a Reactions carried out with 5 mol% Zn(OAc)2 and 5 mol% sulfonic acid, at 145 �C and 60
bar CO2 for 16 h. Product distributions based on 1H NMR spectra of the crude reaction
mixtures. b Yield of PC isolated by ash chromatography. See Experimental section.
c Used 2.5 mol% Zn(OAc)2 and 2.5 mol% p-CH3C6H4SO3. Average values for 3 runs.
d Average of three runs. e Dry MeCN. f 64 h reaction time.
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included combinations with strong acids. In addition to the p-CBSA and p-toluene
sulfonic acid (p-TSA) used in the pre-screening, the HT studies also used 4-
nitrobenzene sulfonic acid and dibenzenesulfonimide, as acids with different pKa

values (from 6.60 for 4-nitrobenzene sulfonic acid to 11.34 for dibenzenesulfo-
nimide) in MeCN.17 The Lewis acids and other reagents were chosen as they have
been shown to be effective transesterication catalysts. Specically, lanthanide
triates have been shown to catalyze the transesterication of DMC with
ethanol.18 The other reagents, KI, KOH, K2CO3 and NEt4Br, have been shown to be
catalysts or co-catalysts in the synthesis of DMC from CO2, MeOH and epoxides.19

The results from the catalysts tested in the pre-screening compared well with the
results from the same catalysts tested in the HT experiments. Table 3 compares
the PC yield of ve catalysts studied both in the pre-screening and the HT
experiments. The qualitative comparison as based on the yield of the benchmark
catalyst is good, providing support of the validity of the results from the HT
screening experiments. The larger differences for Co(OAc)2 and Zn(acac)2$H2O
may be attributed to the different catalyst loadings in the different experiments.

All 81 screened catalyst formulations are provided in the ESI.† For HT
screening experiments, an important decision point is the denition of a “hit”.
For this study, any screened catalyst formulation that gave a better PC yield than
that of the benchmark was deemed a “hit” and worth potential follow-up in a
bench-top reactor. It must be emphasized that the HT experiments are designed
simply to identify potential lead catalyst candidates. The absolute PC yield for any
one screened catalyst formulation was considered as merely suggestive. The list of
catalyst formulations considered as lead candidates is shown in Table 4. These 16
catalyst formulations represent 20% of all screened catalysts. It is likely that the
hits for zinc triuoromethanesulfonate (Zn(OTf)2) and zinc p-toluenesulfonate
hydrate (Zn(Tos)2$H2O) with acids are simply due to the Zn salts, and therefore
these successful catalyst combinations can essentially be reduced to four lead
candidates: Zn(OTf)2, Zn(Tos)2$H2O, zinc hexauoroacetonylacetate dihydrate,
and Zn(OAc)2 with Lewis acidic triate salts. On the basis of performance and the
preference for a single-component catalyst, Zn(OTf)2 and Zn(Tos)$H2O were
chosen for bench-top validation experiments.

The data for the carboxylation of PG to PC using 5 mol% Zn(OTf)2 and
Zn(Tos)2$H2O are shown in Table 5. In particular, Zn(OTf)2 showed a signicantly
Table 3 Comparison of selected catalysts in the pre-screening and HT experimentsa

Catalyst

PC yield relative
to benchmark
Pre-screeing HT

Co(OAc)2 24% 48%
Cu(OAc)2 15% 10%
Zn(acac)2$H2O 45% 81%
Zn(OAc)2 82% 97%
Zn(OAc)2 + p-TSAb 85% 89%

a Pre-screening data with 2.5 mol% catalyst, HT data with 5 mol% catalyst. Entry 4 in Table 2
used as the benchmark catalyst yield. HT results based on HeadSpace GC analyses. b 5mol%
catalyst in the pre-screening experiment.
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Table 4 Lead catalyst candidates from the HT screeninga

Catalyst
Relative % PC
yieldb Catalyst

Relative
%
PC yield

Zn(OTf)2 + 4-NO2-
benzenesulfonic acid

1.01 Zn(OAc)2 + Sm(OTf)3 1.11

ZnI2 + p-TSAd 1.02 Zn(OTf)2 + p-TSA 1.11
Zn(F6-acac)

c 1.03 Zn(OTf)2 +
dibenzenesulfonimide

1.12

Zn(F6-acac) + p-CBSA 1.07 Zn(OAc)2 + LiOTf 1.18
Zn(OTf)2 + p-CBSA 1.08 Zn(OAc)2 + Mg(OTf)2 1.25
Zn(OTf)2 1.08 Zn(OAc)2 + Yb(OTf)3 1.30
Zn(Tos)2$H2O + p-TSA 1.09 Zn(Tos)2$H2O 1.31
Zn(OAc)2 + p-TSAd 1.09 Zn(OAc)2 + Ca(OTf)2 1.35

a HT reaction conditions: 145 �C, 50 bar CO2, 16–18 h reaction time. b Data based on
comparison to benchmark data, as determined from GC HeadSpace data. c F6-acac ¼
hexauoroacetylacetonate. d 10 mol%.

Table 5 Lead candidate validation resultsa

Catalyst Time (h)
p(CO2)
bar

PC
yield (%)

PG conversion
(%)

Selectivity
(%)

Zn(OTf)2 24 53 52 75 69
Zn(Tos)2$H2O 25 47 48 77 62

a Conditions: 20.7 g (2.72 mmol) PG, 31.45 g (766 mmol) MeCN, 145 �C, time from start of
heating, product ratios from integration of 1H NMR spectra.
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improved catalytic performance over previously studied catalysts. Over 50% yield
with nearly a 70% selectivity was observed for the Zn(OTf)2 catalyst. The observed
PC yield for Zn(OTf)2 is double the best reported overall yield in the literature for
those systems that used MeCN as the chemical water trap.
Parameter screening for Zn(OTf)2

Given the superior catalytic performance of Zn(OTf)2 in the HT screening and
validation studies, this catalyst was chosen for a parameter optimization. The
effect of the reaction parameters of pressure and temperature and the amount of
Zn(OTf)2 on the conversion to PC and the overall selectivity of the reaction were
screened in a bench-top pressure reactor, and the results are presented in Fig. 1–
3, respectively.‡ There is very little effect of a change in pressure from 30 to 70 bar
CO2 on the product distribution. The yield of PC is essentially constant above 40
bar, and there is a slight increase in the side products with increasing pressure, as
‡ Note that the amount of MeCN and the reaction time in the parameter screening experiments are less
than those for the validation experiments. These differences, in addition to differences in protocol and
reactor set-up, are the likely reasons for the slightly poorer overall results in the parameter screening
experiments, as compared to those in the validation experiments.
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Fig. 1 Effect of different pressures on the yield of PC with 5 mol% Zn(OTf)2 as the catalyst.

Fig. 2 Effect of different temperatures on the yield of PC with 5 mol% Zn(OTf)2 as the
catalyst.
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indicated by the increase in the overall conversion of PG and the decrease in
selectivity.

The effect of temperature is more profound. At 85 �C, the yield of PC is only
4%. The yield increases monotonically with an increase in temperature up to 135
�C; at this temperature the yield of PC, the overall selectivity and the conversion of
PG are at their maximum values. Higher reaction temperatures show a decrease in
PC yield and selectivity, while the conversion of PG remains constant, indicating
that reaction temperatures higher than 135 �C only increase side product
formation. Similarly, an increase in the mol% catalyst from 1 mol% to 5 mol%
provides a monotonic increase in the PC yield, from 17% to 42%. There is a
concomitant increase in PG conversion, while the selectivity remains essentially
constant. Increasing the catalyst amount from 5 to 10 mol% does not appreciably
increase the PC yield. The overall conversion of PG does slightly increase, but this
is mainly due to a greater increase in the formation of side products, as shown by
the decrease in selectivity.
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Fig. 3 Effect of different amounts of the catalyst Zn(OTf)2 on the yield of PC.
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Discussion

On the basis of the many different catalyst formulations that have been screened,
either in a bench-top reactor or in a HT system, certain trends can be identied in
this work. One, transition metal salts, apart from the Zn salts, are not very good
catalysts for this reaction. None of the Ni or Cu salts showed any signicant
catalytic activity, even in the presence of strong acids. Salts of Mn, Fe and Co
showed better activities, while the screened salts did not fare as well as the Zn
salts; examples with different coordination spheres may prove to be viable
candidates. Two, Lewis acidic triate salts, based on group 1, 2 and lanthanide
metals, are also very poor catalysts, although some of these salts showed promise
in combination with Zn(OAc)2 and are under further study. Three, the pKa of the
added acid had in general no effect on catalytic activity. Four, a strong acid than
they did alone. For example, both ZnBr2 and ZnI2 when combined with either p-
CBSA or p-TSA, showed much better catalytic activities in the HT screening
experiments than the simple salts did in the pre-screening experiments.

One hypothesis for the improved catalytic activity of Zn(OTf)2 and
Zn(Tos)2$H2O over the benchmark system is that they do not need other reagents
to produce open metal coordination sites. The activity of the benchmark catalyst
(and other Zn salts) in combination with sulfonic acids may well be attributed to
the formation of HOAc and some Zn2+ species with a labile coordination sphere.
That other Zn salts with ostensibly poorly coordinating anions such as Zn(BF4)2
fail to show appreciable catalytic activities, even in the presence of strong acids,
suggests that Zn(OTf)2 and Zn(Tos)2$H2O may impart other, as-yet unknown,
benets towards the catalysis of this reaction.

Experimental
General considerations

All reagents were commercially available (Alfa Aeser, Sigma-Aldrich, Fluka, TCI or
Acros) and were used as received. Metal salts for the high throughput studies were
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in general anhydrous. See ESI† for further information. The bimetallic
aluminium salen complex was prepared as previously reported.13 Carbon dioxide
was purchased from BOC or Yara and used without further purication. 1H and
13C NMR spectra were recorded on a Jeol Oxford 400 spectrometer or on a Bruker
UltraShield 400 spectrometer at resonance frequencies of 400 and 100 MHz,
respectively.

Initial screening

Reactions were magnetically stirred in a 300 mL stainless steel pressure reactor
heated in an oil bath. Product compositions were then analysed using 1H NMR
spectroscopy without any purication to determine the conversion and selectivity,
as based on the integration of the Me signals of PC, side products and PG (see
ESI.†)

Representative procedure for the synthesis of PC catalysed by Zn(OAc)2 and p-
chlorobenzene sulfonic acid

PG (7.35 mL, 100 mmol), Zn(OAc)2 (0.917 g, 5 mmol), p-CBSA (1.07 g, 5 mmol) and
MeCN (10 mL, 191 mmol) were placed in a 300 mL stainless steel pressure reactor
heated in an oil bath. The reaction mixture was magnetically stirred and heated to
145 �C. Then, the reactor was pressurized to 60 bar of carbon dioxide and the
reaction mixture was stirred for 16 h. The conversion of PG to PC was then
determined by analysis of a sample using 1H NMR spectroscopy. The remaining
sample was evaporated in vacuo to give a mixture of PC, PG, propylene glycol
acetate and propylene glycol diacetate. The mixture was puried by ash chro-
matography, using dichloromethane as the eluent, to give the pure PC.

High throughput screening

The high throughput experiments were conducted in an in-house constructed HT
reactor featuring four rows of six reactor wells, with each row of reactors having a
common gas feed. Each well was 9 cm high and had an inner diameter of 1.5 cm,
with an effective reactor volume of approximately 11 mL. All wells were closed
during the reaction to avoid well-to-well contamination. On a bench-top, the
catalyst formulation (metal salts, acids, ligands) was added to each well of the
reactor. The amount of catalyst was kept to ca. 5 mol% of the amount of PG. A 1
mL aliquot of PG (13.6 mmol) and a 2 mL aliquot of MeCN (38.3 mmol) were then
added by autopipette. Three steel balls (5 mm diameter) were added to each well
to ensure proper mixing. The set of 24 reactor wells was then attached to the gas
inlet portion of the reactor under a CO2 ow, placed in an oven and warmed up to
145 �C under 2–3 bar CO2 pressure. Aer reaching the reaction temperature, the
CO2 pressure in each row of 6 reactors was sequentially increased to 50 bar.
Mixing was accomplished with the help of a variable speed vortex (shaker).
Reactions were run overnight, usually between 16–18 h from the time of pres-
surizing the reactors to 50 bar CO2 until cooling was initiated. Approximately two
hours were required to cool the reactor sufficiently before the CO2 pressure could
be released. Once the reactors reached a sufficiently low temperature, the pres-
sure was carefully released overnight to a holding container. The initial HT
experiment contained the benchmark catalyst system in each of the 24 reactor
wells. No signicant internal variation was observed, apart from a small,
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reproducible decrease in benchmark catalyst yields in the row of 6 reactors closest
to the oven door. Comparison of PC yields for the screened catalysts were
therefore made on a row-by-row basis, and in order to ensure reproducibility of
each high-throughput experiment, the benchmark catalyst was placed in one
randomly chosen well in each row of 6 reactors. The placement of the 20 other
catalyst formulations in each high throughput experiment was also randomized.

Product analysis was conducted on a Teledyne Tekmar HT3 HeadSpace
analyzer coupled to a Agilent 6890 gas chromatograph, using a DB-WAX column
(30 m � 0.320 mm � 0.5 mm) and ame ionization detector. Samples were sub-
jected to a 140 �C, 15 minute temperature prole. Analyses were conducted on two
10 mL samples withdrawn from the high-throughput reactor wells.

Validation experiments

Results from selected catalysts from the high throughput experiments were
validated in a 300 mL Parr reactor with mechanical stirrer and heating jacket. On
a bench top, a glass liner for the reactor was charged with the chosen catalyst
formulation (ca. 5 mol% based on PG), PG (ca. 20.7 g, 0.272 mol) and MeCN (ca.
31.5 g, 0.767 mol). The reactor top was mounted under a ow of CO2. Aer the
reactor had been assembled, it was ushed with CO2 three times, and the
temperature was raised to 145 �C under a slight pressure of CO2 (2–3 bar). Finally,
the pressure was raised to ca. 50 bar and the CO2 feed was closed. The reaction
was stopped by simply removing the heating jacket and allowing the reactor to
cool to room temperature, followed by a slow release of CO2. The reactor was
cleaned with hot isopropanol and dried between runs. Product distributions were
determined by the established 1H NMR method.

Parameter screening for Zn(OTf)2

The reactor was dried at 100 �C under vacuum for a minimum of one hour and
cooled to <40 �C before use. The reactor was then charged with anhydrous
Zn(OTf)2 and 10 mL (191 mmol) of dry MeCN stored under Ar. 60 mmol PG and a
magnetic stirring bar was subsequently added. The reactor was then sealed,
pressurized to 20 bar with CO2 and heated to the desired temperature. Once this
temperature had been reached, the CO2 pressure was increased to the desired
value. Aer 16 hours, the reactor was cooled in a bath of liquid nitrogen or dry ice/
acetone until the internal temperature dropped below 30 �C, at which time the
reactor was depressurized. Yields and selectivities were determined from inte-
gration of the 1H NMR spectra of the products.

Conclusions

Due to its thermodynamic stability and kinetic sluggishness, CO2 needs catalysts
in order to be transformed into useful chemical products. In this study, we have
endeavored to apply high throughput techniques so as to more rapidly screen a
host of different metal salts as catalysts for the carboxylation of propylene glycol
to propylene carbonate. Our initial pre-screening results found an improved
catalyst system �5 mol% Zn(OAc)2/p-chlorobenzene sulfonic acid – that showed
an improvement in PC yield over data reported in the literature. With this
benchmark catalyst system in hand, 81 different metal salts and metal salt
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combinations were screened. This resulted in the discovery of two new catalysts
for this reaction, Zn(OTf)2 and Zn(Tos)2$H2O, the activities of which were vali-
dated using a bench-top reactor. The Zn(OTf)2 system underwent further bench-
top screening, in order to establish the optimal reaction parameters. The Zn(OTf)2
catalyst showed an overall PC yield at least twice as large as the best catalyst
system hitherto reported in the literature, usingMeCN as a water trap. The activity
of the new catalyst is still inferior to that obtained with CeO2 and 2-
cyanopyridine.6

We are continuing our studies into these new Zn catalyst systems, and varia-
tions on the basic Zn(OTf)2 catalyst and investigations into the mechanism of the
reaction will be reported in due course.
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The utilisation of Mg(OH)2 to capture exhaust CO2 has been hindered by the limited

availability of brucite, the Mg(OH)2 mineral in natural deposits. Our previous study

demonstrated that Mg(OH)2 can be obtained from dunite, an ultramafic rock composed

of Mg silicate minerals, in highly concentrated NaOH aqueous systems. However, the

large quantity of NaOH consumed was considered an obstacle for the implementation

of the technology. In the present study, Mg(OH)2 was extracted from dunite reacted in

solid systems with NaOH assisted with H2O. The consumption of NaOH was reduced

by 97% with respect to the NaOH aqueous systems, maintaining a comparable yield of

Mg(OH)2 extraction, i.e. 64.8–66%. The capture of CO2 from a CO2–N2 gas mixture was

tested at ambient conditions using a Mg(OH)2 aqueous slurry. Mg(OH)2 almost fully

dissolved and reacted with dissolved CO2 by forming Mg(HCO3)2 which remained in

equilibrium storing the CO2 in the aqueous solution. The CO2 balance of the process

was assessed from the emissions derived from the power consumption for NaOH

production and Mg(OH)2 extraction together with the CO2 captured by Mg(OH)2
derived from dunite. The process resulted as carbon neutral when dunite is reacted at

250 �C for durations of 1 and 3 hours and CO2 is captured as Mg(HCO3)2.
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Introduction

Carbon Capture and Storage (CCS) is a portfolio of technologies developed for the
abatement of anthropogenic CO2 emissions via permanent isolation of CO2 from
the atmosphere.1 CCS includes the separation of CO2 from exhaust ue gases and
its storage either underground, in seawater or through the xation into stable
mineral carbonates via mineral carbonation.1

Mg(OH)2 can capture CO2 in a wide range of conditions: it can permanently
and safely store CO2 into solid Mg carbonate minerals upon exposure to gaseous
or supercritical CO2 or via dissolution in H2O with purged CO2.2–4 Mg(OH)2
aqueous slurries have been successfully tested to separate CO2 from gas mixtures
via liquid–gas scrubbing, and the technology has been proposed to separate CO2

from exhaust ue gases.5 Mg(OH)2 and CO2 dissolved in H2O can react to form
Mg(HCO3)2 which remains in solution as a soluble phase under a controlled pH.5,6

This chemistry is suited to industrial applications such as in the coastal industry
and power plants or ships, where CO2 can be separated from exhaust ue gases
using Mg(OH)2 slurries and permanently stored in seawater as dissolved
Mg(HCO3)2.7 This technology combines the separation and storage of CO2 into a
single stage, which is favourable because it avoids the capture and conversion of
CO2 into a pure CO2 stream, as well as the compression and transport operations,
all of which are expensive and energy demanding.8,9 Despite the wide range of
possible applications and potential advantages, Mg(OH)2 utilisation for CO2

capture has been hindered due to its rare occurrence in natural outcrops.1,10

Mg silicate minerals, on the other hand, in particular serpentine and forsterite
have been the preferred feedstock materials for CO2 sequestration due to their
vast availability in natural deposits which provide large storage capacity.1,11,12 The
main challenge of Mg silicate mineral carbonation is the slow kinetics of the
carbonation reaction which requires acceleration through mechanical and
chemical pre-treatment of the materials and the application of high pressure and
temperatures.1,13

The extraction of Mg(OH)2 from Mg silicate minerals via chemical processing
benets from the large availability of Mg silicate minerals. The overall efficiency
of the process is also improved asMg(OH)2 has faster kinetics in carbonation than
these Mg silicate minerals and allows greater exibility in the design of the CCS
technologies.4 There are technologies currently available to obtain Mg(OH)2 from
Mg silicate minerals, e.g. a solid state reaction with ammonium salts at 400–500
�C or dissolution with HCl at 150 �C.4,14 These technologies involve a second step
where the pH of the system is increased by introducing another reactant to favour
the precipitation of Mg(OH)2 under alkaline conditions.4,14

In a previous study we investigated the alkaline digestion of Mg silicate
minerals to obtain Mg(OH)2 using highly concentrated NaOH aqueous systems.15

The alkali digestion of dunite, an ultramac rock composed of Mg silicate
minerals, at 180 �C for 6 hours, resulted in the near-complete digestion and
formation of Mg(OH)2. The technology is advantageous because it is a one-step
reaction and involves a single reactant, although the high consumption of
NaOH was identied as a possible obstacle for the implementation.15

The present study proposes a new technique for the extraction of Mg(OH)2
from Mg silicate minerals, aiming to reduce the NaOH consumption by
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introducing NaOH into the system in the solid state. Aer studying the basic
reaction of the system at 180 �C with the aid of thermodynamic consideration, the
investigation focused on the effect of H2O on the efficiency of Mg(OH)2 extraction
from the dunite–NaOH solid mixtures. The effects of temperature and duration of
reaction were also studied for a dunite–NaOH–H2O system with a xed compo-
sition reacted at 130, 180 or 250 �C for 1, 3 and 6 hours. The obtained results are
compared with those from the alkaline digestion of dunite with NaOH aqueous
systems previously investigated. The feasibility of CO2 sequestration using
Mg(OH)2 was also demonstrated using a Downow Gas Contactor (DGC) reactor.
CO2 was separated from a ow of CO2–N2 mixture at ambient conditions using an
aqueous slurry of reagent grade Mg(OH)2, and the implications of using Mg(OH)2
derived from dunite for CO2 sequestration are discussed.
Materials and methods
Dunite

The dunite mined in Åheim, Norway, was provided by Sibelco Ltd. The material
was analysed via X-ray uorescence (XRF) and was composed of 48.3 wt% MgO,
45.35 wt% SiO2, and 6.16 wt% Fe2O3, while other oxides were present at <1 wt%.
The X-ray diffraction (XRD) analysis revealed that dunite was mainly composed of
forsterite, Mg2SiO4, the Mg-rich member of the olivine group. The minor
components were also Mg-bearing minerals, i.e. clinochlore, serpentine, ensta-
tite, talc, hornblende and spinel. The Rietveld Renement Quantitative Phase
Analysis (QPA) conducted on the XRD pattern estimated the amount of forsterite
to be 73 � 2 wt%. Thermogravimetric analysis (TGA) detected the presence of
Mg(OH)2 at 0.42 wt% in the dunite.

The powdered dunite was sieved to <63 mm and analysed by laser diffraction
with dry dispersion, which showed an average distribution of the particle size to
be around 25 mm, with 90% of the particles <58 mm. These results were conrmed
via SEM analysis.
Extraction of Mg(OH)2

NaOH pearl, reagent grade provided by Fisher Chemical, was mixed with
powdered dunite, with or without addition of distilled H2O, in an agate mortar
with a pestle. The mole ratio of the reactants in the samples used in the present
study is summarised in Table 1. Three series were prepared at different duni-
te : NaOHmole ratios, i.e. 1 : 1, 1 : 1.5, and 1 : 2, which are referred to as Series 1,
Table 1 Normalised mole of reactants in samples

Dunitea (mole) NaOH (mole) H2O
b (mole)

Series 1 1 1 — 0.25 0.5 1 2
Series 1.5 1 1.5 — 0.375 0.75 1.5 3
Series 2 1 2 0 0.5 1 2 4

a Approximate mole of dunite was estimated based on the chemical formula of forsterite,
Mg2SiO4.

b Different amounts of H2O were tested at NaOH : H2O mole ratios of 4 : 1, 2 : 1,
1 : 1 or 1 : 2 for each series. Series 2 also includes a dry system without H2O.
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Series 1.5, and Series 2, respectively. Themoles of dunite were estimated based on
the chemical formula of forsterite, Mg2SiO4. For all series, the samples were
prepared at different NaOH : H2O mole ratios of 4 : 1, 2 : 1, 1 : 1, and 1 : 2. Series
2 also includes a sample reacted without H2O addition.

When the reactants were well-blended, the mixture was transferred in a steel
vessel lined with Teon which was sealed and heated at 180 �C for 6 hours in a
Carbolite electric oven, series PF30. The system with dunite : NaOH : H2O mole
ratio of 1 : 2 : 0.5 was replicated at different durations of reaction, i.e. 1 and 3
hours, and different temperatures, i.e. 130 and 250 �C.

Aer the reaction, the products were ground and washed with distilled water
and the solid component was separated from the liquid phase via vacuum
ltration. The solid ltrate was dried for 1 hour at 90 �C and then analysed via
XRD and TGA.

CO2 capture with Mg(OH)2 suspension

A Downow Gas Contactor (DGC) reactor, designed byWRK Design & Engineering
Ltd, with a liquid volume capacity of 10 litres was used as the liquid–gas reactor to
capture CO2 from a owing gas-mixture. In this reactor, the gas-mixture at
atmospheric pressure enters at the top of the bubble column, is entrained (at 0.8
atm) in the downward circulating liquid ow, and exits at 1 atm from the bottom
of the column aer reaction and separation from the recirculating liquid phase.
The DGC reactor provides a large interfacial area between the gas bubbles and
liquid which enhances the reactivity of the phases involved. The rate of liquid
recirculation was typically 10 L minute�1 to maintain a stable bubble–liquid
interface.

A gas-mixture of N2 and 4–5% CO2 was injected at the top of the column at a
xed ow-rate of 2.25 � 0.07 L minute�1 and bubbled through the column at
approximately 10 �C and under ambient pressure. When the solution was satu-
rated with CO2, i.e. the concentration of CO2 in the outlet gas became the same in
the inlet gas, 50.8 g of powdered Mg(OH)2 was added to the circulating H2O.

The Mg(OH)2 with 98% purity used in the study was provided by Lehmann &
Voss & Co. The material had an average particle size of 7 mm, and also contained
0.5% CaO and smaller amounts of SiO2 and Fe2O3 as impurities.

The CO2 concentration in the inlet and outlet gas was periodically monitored
using a calibrated inline infrared data logger, and the monitoring continued until
the concentration of CO2 in the outlet gas had increased and become equal to that
in the inlet gas, indicating that no further reaction was occurring. The experiment
took approximately 12 hours to complete and was run over the course of two days
with an overnight shut-down. Samples of the circulating liquid were also taken
periodically to monitor the change in pH.

Products and data analysis

XRD was conducted for phase analysis of the reaction products using a Siemens
D5000 with Cu Ka X-ray source, l ¼ 1.54 Å. The powdered samples were placed in
a plastic sample holder, and the scans were run from 10� to 70� 2q with a step size
of 0.05� 2q.

TGA of the reaction products was also conducted using a Perkin Elmer Pyris 1.
The samples were placed in an alumina crucible and heated at a rate of 10 �C
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minute�1 from room temperature to 1000 �C under a N2 ow. The rst derivative
of the TG curve, DTG, was also determined to assist the analysis. The amount of
Mg(OH)2 was calculated based on the dehydroxylation of Mg(OH)2 (reaction (1))
taking place at 350–450 �C.16

Mg(OH)2(s) / MgO(s) + H2O(g) (1)

The analysis was also assisted with the thermodynamic consideration. The
change in the Gibbs free energy and enthalpy for the possible reactions were
calculated using the SGTE Substances Database (SSUB5) in Thermo-Calc.17 The
calculation was also performed for the minor mineral phases in the dunite. The
calculation was not performed for clinochlore and hornblende due to the lack of
available data in the SSUB5.

The carbon content in the solid residue recovered from the CO2 capture test
was determined using a Perkin Elmer 2400 CHNS/O Series II Elemental Analyser.
The sample was combusted at 975 �C under an oxygen environment. The gases
released were reduced by copper and separated through a chromatographic
column. The amount of carbon was obtained from the gases eluting off the
column based on their thermal conductivity, which were converted into CO2 wt%
to assess the CO2 captured in the solid phase.
Results and discussion
Extraction of Mg(OH)2

The reaction of dunite with NaOH usually resulted in the formation of brucite,
Na2SiO3 and natrite, i.e. Na2CO3, together with the mineral components from the
unreacted dunite and remaining NaOH. Fig. 1 shows the XRD patterns of selected
reaction products from the solid systems with a dunite : NaOH mole ratio of 1 : 2
and a dunite : NaOH : H2O mole ratio of 1 : 2 : 0.5, before and aer being washed
with distilled H2O, respectively. The by-products, Na2SiO3 and natrite are usually
detected before washing the reaction products as demonstrated in Fig. 1. These
Fig. 1 XRD patterns of selected reaction products from solid systems with a duni-
te : NaOHmole ratio of 1 : 2 and a dunite : NaOH : H2Omole ratio of 1 : 2 : 0.5 before and
after washing, respectively.
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by-products are soluble in water and can be removed together with the remaining
NaOH by washing the reaction products. Aer washing and successive ltration,
the samples are typically le with a solid fraction composed of Mg(OH)2 and
remaining dunite components (Fig. 1).

It is expected to be difficult to obtain Na2SiO3 from the reaction of dunite and
NaOH. Reactions (2)–(4) are examples of reactions for Mg2SiO4 and NaOH which
assume Na4SiO4, Na2SiO3 and Na2Si2O5 as reaction products, respectively.
Mg2SiO4 was chosen as a representative of dunite because it is the main mineral
component. The calculation of the Gibbs energy change (DGo) for reactions (2)–(4)
showed that only the formation of Na4SiO4 is thermodynamically favoured, as
indicated by the negative DGo of the reaction in Fig. 2, whereas, the formation of
Na2SiO3 or Na2Si2O5 is not possible because DGo > 0.

Mg2SiO4 + 4NaOH / 2Mg(OH)2 + Na4SiO4 (2)

Mg2SiO4 + 4NaOH / 2Mg(OH)2 + Na2SiO3 + Na2O (3)

Mg2SiO4 þ 4NaOH/2MgðOHÞ2 þ
1

2
Na2Si2O5 þ 3

2
Na2O (4)

However, when H2O is involved in the reactions (reactions (5)–(7)), the
formation of these Na silicate species becomes possible because their DGo are all
negative, as shown in Fig. 2.

Mg2SiO4 þ 2NaOHþH2O/2MgðOHÞ2 þ
1

2
Na4SiO4 þ 1

2
SiO2 (5)

Mg2SiO4 + 2NaOH + H2O / 2Mg(OH)2 + Na2SiO3 (6)

Mg2SiO4 þNaOHþ 3

2
H2O/2MgðOHÞ2 þ

1

2
Na2Si2O5 (7)

It should be noted that the formation of Na2SiO3 in the presence of H2O
becomes thermodynamically more favourable than that of Na4SiO4 in a dry
Fig. 2 DGo per 1 mole of Mg(OH)2 produced calculated for possible reactions for Mg2SiO4

and NaOH. Closed data points are for the dry reactions, and open data points for those
involving H2O.
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reaction. These data suggest the involvement of H2O in the studied reaction and
its thermodynamical advantage over the dry reaction. The carbonation of NaOH
could also aid the involvement of H2O in the reaction. As seen in the XRD data in
Fig. 1, natrite has been formed in the system. Because the samples are in contact
with air during the preparation and the reaction (in a closed vessel with trapped
air), some of the NaOH in the system can be carbonated, and this reaction
releases H2O through the following reaction:

2NaOH + CO2 / Na2CO3 + H2O. (8)

The DGo for the reactions of NaOH and minor phases in the dunite i.e.,
serpentine (Mg3Si2O5(OH)4), talc (Mg3Si4O10(OH)2), and enstatite (MgSiO3) are
shown in Fig. 3 and suggests that the formation of Mg(OH)2 and Na2SiO3 from
these Mg silicate minerals is also thermodynamically possible (DGo < 0). The
thermodynamical feasibility of Mg(OH)2 extraction from serpentine with NaOH is
particularly relevant because serpentine is widely available in natural deposits
and contains a high wt% of Mg which makes it a suitable alternative feedstock
material to dunite.4

The enthalpy change (DHo) for the possible reactions occurring in the dunite–
NaOH system was also calculated at the temperatures of reaction investigated in
this study, i.e. 130, 180 and 250 �C. All the reactions showed negative DHo in the
temperature range of interest and the lowest was found at 250 �C. The values of
DHo at this temperature are shown for each reaction in Table 2. These reactions
are all exothermic and although their balance is not known, overall the extraction
of Mg(OH)2 from dunite should be energetically favoured.
Effect of added H2O

The introduction of H2O into the system had a signicant effect on the extraction
of Mg(OH)2. Fig. 4 compares the XRD patterns of the reaction products from the
dry reaction and the reaction with added H2O in Series 2. These samples were
washed with distilled water and Na2SiO3, Na2CO3 had been removed. The
extraction of brucite (Mg(OH)2), in the dry dunite–NaOH system appeared to be
Fig. 3 DGo per 1 mole Mg(OH)2 produced calculated for possible reactions for serpentine
(Mg3Si2O5(OH)4), talc (Mg3Si4O10(OH)2), and enstatite (MgSiO3) with NaOH in comparison
with that for forsterite (Mg2SiO4).
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Table 2 Standard enthalpy change per 1 mole of Mg(OH)2 produced at 250 �C

Reactions DHo (kJ) a

Mg2SiO4 + 2NaOH + H2O / 2Mg(OH)2 + Na2SiO3 �58
2

3
Mg3Si2O5ðOHÞ4 þ

8

3
NaOH/2MgðOHÞ2 þ

4

3
Na2SiO3 þ 2

3
H2O

�44

2MgSiO3 + 4NaOH / 2Mg(OH)2 + 2Na2SiO3 �98
2

3
Mg3Si4O10ðOHÞ2 þ

16

3
NaOH/2MgðOHÞ2 þ

8

3
Na2SiO3 þ 4

3
H2O

�99

2NaOH + CO2 / Na2CO3 + H2O �176
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limited. The only reection peaks identied are for the mineral components
present in the dunite, while the reection peaks for brucite were not observed. On
the other hand, the systems with added H2O all indicated the presence of brucite.
The two main reection peaks for the brucite, were detected at 18.6� and 38� 2q.
These peaks partially overlap with those for clinochlore and forsterite, respec-
tively, but are distinguishable based on the proportion of the other peaks inten-
sity. The introduction of H2O is benecial and the intensity of the reection peaks
for brucite considerably increases in systems with 0.5, 1 and 2 moles of H2O,
although, the intensity signicantly decreases in the system with 4 moles of H2O.
A similar trend was observed also in Series 1.5 and 1.

The TGA and DTG curves of the reaction products from Series 2 are shown in
Fig. 5(A) and (B), respectively. The sample reacted in dry conditions had a small
weight loss between 300 and 450 �C for the dehydroxylation of Mg(OH)2, whereas
those reacted in the presence of water showed a larger weight loss in this
temperature region, indicating that more Mg(OH)2 was produced when H2O was
added to the system.

The calculated concentration of Mg(OH)2 in the reaction product was 19 wt%
for the dry dunite–NaOH mixture, and 57.6, 55.4, 51.2 and 28 wt% with 0.5, 1, 2
and 4 moles of H2O added per 1 mole of dunite, respectively. Thus, the amount of
Mg(OH) in the products decreases with the increase in H2O content.
Fig. 4 XRD patterns of reaction products from Series 2 with different amounts of H2O.
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Fig. 5 (A) TGA and (B) DTG curves of the reaction products from Series 2.
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The TGA results are in agreement with the XRD data and indicate that the
addition of H2O was benecial compared to dry conditions, which is likely
because the dissolution of NaOH in H2O favoured the ion exchange and the
diffusivity of materials involved in the reaction.18,19 The addition of smaller
amounts of H2O, i.e. a higher NaOH : H2O mole ratio, was a more preferable
condition for Mg(OH)2 formation, which suggests that the concentration of NaOH
in H2O played a decisive role for the extraction of Mg(OH)2 from dunite.
Effect of NaOH concentration

TheMg(OH)2 content in the reaction products were estimated via TGA for Series 2,
1.5 and 1, and are compared in Fig. 6. The data are plotted against the
NaOH : H2O mole ratio to study the effects of NaOH concentration in H2O.

The reaction products from Series 2 showed the highest concentration of
Mg(OH)2, followed by those from Series 1.5 and 1, indicating the advantage of
ART � C5FD00047E
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Fig. 6 Mg(OH)2 concentrations estimated via TGA in reaction products from Series 1, 1.5,
and 2.

Faraday Discussions Paper

1

5

10

15

20

25

30

35

40

45

50
having a higher NaOH content in the system. The three series showed the same
trend in the presence of H2O, and the wt% of Mg(OH)2 in the reaction products
increased with the increase of the NaOH : H2O mole ratio. However, this effect
becomes less signicant at a higher NaOH : H2O mole ratio. In fact, at higher
NaOH : H2O mole ratios the concentration of NaOH in H2O is higher but the
amount of H2O in the system is lower, and thus the positive effect of H2O, such as
the improvement of the reactants diffusion is reduced.

The data shown in Fig. 6 are also plotted against the amount of H2O added to
the system in Fig. 7(A), grouped by the same NaOH : H2O mole ratio.

The gradients of the linear tting for these data sets are proportional to the
NaOH : H2Omole ratio as shown in Fig. 7(B). Based on these results, it is possible
to estimate the approximate wt% of Mg(OH)2, Mg(OH)2 (%), expected in the
reaction product under the conditions studied, using the following empirical
equation with the amount of NaOH (XNaOH) and H2O (XH2O):

Mg(OH)2 (%) ¼ 30.79(XNaOH) � 7.34(XH2O
). (9)

These data together with those previously discussed for Series 2, indicate that
the extraction of Mg(OH)2 from dunite in NaOH–H2O solid systems is the result of
a combined effect of NaOH concentration in H2O and the amount of liquid phase
present in the system. At 180 �C, the NaOH in the system should be fully dissolved
at a NaOH : H2O mole ratio of 1 : 2 and 1 : 1, or constitute a solid system with
partially dissolved NaOH at a NaOH : H2O mole ratio of 2 : 1 and 4 : 1.20 The
optimal conditions for the extraction of Mg(OH)2 appears to be found when H2O
is present in a sufficient quantity to help the diffusion of the reactants but not in
excess to reduce the relative concentration of NaOH in the liquid.
Effect of temperature and time

Amongst the compositions investigated, the system with a mole ratio of
dunite : NaOH : H2O ¼ 1 : 2 : 0.5 gave the highest Mg(OH)2 extraction. The effect
of the reaction conditions was further investigated for this system, using three
durations of reaction, i.e. 1, 3 and 6 hours, at different temperatures, i.e. 130, 180
ART � C5FD00047E
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Fig. 7 Mg(OH)2 concentrations estimated via TGA of the reaction products: (A) effect of
H2O content for different NaOH : H2Omole ratios, and (B) the gradient of the linear fitting
for the datasets shown in (A).
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and 250 �C. The reaction products were analysed via TGA, and the wt% of
Mg(OH)2 in the reaction products are compared in Fig. 8.
Fig. 8 Mg(OH)2 concentration estimated via TGA in the reaction products of duni-
te : NaOH : H2O systems with a 1 : 2 : 0.5 mole ratio at different temperatures and times
of reaction.
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As expected, increasing the duration and temperature of the reaction was
benecial for the extraction of Mg(OH)2. At 130 �C the formation of Mg(OH)2 was
limited, achieving only 18.5 wt% aer 6 hours which is comparable with 18.2 wt%
obtained at 180 �C in 1 hour. The reaction conducted at 180 �C resulted in a
signicant Mg(OH)2 extraction of 46.4 wt% aer 3 hours of reaction. Increasing
the temperature to 250 �C signicantly improved the extraction of Mg(OH)2, and a
concentration of 56.4 wt%Mg(OH)2 was achieved aer 1 hour, which increased to
65.6 wt% in 6 hours. The Mg(OH)2 extraction obtained within 1 hour at 250 �C is
comparable with the 57.6 wt% attained at 180 �C over 6 hours of reaction. The
reaction at 250 �C is faster than at the other temperatures, and the majority of the
reaction appears to have taken place in the rst hour. This is highly advantageous
for the industrial application of the process, as it would allow a reduction of the
reaction time from 6 hours to 1 hour to achieve the same degree of Mg(OH)2
extraction obtained at 180 �C.

Fig. 9 shows the NaOH–H2O phase diagram.20 The diagram has been adapted
to show the temperatures and NaOH concentration used in this study. The
NaOH : H2O mole ratio of 4 : 1 corresponds to a NaOH concentration in H2O of
approximately 90% by weight. The diagram shows that there could be a solid
portion remaining at 130 and 180 �C in the NaOH–H2O system at 90 wt% NaOH
whereas, only liquid or gas can be present at 250 �C, similar to molten salt
systems.20 Consequently, at 250 �C dunite reacted with a highly alkaline melt
instead of a solid system with a limited amount of NaOH dissolved in H2O, which
should have favoured the diffusion of reactants,21 contributing to the much faster
kinetics of Mg(OH)2 extraction observed within the rst hour of reaction at this
temperature. Although the increase of pressure in the closed vessel at higher
temperatures may shi the melting temperature, based on the obtained results it
appears to be still below 250 �C.
Fig. 9 NaOH–H2O phase diagram, modified from Kurt and Bittner, 2003.20
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Efficiency of the reaction

The efficiency of Mg(OH)2 extraction is estimated through the yield of the reaction
which calculates the percentage of Mg(OH)2 produced with respect to the
maximum amount of Mg(OH)2 theoretically producible from dunite.15,22 The
procedure adopted for the yield calculation is described by Madeddu et al.15 In the
present study, the yield was calculated using eqn (10) and (11) from which the
amount of Mg(OH)2 extracted from dunite was obtained, based on the wt%
estimated via TGA.

The wt% of Mg(OH)2 in the reaction products determined via TGA, Mg(OH)2
(%), can be expressed according to eqn (10), where Mg(OH)2(rp) and dunite(rp) are
the amount of Mg(OH)2 and dunite in the reaction products, respectively. Eqn
(11), on the other hand calculates the amount of MgO involved in the reaction.
Dunite(i) is the initial feed of dunite, and 48.3 is the wt% of MgO in dunite(i). 48.21
is the wt% of MgO in dunite excluding the MgO initially presented as 0.42 wt% of
Mg(OH)2, and 40.3 and 58.3 are the molecular weights of MgO and Mg(OH)2,
respectively.

MgðOHÞ2ð%Þ ¼ 100MgðOHÞ2ðrpÞ
MgðOHÞ2ðrpÞ þ duniteðrpÞ

(10)

48:3� duniteðiÞ
100

¼ 48:21� duniteðrpÞ
100

þ 40:3�MgðOHÞ2ðrpÞ
58:3

(11)

With the values of Mg(OH)2 (%) and dunite(i), it is possible to obtain
Mg(OH)2(rp) and dunite(rp) by solving the system of eqn (10) and (11).

For the three series tested at 180 �C in the present investigation, a highest yield
of 66% for the reaction was achieved in the reaction product of Series 2, with a
NaOH : H2O mole ratio of 4 : 1 reacted for 6 hours. The same yield was obtained
from the alkaline digestion of dunite with NaOH 50 mol kg�1 aqueous system at
the same temperature and same duration of reaction.15 The NaOH consumed in
the solid system reaction was 0.57 g per 1 g of dunite, whereas 20.6 g of NaOH was
demanded in the aqueous system to process 1 g of dunite, which corresponds to
the reduction of NaOH usage by 97%.15 The H2O consumed was also reduced by
99%.15 When the system was reacted at 130 �C, the yield of the reaction was 24%
aer 6 hours, whereas, at 250 �C the yield was 64.8, 70 and 73% aer 1, 3, and 6
hours, respectively. As expected the yield achieved aer a 1 hour reaction at 250 �C
is comparable with that achieved at 180 �C aer 6 hours.

The NaOH was reduced by 97.9% in Series 1.5 and 98.6% in Series 1, although
the yield of the reaction was reduced to 53% and 36%, respectively, aer a 6 hour
reaction at 180 �C.

These results show that the extraction of Mg(OH)2 via the reaction of dunite
with NaOH in a solid system is preferable to the alkaline digestion with NaOH
aqueous systems as the amount of NaOH required can be signicantly reduced
while maintaining the same efficiency of Mg(OH)2 extraction.
Feasibility of CO2 capture with Mg(OH)2

Fig. 10 shows the CO2 concentration in the ow gas measured at the inlet and
outlet of the GDC reactor during the experiment. The CO2 concentration at the
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Fig. 10 CO2 concentration in the flow gas at the inlet and outlet of the DGC reactor.
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outlet was initially negligible, and all CO2 in the ow gas appeared to be retained
in the circulating solution by reacting with Mg(OH)2 in the system. The CO2

concentration started increasing aer approximately 200 minutes due to the
consumption of Mg(OH)2 in the system, and became equal to that in the inlet gas
at 720 minutes where the system no longer captures CO2. The overnight shut
down period did not cause any obvious change in the system. The obtained
results clearly show the CO2 capture capability of this system.

The amount of CO2 captured from the ow gas was estimated using eqn (12)
where CO2i%and CO2o%are the concentration of CO2 in the inlet and outlet gas,
respectively. The volume of gas under atmospheric pressure at 10 �C was esti-
mated as 23.2 L mole�1.

CO2ðmoleÞ ¼ 2:25 ðL minute�1Þ
23:2 ðL mole�1Þ � CO2ið%Þ � CO2oð%Þ

100
� time ðminuteÞ (12)

The amount of captured CO2 is plotted in Fig. 11 together with the pH of the
circulating solution. CO2 was steadily captured up to around 400 minutes, and
Fig. 11 Amount of CO2 captured and pH of the circulating solution in the liquid–gas
scrubbing with Mg(OH)2–H2O slurry.
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then the rate of capture slightly decreased. The signicant reduction in pH at this
period suggests the exhaustion of the dissolved Mg(OH)2 available for reaction.

In total, 1.80 � 0.19 moles of CO2 were sequestered over the 2 days of the
experimental run.

Since the circulating solution used in the present study contained approxi-
mately 0.85 mole of Mg(OH)2, the maximum CO2 to be captured is 1.71 mole (1.72
mole if CaO presented as an impurity is also counted) assuming the reaction
product is Mg(HCO3)2, and 0.86 mole of MgCO3 was produced. Although our
estimation, 1.80 � 0.19 mole, contains a signicant deviation, it is clear that the
reaction product in the tested system was mainly Mg(HCO3)2. It is known that the
formation of Mg(HCO3)2 is favoured when the pH of the solution is around 8.4
where HCO3

� ions are the predominant species of CO2 dissolution, whereas
MgCO3 preferentially forms when the pH of the solution is above 10 as the CO3

2�

ions are the predominant species.5,23,24 The obtained results conrm that
Mg(HCO3)2 can form at a pH ranging between 8.2 and 8.9.

The amount of solid material collected upon completion of the experiment was
2 g. The XRD analysis showed that the solid residue constituted of brucite and
poorly crystalline hydromagnesite (Mg5(CO3)4(OH)2$4H2O) and another poorly
crystalline phase which was not identied. The amount of CO2 in the collected
solid was determined via CHN analysis and estimated as 0.01 mole. These results
indicate that Mg(OH)2 almost fully dissolved and captured CO2 by forming
Mg(HCO3)2 which remained in equilibrium in solution while only a small fraction
reacted forming Mg carbonate phases.

The exact quantication of CO2 captured by the reaction with Mg(OH)2 is
challenging and requires further analysis. Nevertheless, these preliminary results
suggest that at least 93.6% of CO2 potentially capturable by the Mg(OH)2
suspension was effectively captured.
Implications of Mg(OH)2 extraction for CCS

The consumption of NaOH was identied as one of the major drawbacks for the
extraction of Mg(OH)2 in the NaOH aqueous system15 because the production of
NaOH involves signicant energy consumption and thus CO2 emissions. There-
fore, the reduction in NaOH achieved in the present study is signicant and it
would reduce the environmental impact of the process.

In the present study, the CO2 balance was evaluated based on the emissions
associated with the NaOH, Mg(OH)2 extraction and the sequestration potential of
Mg(OH)2 derived from dunite. The assessment is based on the mass balance of
the materials used assuming that 1 kg of dunite is processed with the corre-
sponding amount of NaOH used for Series 1, 1.5 and 2. The amount of Mg(OH)2
extracted was estimated from the yield of reaction achieved. The CO2 emission
from NaOH production was calculated assuming that 2.9 k W h of electricity is
required to produce 1 kg of NaOH, which corresponds to the emission of at least
250 g of CO2 per 1 k W h, when natural gas is used.25,26 The CO2 emission from the
extraction of Mg(OH)2 is based on the use of an electric oven with a capacity of 28
litres to process 1 kg of dunite. The oven consumes 0.17, 0.26 and 0.385 k W h of
energy to operate at 130, 180 and 250 �C, respectively, according to the manu-
facturer’s specication.27 The CO2 sequestration was calculated based on the full
conversion of Mg(OH)2 into either MgCO3 or Mg(HCO3)2.
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Fig. 12 compares the CO2 potentially captured by the Mg(OH)2 extracted at 180
�C in 6 hours for Series 1, 1.5, and 2, together with that achievable at a 100% yield
of the reaction. The dotted lines represent the sum of the CO2 emissions from the
NaOH production and Mg(OH)2 extraction. The graph shows that the potential
CO2 capture naturally increases with the improvement of the yield of Mg(OH)2
extraction, but the estimated CO2 emission from NaOH production and Mg(OH)2
extraction is still larger, indicating the importance of process optimisation. The
achievement of a 100% yield at 180 �C in 6 hours would effectively reduce CO2

emission for all series when Mg(OH)2 is fully converted into Mg(HCO3)2. On the
other hand, the CO2 captured into MgCO3 would not be sufficient to offset the
CO2 emission even at the maximum yield of Mg(OH)2 extraction. According to
reaction (6), 1 mole Mg(OH)2 requires the consumption of 1 mole NaOH, and
from the amount of Mg(OH)2 in the reaction products it was estimated that only
55, 59 and 60% NaOH reacted with dunite in Series 2, 1.5 and 1, respectively,
suggesting that there is still a wide margin for improvement of Mg(OH)2
extraction.

Fig. 13(A)–(C) show the CO2 balance for Series 2 extracted at 130, 180 and 250
�C, respectively. As shown in Fig. 13(A), the yield of Mg(OH)2 extraction at 130 �C
is too low and the CO2 emission from the power consumption is considerably
larger. Fig. 13(B) shows that the CO2 balance is signicantly improved at 180 �C.
In fact, at this temperature the potential CO2 capture comes close to the CO2

produced in the case of 3 hours of extraction, when CO2 is captured as
Mg(HCO3)2. Thus, a small improvement of the extraction conditions could result
in a carbon neutral process. Extending the duration of the reaction to 6 hours is
not energetically benecial as more CO2 is emitted. The CO2 balance for the
extraction at 250 �C is much better. As shown in Fig. 13(C), at 1 and 3 hours
extraction, the CO2 capture exceeds the CO2 produced from the NaOH production
and Mg(OH)2 extraction, and CO2 is successfully reduced. At this temperature, a
shorter duration is clearly more benecial. It should be noted that the CO2

capture exceeds the CO2 emission only whenMg(HCO3)2 is produced as a reaction
product. The achievement of a 100% yield of extraction at 130, and 180 �C would
Fig. 12 Potential CO2 capture by Mg(OH)2 conversion into MgCO3 or Mg(HCO3)2
(columns). The estimated CO2 emission associated with the NaOH production and
Mg(OH)2 extraction at 180 �C for 6 hours are also shown (dotted lines) for Series 1, 1.5 and
2 for comparison. The yield of Mg(OH)2 extraction is reported on top of the columns for
each series.
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Fig. 13 Potential CO2 capture by Mg(OH)2 conversion into MgCO3 or Mg(HCO3)2
(columns) for Series 2 at (A) 130 �C, (B) 180 �C and (C) 250 �C. The estimated CO2 emission
associated with the NaOH production and Mg(OH)2 extraction for 1, 3 and 6 hours are also
shown (dotted lines) for comparison. The yield of Mg(OH)2 extraction is reported on top of
the columns for each series.
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reduce CO2 under the studied conditions whenMg(HCO3)2 is formed, while at 250
�C, this occurs only for the extraction at 1 and 3 hours, and with 6 hours CO2 is
emitted. When MgCO3 is produced as the reaction product, the amount of CO2 to
be captured is less than the CO2 produced during the process, even at 100% yield,
and thus the production of Mg(HCO3)2 is a key factor to offset the CO2 produced
during the extraction.
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Conclusions

The present study demonstrated that the NaOH required to extract Mg(OH)2 from
dunite can be reduced to a stoichiometric ratio with the reaction in the solid
system assisted with H2O.

H2O considerably improved the extraction of Mg(OH)2 compared with the
reaction in dry conditions, favouring the diffusion of the reactants involved. Both
NaOH concentration in H2O and the amount of liquid phase in the system played
a signicant role in the extraction of Mg(OH)2 from dunite and the best results
were achieved in systems with a dunite : NaOH : H2O 1 : 2 : 0.5 mole ratio.
Decreasing the NaOH below the stoichiometric ratio resulted in less Mg(OH)2
extraction.

At 180 �C, the maximum yield of Mg(OH)2 extraction was 66% over 6 hours
reaction for solid systems with a dunite : NaOH : H2O 1 : 2 : 0.5 mole ratio. The
NaOH consumption was reduced by 97% without affecting the efficiency of
extraction with respect to the NaOH aqueous systems used in the previous study
reacted at the same temperature and time. The H2O consumption was also
reduced by 99%. At 250 �C, the extraction of Mg(OH)2 was signicantly acceler-
ated and a 64.8% yield was achieved in 1 hour for solid systems with a duni-
te : NaOH : H2O mole ratio of 1 : 2 : 0.5.

CO2 was successfully separated from a gas mixture composed of 4–5% CO2 and
N2 via liquid–gas scrubbing using a Mg(OH)2 aqueous slurry and stored in the
solution as Mg(HCO3)2. At least 93.6% capture efficiency was achieved over 12
hours at ambient conditions. This technology integrates the separation and
capture of CO2 in one single step and may improve the efficiency of the overall
CCS process.

The CO2 balance of the process was estimated from the emission associated
with the power consumed for NaOH production and Mg(OH)2 extraction together
with the CO2 captured by Mg(OH)2 derived from dunite. At 130 and 180 �C, the
process is carbon neutral only at yields of reaction higher than those achieved in
the present study when Mg(OH)2 is converted into Mg(HCO3)2. The CO2 balance
becomes negative when dunite is processed at 250 �C for 1 or 3 hours and CO2 is
captured as Mg(HCO3)2. This is promising for the possible application of
Mg(OH)2 derived from dunite for CO2 separation from ue gases and storage in
H2O.
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The copolymerization of epoxides, including cyclohexene oxide and vinyl-cyclohexene

oxide with carbon dioxide are presented. These processes are catalyzed using a

homogeneous di-zinc complex that shows good activity and very high selectivities for

polycarbonate polyol formation. The polymerizations are investigated in the presence of

different amounts of exogenous reagents, including water, diols and diamines, as

models for common contaminants in any carbon dioxide capture and utilization scenario.
Introduction

Using carbon dioxide to make useful products, including chemicals and fuels, is
an attractive way to add value to a common waste gas and could be a useful
method to reduce pollution.1–4 From a practical, implementation focused
perspective, there are two primary considerations for any carbon capture and
usage process: (1) the overall carbon dioxide emission must be reduced, which
sounds obvious but requires careful consideration of the overall energies of both
the process and embedded in the preparation of co-reagents; and (2) the product
must be needed and viable, both in terms of the potential market volume and
value.

Amongst the myriad of possible carbon dioxide transformations, the produc-
tion of polymers offers signicant potential.5–10 Such polymers are prepared by the
ring-opening copolymerization (ROCOP) of carbon dioxide and epoxides
(Scheme 1), a process which requires a catalyst. The reaction has attracted
considerable attention, with a number of different catalysts and processes being
reported by both academic and industrial researchers worldwide.5–18

The products of the reaction are aliphatic polycarbonates; at low molecular
weights these polymers are suitable replacements for petrochemical polyols used
in polyurethane manufacturing.19,20 In the context of carbon dioxide reduction,
the replacement of polyether polyols by poly(ether carbonate) polyols leads to
Department of Chemistry, Imperial College London, London, SW7 2AZ, UK
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Scheme 1 Illustrates the ring opening copolymerizations using cyclohexene oxide (CHO)
and vinyl-cyclohexene oxide (v-CHO).
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signicant reductions in greenhouse (GHG) emissions (�20%).21 By selecting the
correct catalyst, it is possible to substitute >40% of the epoxide with carbon
dioxide. Such a substitution is attractive both economically and environmentally
as it may further reduce GHG emissions. Thus, the rst criterion can be met by
the production of polymers from carbon dioxide.

The second criterion, that the products are valuable and needed/used on a
large-scale, is also met by polymer production. Considering only polyols, there are
currently >8 Mt of polyurethanes produced globally requiring 3–4 Mt of polyols in
their manufacture.19,20 Therefore, the production of polymers from CO2 has the
potential to offer a viable industrial route to add value to waste emissions. The
process is critically dependent on the selection of the catalyst, with a range of very
promising heterogeneous and homogeneous catalysts having been reported.5–18

However, so far there remain far fewer studies on the tolerance of such catalysts to
a range of impurities, which are likely to be present in any carbon capture and
usage scenario.22,23 We recently reported that our dinuclear metal catalysts are
tolerant to a wide range of impurities found in captured carbon dioxide, including
nitrogen, oxygen, oxides of carbon, NOx and SOx.23 Furthermore, using di-
magnesium catalysts a wide-ranging study of common contaminants was
undertaken which revealed remarkable catalyst stability, even in the presence of
large amounts of contaminants.23 In that study, carbon dioxide captured from a
UK power station was applied and showed near-equivalent performance
compared to pure carbon dioxide.23

Our group have reported a series of homogeneous catalysts for CO2/epoxide
copolymerization, based on dinuclear complexes of Zn(II), Mg(II), Co(II/III) and
Fe(III).24–35 This discussion paper will focus on a di-zinc bis(triuoroacetate)
complex28 and the inuence of the addition of known quantities of water, alcohols
and amines to the polymerizations. The additives and monomers are investigated
both to test tolerance of the catalyst and also to target particular polymer chain
functionalities (end-groups, side-chain substituents) so as to widen the scope,
and ultimately the scale, of future applications.
Results and discussion

The preparation and structure of catalyst 1 is shown in Scheme 2.28

The catalyst was synthesized from the ancillary ligand, H2L, which can itself be
prepared in high yield (82%) from commercial materials in 3 steps. Its purity was
assessed by 1H NMR spectroscopy (Fig. S1†) and by elemental analysis, which
showed results in line with the literature.28
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Scheme 2 Synthesis of the dizinc complex (LZn2(O2CCF3)2, 1). Reagents and conditions:
(i) 2 equiv. Zn(O2CCF3)2$xH2O, MeOH, 25 �C, 16 h.
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Catalyst 1 was applied in the copolymerization of cyclohexene oxide (CHO) or
vinyl cyclohexene oxide (vCHO) and carbon dioxide (Table 1 and Scheme 2). It
showed a good performance using both monomers, with the TOF for CHO being
25 h�1 and for v-CHO being 24 h�1, at 1 bar CO2 pressure, 0.1 mol% catalyst
loading and 80 �C. The activity for CHO is in-line with the value reported in the
literature.28 The activity using v-CHO has not previously been reported and is
more difficult to quantify precisely due to signicant overlap of resonances
associated with monomer and polymer in the crude 1H NMR spectrum (Fig. S2
and S3†). For both monomers, the polycarbonates produced show a very high
selectivity for carbonate linkages ($99%) and there is #1% formation of a cyclic
carbonate by-product.

The alternating polymers show moderate molecular weights, with values
typically being lower than 10 000 g mol�1, and narrow dispersities (Đ < 1.20).
Copolymerizations using 1 show a linear evolution of molecular weight vs. CHO
conversion and narrow dispersities: both are features of well-controlled/living
polymerizations. Such behaviour is indeed typical of this class of dinuclear
catalyst and indicates good polymerization control.30

Controlled polymerizations are dened as exhibiting rapid and quantitative
initiation leading to all chains propagating at the same rate and limited/no
Table 1 Epoxide/CO2 copolymerization using 1a

Entry Monomer Catalyst
Temp.
(�C) TONb

TOFc

(h�1)
%
carbonated

% cyclic
carbonated

Mn
e

(g mol�1)
Mw/Mn

e

(Đ)

1f CHO 1 80 608 25 99 3 1500 1.08
2 CHO 1 80 502 25 99 1 6600 1.18
3g v-CHO 1 80 429 20 >99 <1 5900 1.30
4 v-CHO 1 80 389 24 >99 <1 6700 1.18

a Polymerization conditions: 0.1 mol% catalyst, in neat epoxide, for 6–24 h, 1 bar research
grade CO2 unless stated otherwise. b TON ¼ number of epoxide consumed per mole of
catalyst. c TOF ¼ TON per hour. d Determined by comparing the integrals of resonances
at 4.65 ppm (PCHC) or 4.75–4.90 ppm (PVCHC), at 4.0 ppm (cyclic carbonate by-product)
and at 3.45 ppm (ether linkages). e Determined by SEC, in THF using narrow Mw
polystyrene standards. f Unpuried CHO. g Unpuried v-CHO.
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termination or chain transfer reaction. In such a polymerization, the molecular
weight of the polymer should be predictable from the monomer conversion and
catalyst/initiator concentration. However, the polymerizations using catalyst 1
result in the production of polymers that have molecular weights, determined by
size exclusion chromatography, which are substantially lower than predicted;
indeed the values obtained suggest that chain transfer reactions occur, and that
approximately 8 chains grow per equivalent of catalyst. Thus, the polymerizations
appear to be occurring under immortal conditions, whereby chains are rapidly
being exchanged or transferred between the catalyst and a chain transfer agent
(oen an alcohol). Fig. 1 illustrates the key processes occurring during polymer-
ization. It is proposed that 1,2-diols are present in the polymerizations and
function as the chain transfer agents. Such chain transfer processes are
commonly observed in this eld using a range of different catalysts.14,27,30,36–38
Fig. 1 The proposed catalytic cycle for the copolymerization of CO2 and epoxides.8
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A further consideration is that bimodal molecular weight distributions are
commonly observed, but seldom explained, for a wide range of catalysts in the
literature.27,29,30,37,39 Indeed, catalyst 1 also shows a distinctly bimodal Mw distri-
bution for both PCHC and PvCHC (Fig. 2, blue trace, Fig. S4 and S5†). In order to
study the observed bimodality, two fractions of PCHC containing the higher and
lowerMn distributions were isolated by SEC, according to a preparative separation
by elution time (see Experimental section). These fractions were analysed by 1H
NMR spectroscopy, MALDI-ToF and SEC. For both fractions, the 1H NMR spectra
are identical, indicating PCHC end-capped with hydroxyl groups (Fig. S6†).
Furthermore 19F NMR spectroscopy does not show any signals consistent with a
lack of triuoroacetate end-groups on the polymer chains. The MALDI-ToF
spectra show that both fractions contain a single series attributed to poly-
carbonates having di-hydroxyl end groups. SEC analyses showed a clear separa-
tion into twomolecular weight distributions: the lower fraction hasMn of 3900 (Đ:
1.14), whilst the higher fraction has Mn of 9000 (Đ: 1.05). Based on these obser-
vations, it appears that catalyst 1 leads to the production of PCHC with narrow but
bimodal molecular weight distributions, where all detectable chains are di-
hydroxyl terminated (Fig. 3).

We have previously observed bimodal Mw distributions, due to chains end-
capped by the initiating group (lower Mn series) and by the di-hydroxyl groups
(highMn series, Fig. S3†).30 Based on this previous data, it would be expected that
catalyst 1 would show chains end-capped by both triuoroacetate (from the
Fig. 2 Top: molecular weight distribution of the isolated (crude) PCHC polymer (Table 1
entry 2) and bottom: the separation of PCHC into two fractions of low and high Mw.
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Fig. 3 MALDI-ToF spectrum of the lowMn fraction of PC (Table 1 entry 2), a single series is
observed corresponding to: [HO(C7H10O3)nC6H11O2]K

+ ¼ [(142.15)n + 116.16 + 39.1].
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catalyst) and di-hydroxyl groups (from 1,2-diols). As the polymerizations are well-
controlled, it is expected that the chains propagate at the same rate, therefore the
molecular weight of the polymer from the telechelic diol would be expected to be
double that of polymers initiated from the triuoroacetate group. Thus, the
bimodality can be generally attributed to the two types of initiating group. In
order to rationalize the lack of a triuoroacetate end-group (by spectroscopy and
MALDI-ToF), it is proposed that those chains are susceptible to end-group (tri-
uoroacetate) hydrolysis during work-up due to the strongly electron-withdrawing
substituents on the carboxylate group. The hydrolysis would lead to a bimodalMw

distribution where both series of chains are end-capped by hydroxyl groups, in
line with the experimental observations. Darensbourg and co-workers observed
that salen-chromium(triuoroacetate) catalysts also lead to di-hydroxyl termi-
nated polycarbonates.40 They conrmed that the triuoroacetate end-group was
present during polymerization, using anhydrous electrospray mass spectrometry,
but was hydrolysed during termination/work-up to selectively produce the
polyol.40

The important outcome is that catalyst 1 leads to the highly selective formation
of dihydroxyl end-capped polymers or polyols. This is potentially benecial for
further application in polyurethane manufacture or in the production of higher
polymers. We have previously demonstrated that such polyols are viable initiators
for lactide ring-opening polymerizations, upon addition of a ROP catalyst, so as to
produce ABA type triblock copoly(ester–carbonate–esters).28 Given that selective
production of polyols is feasible using catalyst 1, it is of interest to investigate its
tolerance to the presence of various other chain transfer agents and also the
potential to prepare mono-modal Mw distributions.
Polymerizations with added water

Chain transfer reactions are known to occur during these polymerizations if
protic compounds are present. These reactions serve to ‘swap’ the growing
polymer chain on/off the metal centre and result in more than one polymer chain
growing per equivalent of catalyst (Fig. 1). Given that there is good control of the
ART � C5FD00073D
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Mw and the dispersities are narrow, it is proposed that the chain transfer reactions
occur more rapidly than propagation. Thus, it should be possible to control the
molecular weights via the addition of chain transfer agents, the simplest and
most cost-effective of these is probably water. Furthermore, water is of interest as
it is a common contaminant of carbon dioxide and would be expected to be
present in any gases captured from industrial processes. In order to investigate
the tolerance of catalyst 1 to water, a series of copolymerizations were run with
increasing quantities of water being added (Table 2).

In all cases where water was added, the polymerizations were nearly as active
and selective as polymerizations in the absence of any additive (Table 2). It is
feasible to add large quantities of water to the polymerizations, including from
�90–5700 ppm by weight, and still maintain effective polymerization. This is
particularly notable as typical pipeline specications for captured CO2 water
content are approximately 100–1000 ppm.23

For the polymerizations using water as the chain transfer agent, the polymer
MWs reduce as increasing quantities of water are added. Furthermore, mono-
modal Mw distributions are observed when excess water is added (Fig. 4). A
representative MALDI-ToF spectrum (Fig. 4) conrms that only a single series of
polycarbonate polyol chains is formed in all cases.

Polymerizations with added alcohols

It has been proposed that water reacts with epoxides to produce cyclohexane-1,2-
diol (CHD), such a process likely occurs immediately and may be metal cata-
lyzed.27–30 Cyclohexane-1,2-diol would be expected to function as a chain transfer
agent (CTA), leading to propagation from both of its secondary hydroxyl groups.41

Thus, it is of interest to investigate polymerizations in the presence of various
equivalents of exogenous CHD (Table 3, entry 1–4). Using either CHO or vCHO
resulted in successful polymerizations, and all the polymers contained high
carbonate linkage contents (>99%) and low quantities of cyclic carbonates (�5%
for PCHC and <1% for PvCHC). Using a 5-fold excess of CHD, vs. catalyst, with
CHO or v-CHO led to polymerizations occurring at near equivalent activity to
those run in the absence of additives (Table 1, entries 2 and 4). Increasing the
Table 2 Data obtained for polymers produced by the ring opening copolymerization
(ROCOP) of CHO and CO2 with the addition of water as a chain transfer agent (CTA)a

Entry
Amount of water
added (mol equiv.) ppm H2O

b (by weight) Mn
c (g mol�1) Mw/Mn

c (Đ)

1 0.5 91 5700 1.17
2 1 182 5200 1.15
3 2 364 4600 1.12
4 4 728 3300 1.11
5 8 888 2500 1.10
6 16 2904 1800 1.10
7 32 5792 800 1.09

a Polymerization conditions: 0.1 mol% of 1, 18 h reaction time, 1 bar research grade CO2, 80�C. b The quantity of water (as ppmweight fraction) added, based on the overall quantities of
catalyst 1, epoxide and additive. c Determined by SEC, in THF, using narrow molecular
weight polystyrene standards to calibrate the instrument.

ART � C5FD00073D

This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, xx, 1–16 | 7



Fig. 4 Top: SEC traces for the PCHC formed in Table 2. Colour code: entry 1: pink, 2:
black, 3: green, 4: yellow, 5: dark blue, 6: pale blue, 7: red. Bottom: the MALDI-ToF
spectrum obtained from Table 2, entry 2.

Table 3 Shows the data for polymerizations conducted with addition of various additives
(mono-, bi- and tri-functional)a

Entry Monomer Additiveb

Amount of
additive addedc

(mol equiv.)

ppm
additivesd

(by
weight)

Conversione

(%)
%
selectivityf

Mn
g (g

mol�1)

Mw/
Mn

g

(Đ)

1 CHO CHD 5 5831 53 >99 4400 1.16
2 CHO CHD 10 11 598 53 >99 2100 1.15
3 v-CHO CHD 5 4623 40 >99 7500 1.21
4 v-CHO CHD 10 9231 59 >99 5700 1.17
5 CHO TEA 20 2905 49 >99 1500 1.23
6 CHO H2NBn 20 2116 22 >99 950 1.10
7 CHO HNBn2 20 3834 33 >99 3700 1.18
8 CHO MEA 10 6068 65 >99 2200 1.21
9 CHO EN 10 6008 61 >99 2900 1.21

a Polymerization conditions: 0.1 mol% of 1, in neat epoxide, for 16–72 h, 1 bar research
grade CO2, 80 �C. b Weighed directly into reaction vessel. c Based on 1. d The quantity of
additives (as ppm weight fraction) added, based on the overall quantities of catalyst 1,
epoxide and additive. e Determined by 1H NMR spectroscopy, based on comparing
integration values for the polymers (4.55–4.70 ppm, PCHC or 2.45 ppm, PvCHC) vs.
epoxides (3.10 ppm, CHO or 5.62–5.80 ppm, vCHO). f Selectivity for polycarbonate vs.
polyether, determined by comparing the integrals of resonances in the 1H NMR spectra at
4.65 ppm (PCHC) or 4.75–4.90 ppm (PVCHC) (corresponding to polymer carbonate
linkages), and at 3.45 ppm (corresponding to polymer ether linkages). g Determined by
SEC, in THF using narrow Mw polystyrene as standard to calibrate the instrument.
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amount of CHD to a 10-fold excess also enabled successful polymerization with
the selectivity remaining very high.

As would be expected, increased quantities of CHD led to a decrease in poly-
carbonateMn due to multiple polymer chains resulting per metal centre. As stated
earlier, bimodal molecular weight distributions were observed for both PCHC and
PvCHC. In contrast, the addition of an excess of CHD suppressed this bimodality
and produced polycarbonates with monomodal molecular weight distributions
(Fig. 5 and S8†).

Based on the successful results using CHD (a bifunctional alcohol) as a chain
transfer agent, it was of interest to investigate the addition of a tri-functional
alcohol to produce branched polycarbonates (Table 3). The efficient copolymeri-
zation of CO2 and CHO was undertaken in the presence of 20 mol equiv. vs.
catalyst 1, of triethanolamine (N(CH2CH2OH)3, TEA) (Table 3, entry 5). The pol-
ycarbonate was analysed by 1H and 31P{1H} NMR spectroscopy, MALDI-ToF and
SEC; all of which conrmed the formation of a perfectly alternating copolymer.
The synthesis of tri-functional, or branched, PCHC was conrmed from the 1H
NMR spectrum (Fig. S9†), where the ethylene protons of the NCH2 and OCH2

groups of the TEA segment were observed at 2.86 and 4.17 ppm, respectively.
Fig. 5 Top: the monomodal molecular weight distribution of PvCHC (Table 3 entry 4), as
determined by SEC, using 10 equiv. of CHD in the polymerization. Bottom: MALDI-ToF
spectrum of the PvCHC produced in Table 3 entry 4, using 10 equiv. of CHD.
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Scheme 3 The reaction between alcohol or amine and 2-chloro-4,4,5,5-tetramethyl
dioxaphospholane.

Faraday Discussions Paper

1

5

10

15

20

25

30

35

40

45

50
Furthermore, only secondary alcohol groups (145.5 ppm) were identied using a
31P{1H} NMR spectroscopic analysis method (Fig. S10†). The method involves
reacting a sample of the polymer with 2-chloro-4,4,5,5-tetramethyl dioxaphos-
pholane, using bis(phenol)A as an internal standard (Scheme 3).42–44 It indicates
that, within the detection limits of the technique, all polymerizations were
successfully initiated from all the hydroxyl functionalities of TEA as all the
primary alcohol groups were consumed and only secondary hydroxyl groups, due
to cyclohexanol end groups were observed. The MALDI-ToF spectrum (Fig. S11†)
showed a major series corresponding to the dihydroxyl end-capped PCHC. The
absence of the expected series, corresponding to PCHC initiated from TEA, is
proposed to be due to difficulties in branched chains. In this case, the rate of
polymerization was relatively slower (TOF ¼ 7 h�1), yielding a polymer withMn of
1500 g mol�1 (Đ ¼ 1.23).
Polymerizations with added amines

Amine based post combustion capture of CO2 has recently received much atten-
tion as a promising method for the reduction of atmospheric CO2 emissions.45

Approximately, 0.2 ppm of amine, namely methanolamine (MEA) and methyl-
amine, in conjunction with 20 ppm ammonia are found as common contami-
nants. Denitrication is required to remove the amine-based contaminants in the
production of reclaimed CO2.46,47

It has already been established that the successful ROCOP of CHO and
reclaimed CO2 occurs using analogous a di-magnesium catalyst (Table 1, entry
6).23 It was, therefore, of interest to establish whether LZn2(O2CCF3)2 (1) can
successfully catalyze ROCOP in the presence of amine additives.

The polymerizations of CHO and CO2 with primary (H2NBn) and secondary
(HNBn2) amine additives occurred successfully (Table 3, entries 6 and 7, respec-
tively). Slightly lower polymerization rates (TOF < 20 h�1) were obtained in both
cases compared to the polymerizations in the absence of any additives (TOF ¼ 25
h�1, Table 1, entry 2), whereas in all cases the polymerization selectivities were
high. The 1H NMR spectra of the isolated PCHC clearly indicate the incorporation
of the amine reagents into the polymer chains. A representative 1H NMR spec-
trum of the PCHC from Table 3, entry 7 is shown in Fig. 6, illustrating the key
resonances assigned to the benzyl protons at 7.32–7.22 and 4.37 ppm, respec-
tively. In addition, SEC analysis using a UV detector also served to conrm the
incorporation of the benzyl units as end-groups to the polymers (Fig. S12†).
ART � C5FD00073D
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Fig. 6 1H NMR spectrum (400.0 MHz, CDCl3-d3, 298 K) of the isolated PCHC produced in
the polymerization with H2NBn additive (Table 3, entry 7). The asterisk denotes the residual
protio-solvent.
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The MALDI-ToF mass spectra showed three series attributed to polycarbonates
end-capped by: (1) dihydroxy groups, (2) amine/hydroxyl groups and (3)
carbamate/hydroxyl groups (Fig. 7).

The presence of both amine and amide end groups must be due to the
formation of both the carbamate alcohol (a, Scheme 4) and the amino alcohol (b,
Scheme 4) from the reaction between amine, CHO and CO2, in the presence of
Fig. 7 MALDI-ToF spectrum of the PCHC obtained in Table 3 entry 7, using 20 equiv. of
H2NBn.
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Scheme 4 The synthesis of carbamate alcohol and amino alcohol.
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catalyst 1. Other researchers have reported the reactions of amines, carbon
dioxide and epoxides can lead to the formation of both products, although it is
notable that in these cases more forcing conditions were generally required.48–50

A control experiment was carried out to examine the behaviour of the amine
reagents under the polymerization conditions which showed that polymerization
only occurred in the presence of the catalyst, i.e. the amines themselves are not
able to ‘catalyze’ polymerization. This observation reinforces the proposed metal-
mediated ROCOP pathway, whereby monomers are activated through the coor-
dination to the metal centres prior to reactions with the amines. The carbamate
alcohol and amino alcohol intermediates are expected to act as chain transfer
reagents in the polymerizations. These polymerizations occurred with slightly
slower rates than in the absence of additives, this may be due to inhibition of
monomer binding by the amines and/or slower initiation processes. The poly-
mers were analyzed using MALDI-ToF MS and by 31P{1H} NMR spectroscopy, aer
reaction with 2-chloro-4,4,5,5-tetramethyl dioxaphospholane. The resonances
were characteristic of polycarbonates with secondary hydroxyl end-groups, with
peaks at 145.5 ppm in 31P{1H} NMR spectra (C and D, Fig. S10†). Whereas the
reaction between dibenzylamine and the dioxaphospholane resulted in a peak at
142.5 ppm in the 31P{1H} NMR spectrum (B, Fig. S10†). Thus supporting the
involvement of the NH groups in the polymerizations, as illustrated in Scheme 4.

The scope of polymerizations in the presence of amines was expanded to
include bi-functional reagents, such as, monoethanolamine (MEA) and ethyl-
enediamine (EN). The formation of a white suspension was observed during the
initial stages of polymerizations using these additives (Table 3, entries 10 and 11,
respectively). Such observations are consistent with the formation of ammonium
salts, as part of equilibria between amines, carbon dioxide and carbamic acid.48–50

The white suspension dissolved as the polymerization proceeded, and the reac-
tions resulted in the formation of low molecular weight PCHC, with a slightly
broader dispersity (Mn ¼ 2200 g mol�1, Đ ¼ 1.21 for MEA andMn ¼ 2900 g mol�1,
Đ ¼ 1.21 for EN) compared to that obtained from the control experiment (Mn ¼
6600 g mol�1, Đ ¼ 1.18). Once again, the polymerization activities were signi-
cantly lower (TOF¼ 9 h�1) than that of the control experiment. The polymer chain
end group analysis, using the reaction with 2-chloro-4,4,5,5-tetramethyl dioxa-
phospholane, showed the formation of polycarbonates with secondary alcohol
end-groups (E and F, Fig. S10†), however, the MALDI-ToF spectra were highly
complex and as yet cannot be fully assigned. These ndings indicate that
although successful polymerizations did occur in the presence of primary amines,
the precise polymer structures may be complicated by carbamate formation at the
chain ends.
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Experimental section
Materials and methods

All manipulations were carried out using standard Schlenk line or dry-box tech-
niques under an inert atmosphere of nitrogen. All glassware was dried at 160 �C
for 20 h and cooled under vacuum prior to use. Solvents were dried by passing
through a column of appropriate drying agent, degassed and stored under
nitrogen atmosphere. Chloroform-d3 was dried over CaH2, distilled under
reduced pressure and stored over 4 Å molecular sieves, under nitrogen
atmosphere.

Ligand H2L and catalyst 1 were synthesised according to the previously pub-
lished literature. Cyclohexene oxide and vinyl cyclohexene oxide were purchased
from Acros and Sigma-Aldrich, respectively, and fractionally distilled from CaH2.
Cyclohexene diol was recrystallised from ethyl acetate and stored under nitrogen
atmosphere. Benzylamine (99%), dibenzylamine (97%), monoethanolamine
(99.5%), ethylenediamine (99.5%) and triethanolamine (98%) were purchased
from Sigma-Aldrich, degassed and stored under nitrogen atmosphere. High-
purity CO2 was obtained by passing research grade CO2 (99.99995%) purchased
from BOC (Linde Gas) through a high performance purier (Drierite column).

1H, 13C{1H}, 31P{1H} NMR spectra were recorded using a Bruker AV400 MHz
spectrometer at ambient temperature (unless stated otherwise). 1H, 13C{1H} NMR
spectra were referenced internally to residue proteo-solvent (1H) or solvent (13C)
resonances, and are reported relative to tetramethylsilane. SEC data were deter-
mined by a Shimadzu LC-20AD instrument using MALLS detector (Wyatt Dawn
8+), with THF as the eluent, at a ow rate of 1.0 mLmin�1 at 30 �C. TwoMixed Bed
PSS SDV linear S columns were used in series. The MALLS detector was calibrated
using a polystyrene standard. MALDI-ToF MS experiments were carried out on
Waters/Micromass MALDI micro MX spectrometer, using a dithranol matrix in
THF at a 1 : 1 loading with potassium triuoroacetate (KO2CCF3) as the catio-
nizing agent. Elemental analyses were carried out using the Elemental Analysis
Service at London Metropolitan University.
Synthetic procedures

General polymerization protocol
Copolymerization of cyclohexene oxide or vinyl cyclohexene oxide and carbon

dioxide. Cyclohexene oxide (1.67 mL, 17 mmol) or vinyl cyclohexene oxide (2.15
mL, 17 mmol) and LZn2(O2CCF3) (1, 15.0 mg, 0.017 mmol) were added into a
Schlenk tube. The epoxide was degassed, before being le stirring under 1 atm
CO2 at 80 �C for a pre-determined time period. The crude reaction mixture was
dried in vacuo to remove unreacted epoxide. The polymer was puried by repeat
precipitations from methylene chloride using methanol.

Separation of poly (cyclohexene carbonate) (PCHC) with a bimodal molecular
weight distribution. 100 mg of PCHC in THF (1.5 mL) was analysed using the
previously stated SEC equipment. The delay time of the instrument was calculated
based on the ow rate and the column length. Different fractions were collected
manually according to the pre-determined time (elution and delay time).
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Polymerizaitons in the presence of chain transfer agents. The general procedure
stated above was followed, whereby multi-equivalents of chain transfer agents
were added to the reaction mixture prior to the degassing process.

Conclusions

In conclusion, a di-zinc triuoroacetate catalyst was investigated for the copoly-
merization of cyclohexene oxide or vinyl-cyclohexene oxide and carbon dioxide.
The catalyst shows moderate/good activity and productivity and very high selec-
tivity for carbonate linkage formation. It also selectively produces polycarbonate
polyols, with bimodal molecular weight distributions. The catalyst functions well
in the presence of additives, including water, diols and amines. These added
reagents lead to good catalytic performances and enable control over the
molecular weight of the polymers and the production of polyols with monomodal
molecular weight distributions. The catalyst shows a high tolerance to such
contaminants, including the ability to selectively prepare polyols in the presence
of >5000 ppm of water.
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In the direction of generating value added chemicals from CO2 reduction through

microbial electrosynthesis, considering the crucial impact of the electrode material for

the biofilm development and electron delivery, an attempt was made in this study to

evaluate the efficiency of two different materials as biocathodes and their respective

output in terms of electrosynthesis. The electrode material is a key component in the

MES (microbial electrosynthesis) process. Several electrodes such as platinum, graphite

foil, dimentionally stable anode (DSA) and graphite rod, and VITO-CoRE™ electrodes

were tested for their suitability for ideal electrode combination in a three electrode cell

setup. Bicarbonates (the dissolved form of carbon dioxide) was reduced to acetate by a

selectively developed biocathode under a mild applied cathodic potential of �400 mV

(vs. SHE) in 500 mL of single chamber MES cells operating for more than four months.

Among the two electrode combinations evaluated, VITO-CoRE-PL (VC-IS, plastic inert

support) as the cathode and VITO-CoRE-SS (VC-SS, stainless steel metal support) as the

counter electrode showed higher production efficiencies (4127 mg L�1) with a

volumetric production rate of 0.569 kg per m3 per d than the graphite rod (1523 mg

L�1) with a volumetric production rate of 0.206 kg per m3 per d. Contrary to the

production efficiencies, the coulombic efficiency was higher with the second electrode

combination (40.43%) than the first electrode combination (29.91%). Carbon conversion

efficiency to acetate was higher for VC-IS (90.6%) than the graphite rod (82.0%).
1. Introduction

Carbon dioxide (CO2) reduction for the generation of renewable energy and value
added chemicals is one of the emerging areas of present research developments.
Microbial electrosynthesis (MES) is one of the recent applications of bio-
electrochemical systems (BES), that involves cathodic reduction reactions to
Separation & Conversion Technologies, VITO – Flemish Institute for Technological Research, Boeretang 200,

2400 Mol, Belgium. E-mail: deepak.pant@vito.be; pantonline@gmail.com
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generate biofuels and speciality chemicals.1–5 The bacteria that metabolizes on
the conductive electrode surface acts as the catalyst for the chemical conversions
in BES and are known as electroactive biocatalysts. Other forms of BES are
microbial fuel cells (MFCs) and microbial desalination cells (MDC) where the
biocatalyst functions on the anode6–9 and in microbial electrolysis cells (MEC),
where the biocatalyst functions on the cathode.10–12 On the whole, the BES
processes are considered as a biotechnology with electrodes in which solid state
electrodes can provide a stable and sustainable solution.13 The anode serves as a
terminal electron acceptor for the discharge of excess/surplus microbial reducing
equivalents and the cathode provides reducing equivalents required for
biochemical processes. The applied electrode potential tunes the strength of the
electron acceptor or donor. It results in an electric current which determines the
biocatalytic performance of electroactive biolms.14–18

CO2 plays a key role in the eventual climate change due to its accumulation in
the atmosphere. The control of CO2 emissions into the atmosphere requires novel
ideas that can assure future generations with sustainable growth options.
Considerable research is being carried out to convert CO2 to various commercial
products by thermochemical and electrochemical technologies, which need high
energy input and but also generate a wide variety of products.19 MES is a novel
biocathode-driven production technology for the reduction of CO2 to chemicals
and biofuels. It is characterised as a promising way for sustainable development
and new carbon-consuming technologies.3,20 The specicity of the product
formation from CO2 is largely inuenced by the bacteria and its metabolic
functions and electrical potential that drives the process.2,12 Acetate is the basic
intermediary product compound that is formed by the photosynthesis process
from CO2 conversion and is the most important step to generate available carbon
forms for biological domains. Furthermore, acetate can be used as the substrate
for the various biological building blocks of life. Homoacetogenic bacteria are a
specialized group of bacteria that are able to produce acetate from two molecules
of carbon dioxide (CO2) through the Wood–Ljungdahl pathway (WLP).21,22 Ace-
togens are facultative autotrophs that can grow by the consumption of hydrogen
(H2) or carbon monoxide (CO) which is usually coupled to the reduction of CO2.
Also, a large variety of organic substrates, including hexoses, pentoses, alcohols,
methyl groups and formic acid can be used as the substrates.21,23 On the whole,
acetogens are present in 23 different bacterial genera. Most acetogens are found
in phylum Firmicutes, which are Gram-positive bacteria with low GC content. The
genera Clostridium contains acetogenic as well as non-acetogenic species, whereas
other genera such as Acetobacterium or Sporomusa contain only acetogens. Most
known acetogens belong to the Clostridium and Acetobacterium genera.21,22 Among
the large number of acetogens, three organisms have been studied quite exten-
sively (Moorella thermoacetica, Acetobacterium woodii and Clostridium ljungdahlii).
These bacteria were primarily studied for biocathode driven CO2 xation. Another
advantage of acetogens for use in the MES process is their metabolic exibility.
Acetogens are ubiquitously distributed in alkaline, high-salt and hot environ-
ments, in deep subsurface samples, the termite hindgut and in human intestines.
They are also found in terrestrial soil, in freshwater and marine sediments.22 This
metabolic exibility can be an advantage for their application in MES which is a
hybrid system with biological electrochemical functions.
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Proof of concept studies of the MES process reported by Nevin et al.,17,24

showed the production of acetate, butyrate, oxy-buterate and formate by the
bioelectrochemical production by Sporomusa ovata, Clostridium ljungdahlii,
Clostridium aceticum, and Moorella thermoacetica at an applied potential of �400
mV (SHE). Later Nie et al.,25 achieved higher acetate production rates by Spor-
omusa ovata. Besides pure cultures, few researchers were able to produce acetate
with mixed and adapted mixed cultures at various applied potentials ranging
from the �400 mV to �950 mV.18,20,26–29 Due to several obvious advantages of the
process such as low energy input and CO2 xation, it is gaining much global
attention. Along with whole cell biocatalysts, the use of specic enzymes in bio-
electrocatalysis for CO2 sequestration is also nding possible application for
sustainable energy and chemicals generation.3,30

In the present study, an attempt was made to generate a sustainable homo-
acetogenic biocathode that reduces CO2 to acetate under mild applied potential
conditions where the hydrogen production can be completely limited. A detailed
evaluation was also performed for the selection of electrode combination for the
potential window analysis where no hydrogen can be produced and to avoid
interference of the fermentation process. Furthermore, a detailed discussion is
made on the benchmarking microbial electrosynthesis process with respect to the
type of bacterial catalyst, energy efficiency and production rate.
2. Experimental
2.1 Homoacetogenic electroactive bacteria

Homoacetogenic bacteria that have specic metabolic competence to produce
acetate from the inorganic carbon source (CO2) were enriched from granular
activated sludge. The granular activated sludge was collected from an anaerobic
digester that treats effluents of the potato processing industry (Cargill Sas van,
Ghent). It contains 6% of total solid (TS) and 75% of volatile solid (VS) content
along with <1% of inorganic carbon. A four stage selective enrichment method-
ology was applied to enrich the electroactive homoacetogenic bacteria for bio-
cathode development. During the rst stage the sludge collected from anaerobic
digester was subjected to heat treatment (90 �C for 1 hour) to eliminate the
methanogenic bacteria and to retain the acetogenic bacterial spores.31 In the
second stage, the heat treated sludge was subjected to heterotrophic growth using
glucose as a substrate in nutrient broth medium at pH 6.0 under 35 �C to activate
the metabolism of whole consortia. Heterotrophically grown active cultures of
acetogenic bacteria were shied to autotrophic conditions by providing a mixture
of CO2 and H2 as a substrate, where only homoacetogenic bacteria were grown
and they were enriched by repeated culturing on a CO2 and H2 mixture for four
cycles. The homoacetogenic activity was conrmed through the acetate produc-
tion and inhibition of methane. The resultant consortia was used as inoculum for
electroactive biolm formation.
2.2 Bioelectrochemical systems

2.2.1 Design. AMES reactor was designed with a three electrode setup (single
chamber) and fabricated with a glass bottle (total/working, 0.62/0.5 L) which
included suitable ports for the provision of electrodes and N2 gas ushing, and
ART � C5FD00041F
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was used in the present study (Fig. 1). Initially, 6 different materials were screened
to use as the anode/counter electrode to select the most suitable one. As the BES is
single chambered, if the counter electrode evolves oxygen, the biolm on the
working electrode cannot sustain its anaerobic properties to carry out the
reduction reaction. Henceforth, different electrode materials, viz., platinum,
dimensionally stable anode (DSA made of titanium coated with iridium mixed
metal oxide, Magneto BV Netherlands), graphite foil, graphite rod, VITO-CoRE™
with stainless steel (VC-SS) and VITO-CoRE™ with inert plastic support (VC-IS)
were chosen against a VC-SS counter electrode in both abiotic and biotic
(enriched bacteria in suspension) conditions under �400 mV of applied cathodic
potential.

The performance of the electrodes was evaluated in terms of voltage reached
and whether the electrode showed a lower potential than water electrolysis (1.23
vs. SHE). Two MES reactors (MES1 and MES2) of similar conguration, having a
VC-SS electrode34 as the anode (selected from the screening experiment), were
used in the current experiment. Two different cathode materials, viz., VC-IS in
Fig. 1 Schematic diagram of the single chamber microbial electrosynthesis cell (CE,
counter electrode; WE, working electrode and RE, reference electrode).
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MES1 and a graphite rod in MES2, were evaluated for their efficiency of biolm
growth as well as electron uptake for the acetate synthesis. The total surface area
(37.5 cm2) and the active surface area (the area in contact with the electrolyte, 30
cm2) of all the electrodes (anodes and cathodes) was kept constant, except for the
DSA (6 � 2.5 cm) and platinum (surface area, 2.37 cm2) due to the unavailability
of sizes. A ne stainless steel wire, weaved through the electrode and extended
through the airtight passage of the reactor cap, was used as a current collector
(Fig. 1). No separate current collector was used in case of platinum wire.

2.2.2 Operation. BothMES reactors were operated in batchmode at 30 �C in a
temperature controlled oil bath. MES1 was operated for 127 days, while the MES2
was operated for only 47 days due to loosing biolm on the cathode and insta-
bility of the output. The phosphate buffer media which was used during the
enrichment of homoacetogenic bacteria was also used as media in MES opera-
tion. Phosphate buffer media containing NH4Cl of 200 mg L�1, MgCl2$6H2O of
200 mg L�1, yeast extract of 10 mg L�1 along with the trace elements solution (per
litre, nitrilotriacetic acid, 1.5 g; MgSO4$7H2O, 3.0 g; MnSO4$H2O, 0.5 g; NaCl, 1.0
g; FeSO4$7H2O, 0.1 g; CoSO4$7H2O, 0.18 g; CaCl2$2H2O, 0.1 g; ZnSO4$7H2O, 0.18
g; CuSO4$5H2O, 0.01 g; KAl(SO4)2$12H2O, 0.02 g; H3BO3, 0.01 g; Na2MoO4$2H2O,
0.01 g; NiCl2$6H2O, 0.03 g; Na2SeO3$5H2O, 0.30 mg) and vitamin solution (per
litre, biotin, 2 mg; pantothenic acid, 5 mg; B-12, 0.1 mg; p-aminobenzoic acid, 0.5
mg; thioctic acid (alpha lipoic), 5 mg; nicotinic acid, 5 mg; thiamine, 5 mg;
riboavin, 5mg; pyridoxine HCl, 10mg; folic acid, 2mg). Sodium bicarbonate was
considered as the substrate for BES at a rate of 3.44 g L�1 which is equivalent to
2.5 g L�1 of bicarbonate (HCO3

�). Bromoethanesulfonic acid (BESA) was also
added to the medium at a rate of 0.5 g L�1 to inhibit the possible methanogenic
activity.31–33 The nal pH of the media was maintained at 7.0. During the start-up
of the reactor, 10% of the enriched inoculum (50 mL) was added to the MES along
with 450 mL of media. Both, MES1 and MES2 were continuously poised at �600
mV vs. Ag/AgCl (�400 mV vs. SHE) through a chronoamperometry (CA) technique
using a potentiostat (BioLogic-VMP3 model, France). All the assays were per-
formed in situ by considering the cathode as the working electrode and the anode
as the counter electrode against an Ag/AgCl (3.0M KCl) reference electrode. All the
potentials mentioned further in the manuscript are vs. SHE unless otherwise
stated.

Consumption of bicarbonates in the electrolyte (less than 0.5 g HCO3
� per L)

was considered as time for feed change. To avoid sudden changes in the elec-
trolyte concentration, only 60% of feed was replaced with fresh feed using a
siphon ow method. In the case of MES1, aer start-up, the feed was changed on
the 21st, 28th, 35th, 43rd, 50th, 60th, and 70th day of operation. Later, a constant
time interval of 7 days wasmaintained until the 126th day of operation. In the case
of MES2, feed replacement was done during the 21st, 28th, 34th, 40th and 47th day
of operation. Both the reactors were continuously ushed with N2 gas to maintain
the anaerobic environment.
2.3 Analysis

Liquid samples from MES1 and MES2 were collected on every fourth day. During
enrichment of the homoacetogenic bacteria, along with liquid samples, gaseous
samples were also collected. The liquid samples were analysed for organic acids
ART � C5FD00041F
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(formic acid, acetic acid, propionic acid and butyric acid), ethanol and pH,
whereas the gaseous samples were analysed for H2, CO2, CH4 and O2. Prior to
analysis through HPLC, the samples were ltered through 0.45 mm Acrodisc
syringe lters. HPLC analyses was performed using an Agilent HPLC 1200 series
equipped with a RID detector (Agilent 1260) set at a wavelength of 215 nm. The
column used was an Agilent Hi-Plex column 8u (3000 mm � 7.7 mm) operated at
60 �C equipped with a guard column of the same material. Phosphoric acid
(0.05% in isocratic gradient) was used as the eluent at a ow rate of 1 mL min�1.
The injection volume of the samples and standards was 20 mL. EZchrom soware
provided by Agilent was used for HPLC data analysis.

Gaseous samples from the enrichment cultures and MES reactors were ana-
lysed using a Trace GC Ultra (Thermo Scientic) connected with 2 different
thermal conductivity detectors. A carbosphere column (2m-1/800SS) was used for
hydrogen, whereas for carbon dioxide and methane, both a Hayesep N column
(1m-1/800SS) and a Molsive column A (1m-1/800SS) were used at a constant
temperature of 60 �C. pH was analysed with a calibrated pH meter (WTW Multi
340i). The liquid samples from MES1 and MES2 reactors were also analyzed for
bicarbonates through a TOC analyzer (Multi N/C 3100 of Analytik Jena) with an
auto-sampler (APG 49 of Analytik Jena) according to the methodology developed
in ISO 8245.

3. Results and discussion
3.1 Screening of electrodes for the anode

Microbial electrosynthesis is a process that proceeds with the reduction of
protons and electrons that are generated from the counter electrode or anode of
the cell. As the present study was carried out in single chambered conguration, it
was important to avoid the abiotic water electrolysis reaction. By maintaining
cells with mild electrochemical activity, oxygen and hydrogen production can be
controlled. These conditions help to maintain the anaerobic system which is a
prerequisite for biocatalyst activity. However, the net counter electrode (anode)
potential sustained in the cell also inuences the cathode potential. Theoretically,
efficient electrolysis process can continue at a potential of 1.23 V (vs. SHE).35,36

However, it is also found to be inuenced by the type of electrodematerial and the
surface area considered for the electrode. Maintaining lower potentials on MES
systems also warrants direct electron transfer rather than H2 mediated electron
transfer for acetate production.

To identify an efficient and suitable anode for MES, six different materials were
screened under similar conditions of MES operation under both biotic and
abiotic conditions (Fig. 2). Among the six different electrodes used as the counter
electrode, at �400 mV of working electrode potential, three electrodes viz., plat-
inum, DSA and graphite rod, reached a potential higher than 1.23 V (vs. SHE),
indicating the possibility of oxygen evolution. Platinum showed the highest net
counter electrode potential of 5.05 V under abiotic conditions and 5.01 V under
biotic conditions followed by DSA (abiotic, 2.01 V; biotic 1.87 V) and graphite rod
(abiotic, 1.57 V; biotic 1.46 V). Even though graphite foil showed a lower potential
of 0.78 V under abiotic conditions, a small rate of oxygen evolution was observed
by the gas analysis from the reactor head space. In the case of biotic conditions,
0.51 V of counter electrode potential was observed with no visible oxygen
ART � C5FD00041F
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Fig. 2 Counter electrode potentials observed with various electrode materials against a
VITO-CoRE electrode as the working electrode at an applied potential of �600 mV.
(Surface area of all the electrodes (except platinum) was equal. It is considered as 39 cm2

and effective/reactive surface area is 30 cm2). In the case of platinum, as the economic
and practical applicability of the platinum is expensive, a wire surface area consisting of
2.37 cm2 (effective/reactive surface area) was used.
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evolution. The two types of VITO-CoRE™ electrodes (VC-SS and VC-IS) evidenced
mild counter electrode potential (VC-SS, abiotic, 0.50 V and biotic 0.49 V; VC-IS,
abiotic, 0.45 V and biotic 0.39 V) and no oxygen evolution was observed under
both abiotic and biotic conditions. The mild electrochemical activity and similar
performance under both biotic and abiotic conditions was indicated to select the
VC-SS as the suitable counter electrode (anode) for further experimentation in
MES towards acetate production.

3.2 Bioelectrosynthesis of acetate

Once the screening was done, two MES reactors were started up with the selected
VC-SS as the anode and VC-IS and a graphite rod as the cathodes (working elec-
trodes). During the start-up stage (rst phase, 50 days) of MES1, electroactive
biolm formation from the enriched homoacetogenic bacteria and subsequent
stabilization of biolm was observed at �400 mV with bicarbonate as the carbon
source and electron acceptor for the production of acetate. As the inoculum was
enriched with CO2 and H2 for acetate production, initially MES1 showed an
acetate concentration of 101.42 mg L�1 which later decreased to 67.12 mg L�1 on
the 5th day with negligible current generation (Fig. 3). From the 8th day of oper-
ation, reduction of bicarbonate was conrmed with a reduction current as well as
metabolite analysis in the electrolyte. By the end of the 20th day, the acetate
concentration reached 755.67 mg L�1 (Fig. 3a) with a reduction current density of
�104 mA m�2 (Fig. 3b). During the second batch the acetate production was also
found to increase gradually and reached a concentration of 1231.43 mg acetate
per L (30th day) with a reduction current density of �133 mA m�2. In the rst
phase, a similar improvement in acetate production was observed with every
feeding event and registered a maximum at the 35th day (4th cycle, 1972.86 mg
ART � C5FD00041F
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Fig. 3 The performance of the MES1 reactor during 127 days in batch mode operation
with several feeding events (arrow mark depicts the feeding event). (a) Reduction current
pattern during chronoamperometry (CA) used for the bicarbonate to acetate production;
(b) acetate concentration and acetate production rate pattern during the 127 days of
operation; (c) coulombic efficiency during the total operation time.
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L�1; �165 mA m�2). Furthermore, this phase continued for another two batch
cycles (until 50 days) to identify the optimum retention time for the 60% of feed
replacement. During this period, acetate production was found to uctuate
between 1959.36 mg L�1 (38th day, �146 mA m�2) and 1320.02 mg L�1 (50th day,
�128 mA m�2). Aer continuing for another two batch cycling events, it was
identied that seven days was the optimum retention time for one batch of 60%
feeding, and the same retention time was respected to the end. From the 51st day
to the 98th day of operation MES1 exhibited a stable performance where the
acetate production gradually increased from 1320.02 mg L�1 to a maximum
concentration of 4127.01 mg L�1 (98th day, �142 mA m�2) with an average
reduction current density of �117 mA m�2. Later both the acetate concentration
and reduction current density was found to decrease until the 127th day of
operation and this period can be considered as the destabilization phase. Even
aer four feeding events, a decrease in acetate concentration was observed rather
than an improvement. By the 126th day of operation, acetate concentration was
found to have decreased to 3270.26 mg L�1. Similarly, the reduction current
density was also found to decrease (126th day �67 mA m�2).

The acetate production rate, the amount of acetate produced during a day (mg
per L per d), was analysed to identify the specic bicarbonate reduction rate to
acetate. Acetate production rates were also correlated for the start-up phase,
during stable operation and the destabilization phase. During the start-up phase
the average acetate production rate was found to be 28.16 mg per L per d, which
later increased to 59.94 mg per L per d (Fig. 3b). During the destabilization phase,
the average acetate production rate registered a negative value (�33.61 mg per L
per d). The observed negative rate is due to possible acetate oxidation at the anode
of the single chamber design. To support this phenomenon, a visible biolm was
observed on the anode electrode aer 90 days of operation. When the oxidation of
bio-electrochemically produced acetate at the cathode is considered, the actual
production rates of the start-up and stabilization phases can be higher than
visualized. As the media included was with the 0.5 g L�1 concentration of BESA,
the conversion of acetate tomethane is completely inhibited.31 Along with acetate,
a negligible concentration of ethanol was also observed during the start-up phase
(10.05mg L�1, 35th day) and the nal phase (8.62mg L�1, 112th day). This could be
due to further bioelectrochemical reduction of acetate to ethanol. Besides ethanol
production, the consumed acetate can be attributed to the biomass production of
electroactive biolm.12 pH is also an important factor that inuences the activity
of the electroactive biolm. Homoacetogenic bacteria favours mild acidic to
neutral pHs. The initial pH of the present MES1 was maintained at pH 7.0. It was
found to increase to alkaline pH with the time of operation. During the stable
phase of operation, the catholyte pH was registered between 7.8 and 8.4, whereas
in the destabilization phase, it was found to be between 8.6 and 9.3. A high
alkaline pH, that is unfavourable for homoacetogenic bacteria prevailing in the
cathodic chamber, is also one of the reasons for biolm loss.

In the case of MES2, initially, a negligible reduction current was registered for
10 days (Fig. 4a). The acetate transferred along with the enriched inoculum
culture was (103.32 mg L�1) observed degrading from day 5 (84.22 mg L�1) and it
reached a minimum concentration on the 11th day (33 mg L�1) (Fig. 4b). Later, an
increasing trend of acetate production associated with the reduction current was
observed. This depicts the electroactive biolm formation and concomitant
ART � C5FD00041F
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Fig. 4 The performance of MES2 reactor during 47 days in batch mode operation with
several feeding events (arrow mark depicts the feeding event). (a) Reduction current
pattern during chronoamperometry (CA) used for the bicarbonate to acetate production;
(b) acetate concentration and acetate production rate pattern during 127 days of opera-
tion; (c) coulombic efficiency during the total operation time.
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conversion of bicarbonate to acetate. By the end of the rst feeding cycle, the
acetate production reached 206.49 mg L�1 with an average production rate of 5.15
mg per L per d. It gradually increased with every feeding event and reached 821.25
mg L�1 (75.62 mg per L per d) and 1279.42 mg L�1 (76.33 mg per L per d)
respectively by the end of the second and third feeding cycles. The maximum
concentration of acetate was observed on the 40th day (4th cycle, 1523.2 mg L�1;
40.67 mg per L per d) with a current density of�53 mAm�2. Among the 47 days of
operation, the reduction current density was signicantly increased from the 23rd

day of operation and registered a maximum on the 39th day (�147 mA m�2).
During this operation, no ethanol production was observed. Later, visible

detachment of biolm was observed. It is also correlated well with the drop in
reduction current and acetate concentration in the system. At the end of this
cycle, the acetate concentration was decreased to 1145.25 mg L�1 with an acetate
production rate of �54.20 mg per L per d. Even aer biolm loss, the system
continued operation with regular feeding cycles for 5 consecutive cycles but no
further acetate production and no reduction current were observed conrming
there was no biolm formation. As MES2 was operated for a lesser period than
MES1 and the loss of biolm occurred immediately aer reaching the maximum
acetate production and reduction current, no specic phases such as stable and
nal phases were observed. Similar to MES1, the catholyte pH of MES1 was also
found to increase to alkaline conditions. By the 30th day of operation (3rd feeding
cycle), the pH had increased to 7.8 and later it was found to increase at a rapid rate
and reached 8.7 by the 44th day of operation (5th cycle).
3.3 Coulombic efficiency

In microbial electrosynthesis, coulombic efficiency (CE%) is a relative expression
that signies the ratio between the total charge (coulombs) consumed in the
reduction process and the actual charge contributed in the formation/production
of desired product. It can be calculated with the formula CE (%) ¼ CP/CT, where,
CP is the product of b (number of electrons consumed for the product, for acetate
production it is 8), n (number of moles of product) and F (Faraday’s constant,
96 485 C mol�1). CT is the total coulombs consumed that can be derived from
integrating charge with the time.20 Since ethanol was detected in negligible
concentrations and the electron demand for acetate to ethanol conversion is
lower (4e�) than acetate, considering it for CE calculations do not show a
signicant difference on total CE. In the case of MES1, during the stable phase of
operation, a maximum CE was registered as 29.91% and a minimum as 3.65%
with an average value of 23.52%. Whereas during the start-up phase and the
destabilization phase, the maximum CE was registered as 18.38% and 6.54%
respectively. Biolm formation phase demands a high amount of energy for
biomass formation and related metabolic activities. In the start-up phase, the
electrons accepted by the cathode might be involved more in metabolic functions
to establish the biolm on the cathode surface. The acetate was also produced as a
participate in the production of various molecules which also decreases the
observed acetate production in the electrolyte. So, the resultant CE is recorded
lower. A well-established electroactive biolm requires less energy for the meta-
bolic functions that reected in the higher CE than the start-up phase. The lowest
CE values recorded in the destabilization phase might be attributed to two events.
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Firstly, in the destabilization phase, the biolm observed on the anode electrode
is involved in the oxidation of acetate produced due to a cathodic reduction
reaction. Secondly, due to the unfavourable conditions that prevail in the system,
the cathode electrode cannot efficiently participate in acetate production. In the
case of MES2, CE increased gradually with the time of operation and reached a
maximum of 40.42% on the 28th day (second cycle). Later a gradual drop was
observed. During the second and third cycles of operations, it was limited to
29.11% and 13.93% respectively. As the biolm had detached and no acetate
production was observed in the h cycle of operation, a negative value of CE was
registered�10.43% (47th day). On the whole, MES2 registered an average CE value
of 17.71%. The CE was found to be higher for the MES2 with a graphite rod as the
cathode compared to MES1 with VC-IS. However, the formed biolm was not
sustained for long term operation.
3.4 Carbon conversion efficiency

Carbon conversion efficiency is considered as one of the crucial parameters that
shows effective conversion of substrate to product. The efficiency of the bio-
electrochemical reduction of bicarbonates (electron acceptors) to acetate can be
found by calculating the ratio between the carbon equivalents present in the
initial concentration of the substrate and nal product in each operating cycle
(Table 1). It should be noted that the carbon conversion efficiency calculation is
considered not only of those products observed in the electrolyte but also in the
biomass produced for the biolm and suspension. In the case MES1, during the
rst cycle operation, it was registered as 47.08%. Gradually a steady increase in
carbon conversion efficiency was observed with every feeding event and a
maximum of 90.10% was registered on the 35th day (start-up phase). During the
stable phase of operation it was registered as 90.61% on the 84th day and with an
Table 1 The consolidated representation of calculated parameters from the basic results
obtained in the present study

Parameter Units

MES1

MES2Start-up
Stable
phase

Final
phasec

Maximum acetate
concentration

mg L�1 1972.86 4127.01 3568.41 1523.20

Production rate (maximum/
average)

mg per L per
d

117.96/
26.97

120.90/
56.94

24.37/— 85.96/
20.68

Maximum current density mA m�2 �165 �142 �67 �147
Coulombic efficiency (CE) % 29.97 29.91 6.54 40.43
Carbon conversion efficiencyb % 90.10 90.61 19.90 81.97
Volumetric production ratea kg per m3 per

d
0.269 0.569 — 0.206

Surface based production rate g per m2 per
d

4.497 9.490 — 3.447

a Calculated from the average performance during each phase. b Calculated based on the
feeding event. c The values of average production rate, volumetric production rate and
surface based production rates were negative. So the respective values are not presented
in the table.
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average value of 62.38%. Due to the destabilization in the nal phase, the carbon
conversion efficiency was registered very low (19.90%). The trend observed for
carbon conversion efficiency is found to be similar to CE. The carbon converted to
acetate is involved in the biomass production. If we consider the participation of
carbon in biomass production, the carbon conversion efficiency may be higher
than others reported. In the case of MES2, a different pattern of carbon conver-
sion efficiency is observed. In the rst cycle only 8.25% of carbon was converted to
acetate. Then a sharp increase in carbon conversion to acetate was observed in the
second cycle and registered as 81.97%. It is the maximum efficiency for MES2.
During the third and fourth feeding cycles, the efficiency is limited to 61.09% and
32.50% respectively. Later due to destabilization, no signicant efficiency of
carbon was converted to acetate. Compared to MES2, MES1 showed a higher
bioelectrocatalytic conversion of carbon to acetate and the conversion process was
sustained for a longer period of time. On the whole, the registered average values
in the stable phase of MES1 are encouraging for the early stage research on the
bio-electrochemical reduction process of CO2 to organic molecule production
(Table 1). The difference between MES1 and MES2 is in the electrode material
used for the cathode (VITO CORE-PL in MES1 and a graphite rod in MES2). The
better performance of MES1 could be attributed to the high BET surface area of
the VITO CORE compared to graphite.34 This also led to better biolm growth in
MES1 which could be operated for 127 days while MES2 saw a loss of biolm aer
44 days and had to be stopped.
3.5 Discussion

The present study was performed with a single chambered system under mild
operation conditions at 30 �C with a continuous applied potential of �400 mV.
The thermodynamic potential required for the conversion of HCO3

� to acetate is
found to be �280 mV (SHE)2 and the present study used a still higher potential
than the thermodynamic requirement. The potential losses related to the elec-
trode and microbial interactions; microbial electron transfer and electrolyte
conductivity determined the required potential for the microbial electrosynthesis.
The design of the present study was based on characteristics that would help with
the understanding of acetogenic biocathode production at a lower cathode
potential and maintaining the biolm for long term use in a single chamber
which also helps for the upscaling aspects of the MES process. Compared to
additional supplementation of H2 in the reactor, direct feeding of electrons to
acetogens through electrodes is likely to be practically more feasible. The lower
energy input and renewable bacterial biocatalyst employment are advantageous
aspects. The standard cathodic potential for bicarbonate/acetate redox couple is
�280 mV2. A biolm of S. ovata that was grown on H2, when introduced into a
cathodic chamber containing bicarbonate-based medium with no organic
compounds except a vitamin mixture, resulted in acetate production by directly
reducing the bicarbonate. Under an applied potential of�400mV (vs. SHE) and in
the presence of a well-developed S. ovata biolm, carbon dioxide or bicarbonate
acted as the sole electron acceptor and was reduced to acetate.17,24 Along with
acetate, 2-oxobutyrate was also produced in smaller concentrations. Current
consumption by S. ovatawas found to be constant and correlated well with acetate
production with a coulombic efficiency of more than 86%. Production of both
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compounds was stopped when current supply was stopped. Furthermore, various
acetogenic microorganisms such as Sporomusa silvacetica, Sporomusa sphaeroides,
Clostridium ljungdahlii, Clostridium aceticum and Moorella thermoacetica as pure
cultures showed their more than 88% efficiency in converting CO2 to acetate.24

Under the same applied potential of 0.4 V and with S. ovata as the biocatalyst, Nie
et al., could achieve a higher acetate production rate of 1.13 mM per d.25 In the
present study, MES1 showed 2.04 mM per d of maximum production rate
(average, 0.97 mM per d) during the stable operating phase.

The efficiency of the total carbon equivalents supplied to total carbon resulted
in the product and can be called carbon conversion efficiency. MES1 exhibited a
maximum carbon conversion efficiency of 90.61% in the stable phase followed by
the start-up phase. In the nal phase, it was limited to 19.90%, which might be
due to the biolm degeneration phase. In the case of MES2, 81.97% of carbon
conversion efficiency was registered. Carbon conversion efficiency determines the
carbon footprint of the system and practical applicability of the MES process on
upscaling. The use of bicarbonates, instead of CO2 is the major advantage to
achieve higher conversion efficiencies. For direct CO2 application, it is important
to choose a system that solubilizes the CO2 at a higher rate or developing an
electrolyte that favours both CO2 solubility and biocathodic functions. Various
reactor designs such as a continuous stirred tank reactor, hallow ber membrane
reactor, bubble column, and airli reactors used for the syngas fermentation can
be applied in MES design.37–40 As the biocatalyst of MES is electrode dwelling and
the bioelectrochemical conversion of CO2 to acetate occurs in the electrode
vicinity designing hybrid reactors with BES and a conventional reactor design can
fetch these advantages, that in turn improves the bioelectrocatalytic reduction of
CO2 to products. Biological components such as using CO2 solubilizing enzymes
also could be considered for a higher carbon conversion efficiency. A carbonic
anhydrase enzyme system to solubilize the CO2 and further integrate the elec-
trolyte with the acetogenic biocathode could be an interesting option for the
improved productivities.3,41 In the present study, the higher carbon conversion
efficiency can be majorly attributed to the use of bicarbonates in the system. It
also suggests that an electroactive biocathode can effectively reduce the dissolved
CO2 to acetate. Evaluation of various approaches to improve CO2 solubility is also
interesting to explore.

The electrodes used as the cathode, their conductive properties and the surface
coatings that are involved in the electron transfer mechanism also inuence the
production efficiency. A detailed study was done using various types of electrodes
as cathodes that enhance the electrode andmicrobe-electron transfer rate for CO2

reduction using S. ovata.13 Electron transfer rate enhancing strategies were vali-
dated by modifying the cathode surface properties which in turn resulted in
improved acetate production from CO2 reduction. Biolms of S. ovata on carbon
cloth functionalized with positive-charged modications such as chitosan, cya-
nuric chloride, 3-aminopropyltriethoxysilane, metals and (gold and palladium)
nickel nanoparticles resulted in 3–7 folds improved acetate production than plain
carbon cloth. However, other positively charged surfaces tested with melamine or
ammonia gas did not stimulate acetate electrosynthesis.13 The chitosan coated
carbon cloth showed amaximum surface based production rate (13.8 g per m2 per
day), which was higher than the VITO electrodes (9.49 g per m2 per day). The VITO
CoRE™ electrode manufactured with the activated carbon functioned efficiently
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for CO2 reduction and the coulombic efficiency can be compared to other studies
that employed similar mixed cultures and other economic electrode materials but
at cathodic potentials higher than �400 mV (Fig. 5a).

The volume of the bioelectrochemical system is also an important parameter
that determines the efficiency and the losses associated with the input energy and
process efficiency. In the case of MFCs, it was clearly observed that the reactor
volume is inversely proportional to the electron transfer efficiency.9,42 In MES, the
maximum volume of the studies were limited to the 250 mL of cathodic volume in
dual chambered conguration. For both MES1 and MES2, the electrolyte volume
was considered as 500 mL with a single chambered conguration. The maximum
acetate production achieved with the mixed culture in a dual chambered
conguration at a poised potential of �590 mV, is 10.5 g L�1 20 followed by Su
et al.,27 with 4.7 g L�1 at a cathodic potential of �900 mV (Fig. 5b). The present
study achieved 4.13 g L�1 acetate with �400 mV which is almost equal to the
Fig. 5 Comparative evaluation of the results with the state of the art microbial electro-
synthesis of acetate from CO2 (x-axis represents studies with the references and their
respective production efficiencies).
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concentration achieved by Jourdin et al.,28 at �850 mV. In the MES mechanism,
the reaction is also inuenced by the electrode surface area and/or the biolm
covered on the electrode to the bulk liquid (electrolyte), so the projected surface
area and surface based production rate (g per m2 per d) explains MES function-
ality. Jourdin et al.,28 achieved a highest surface based production rate of 37 g per
m2 per d with nanoweb reticulated vitreous carbon at �850 mV followed by Jiang
et al.,26 (19 g per m2 per d at �800 mV) and Su et al.,27 (10 g per m2 per d at �700
mV) with carbon felt. The VITO CoRE™ electrode registered 9.49 g per m2 per d at
�400 mV, where H2 mediated electron transfer was completely limited and only
direct electron transfer is possible (Table 1). Maintaining higher cathodic
potentials can also lead to methane production.26 MFCs were proven to sustain
the lower potentials for long term operation and the present study showed
interesting results for acetate from CO2 and can warrant the direct integration of
stable MFCs for acetate production through the biocathodic reduction reaction.
4. Conclusions

Microbial electrosynthesis driven by a biocathode offers a wide range of chemicals
from inorganic carbon (CO2). The selection of bacteria and operating conditions
inuences the product and production efficiency. Formation of an electroactive
biolm, stability and reproducibility of such biolm delivers a commercial
application of this process. This is the rst study that proved single chambered
operation for bicarbonate reduction with enriched bacteria and was successfully
operated for more than four months. VITO-CORE™ electrodes were found to be
effective for CO2 to acetate production. The biolm became fragile at higher
concentrations of acetate and identifying optimum concentrations of the biolm
and design of the required operational conditions to improve the stability of the
microbial electrosynthesis process is necessary. On integration with other MES
systems where the produced acetate can be used for the synthesis of higher
organic compounds such as ethanol, butyrate, ethylene, etc., will provide
sustainable competition between global warming and energy needs.
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The ionic liquid trihexyltetradecylphosphonium 1,2,4-triazolide, [P66614][124Triz], has been

shown to chemisorb CO2 through equimolar binding of the carbon dioxide with the 1,2,4-

triazolide anion. This leads to a possible new, low energy pathway for the electrochemical

reduction of carbon dioxide to formate and syngas at low overpotentials, utilizing this

reactive ionic liquid media. Herein, an electrochemical investigation of water and

carbon dioxide addition to the [P66614][124Triz] on gold and platinum working

electrodes is reported. Electrolysis measurements have been performed using CO2

saturated [P66614][124Triz] based solutions at �0.9 V and �1.9 V on gold and platinum

electrodes. The effects of the electrode material on the formation of formate and

syngas using these solutions are presented and discussed.
1 Introduction

Since the industrial revolution, the harnessing of fossil fuels by combustion for
energy and transportation has seen atmospheric levels of CO2 steadily rise.1,2 One
concern is that the rate of growth in global CO2 concentration in the atmosphere
is associated with rising global temperatures and sea levels.3 Given the potential
implications of global warming, strategies to capture and/or convert CO2 provide
the subject of much scientic endeavour.4

Aside from a greenhouse gas, CO2 can be considered as an abundant,
renewable and low cost C1 building block for the production of fuels, or as a
feedstock for industrial chemical synthesis. The synthesis of fuels is particularly
attractive given the carbon neutrality of the product.
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bSchool of Chemistry and Chemical Engineering, Queen’s University Belfast, Belfast, N. Ireland, BT9 5AG, UK
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Electrochemical reduction offers a viable route to this goal due to the potential
to reduce CO2 at high efficiencies and selectivity, as well as the ability to harness
electrical energy from renewable sources.5,6 The main barriers are the thermo-
dynamic stability and the kinetic inertness of CO2, due to the fact that the rst
electron reduction of linear CO2 to form the bent [cCO2]

� radical anion requires a
high reduction potential, �1.9 V vs. NHE.7 Attempts have been made to reduce
this potential by employing various catalysts, such as the recently reported
reductions on Fe3S4 surfaces.8

Ionic liquids (ILs) have been employed as CO2 capture agents and electro-
chemical conversion mediums due to their intrinsic ionic conductivity, wide
potential windows and CO2 solubility levels.9–12 ILs generally physically absorb
CO2 into the solution free volume. Reports have shown that ILs can act to stabilise
the rst electron reduction of the physically absorbed CO2 by complexation of the
reduction product with the IL cation.12 This signicantly reduces the energy
required to form the [cCO2]

� radical anion. Initial CO2 electrochemical reduction
experiments in ILs employed 1-alkyl-3-methylimidazolium ([Cnmim]+) based ILs
with a range of non-coordinating anions such as [BF4]

�, Br�, Cl�. The electro-
chemically generated anion radical, [cCO2]

�, was then reacted with alcohols
forming dialkyl carbonates.13–15

Further studies used hydrated ILs, to provide a source of H+. CO2 physically
absorbed within the IL was reduced with Ag, as the working electrode, further
enabling the reduction of the IL stabilised [cCO2]

� to CO, as shown in the Scheme
1.12

CO2 reduced to CO in a hydrated IL [C2mim][BF4] on a Ag working electrode
was reported to have overpotentials as low as 0.2 V.12 H2 production was also
suppressed due to the cation forming a monolayer on the electrode surface.16

Further improvements have been reported by employing a MoS2 working elec-
trode, resulting in overpotentials as low as 0.054 V.17

Product selectivity has also been observed upon altering the IL anion. For
example, using [C2mim]+ based ILs on Pb electrodes, oxalate is favoured in the
presence of [NTf2]

� and formate is favoured when [TFA]� is used.9,11

Recently, we have reported an alternative route for CO2 reduction in ILs, by
using [P66614][124Triz].18 [P66614][124Triz] is able to capture signicantly more CO2

than classical ILs like [C4mim][NTf2] or [C2mim][OAc], due to the chemical
reactivity of the 1,2,4-triazolide anion.19 The anion can chemically bind CO2

allowing up to equimolar amounts of CO2 to be captured, as illustrated in the
Scheme 2.19

Crucially, upon binding, the CO2 geometry is altered from linear to bent. A
lower energy pathway to CO2 reduction was demonstrated in this IL, whichmay be
related to the chemical binding of the CO2 by the anion.18 [P66614][124Triz] is also
Scheme 1 Reduction of CO2 to CO in an IL, which absorbs CO2 physically.12
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Scheme 2 CO2 binding to the [124Triz]� anion in the IL [P66614][124Triz].19
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able to absorb CO2 through physical exothermic absorption in the solution free
volume that is driven by an entropic process of solvation. The physically absorbed
CO2 may also undergo reduction stabilised by the [P66614]

+ cation. Formate was
produced by the lower energy route at �0.7 V vs. Ag/AgNO3 with 95% Faradaic
efficiency on the Ag electrodes. In addition, reduction of the physically absorbed
CO2 at �1.9 V vs. Ag/AgNO3 produced CO with a 41% Faradaic efficiency.18 In
comparison, on using [P66614][NTf2], which does not support chemical CO2

binding, no product was formed at �0.7 V suggesting that the reaction occurring
at less negative potentials (i.e. �0.7 V) in [P66614][124Triz] is related to the
reduction of chemically bound CO2 (Scheme 2). Products were formed at �1.9 V,
i.e. the same potential as found in [P66614][124Triz], indicating that they are
formed from the reduction of physically absorbed CO2 stabilised by the [P66614]

+

cation (Scheme 1).18 Herein, the study is expanded to investigate the inuence of
the electrode material on the CO2 reduction potential, product distribution and
Faradaic efficiency.
2 Experimental
2.1 Materials and IL synthesis

Trihexyltetradecylphosphonium chloride ([P66614]Cl) was received from Cytec
(97.7%) and 1,2,4-triazole (98%) was purchased from Sigma-Aldrich. The Au foil
(0.1 mm thick 99.9975+%) and Pt wire (0.3 mm dia., 99.99%) were purchased
from Alfa Aesar. Gaseous nitrogen (99.998%) and carbon dioxide (99.99%) were
obtained from BOC and passed through drying columns before contact with the
IL samples. The water was puried using a Milli-Q 18.3 MU water system.

[P66614][124Triz] was prepared using a previously reported method20 and a two
step synthesis procedure; [P66614][OH] was synthesized using an anion exchange
resin from [P66614]Cl followed by addition of the superbase. The water content of
the ILs was measured using aMetrohm 787 KF Titrino Karl Fischer and was found
to be <0.1 wt% for all ILs. Halide content was below the detectable limit by AgNO3

testing.
2.2 Electrochemical experiments

Cyclic voltammograms (CVs) were recorded using an Ecochemie Autolab
Potentiostat/Galvanostat (PGSTAT302) and carried out using a three-electrode
arrangement with a Au or Pt working electrode (1.6 mm), a platinum coil as the
counter electrode. All potentials were measured with respect to a 0.01 mol L�1

Ag+/Ag reference, with AgNO3 dissolved in [C4mim][NO3] and separated from the
bulk solution via a glass frit. Electrolysis experiments were carried out using a
three electrode set up in a sealed 50 cm3 cell with a gas tight syringe attached. The
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working electrodes were a coiled Pt wire or a Au foil, a Pt coil was used as the
counter electrode (contained within a counter compartment) and the potentials
were measured with respect to a 0.01 mol L�1 Ag+/Ag reference, with AgNO3

dissolved in [C4mim][NO3] and separated from the bulk solution via a glass frit. A
0.1 mol L�1 [P66614][124Triz], 0.7 mol L�1 H2O in acetonitrile solution (8 cm3) was
added to the cell and bubbled with CO2 (25 cm3 min�1) for 60 min, during this
time the gas syringe was gradually opened. The cell was then sealed, connected up
to a potentiostat (Biologic VMP3 controlled by EC-Lab) and a potential applied to
the cell for the time required to pass 10 C of charge. It should be noted that no
ionic liquid decomposition or reaction was observed under any of the conditions
tested in this study.

2.3 Solution phase detection

Solution samples were analysed by obtaining 1H NMR spectra using a Bruker
Avance III 600 with a DCH cryoprobe. Quantitative analysis was performed using
the ERETIC2 quantication tool within Topspin 3.2.

2.4 Gas phase detection

The gas phase of the reaction was analysed using a Perkin-Elmer Clarus 500 Gas
Chromatograph equipped with a TCD and FID (with methanizer) tted with a
packed column (stainless steel, 30 , 1/8 inch OD, 2.0 mm ID packed with Haysep
DB 100/120 mesh). The gaseous products were transferred to the GC by con-
necting up the cell and injecting the contents of the gas tight syringe attached to
the cell into the GC. H2 was quantied using the TCD and CO using the FID.

3 Results and discussion
3.1 Voltammetry study of CO2 reduction in [P66614][124Triz] using various
working electrodes

CVs have been recorded at both Au and Pt electrodes in 0.1 mol L�1 [P66614]
[124Triz] in acetonitrile (MeCN). CVs were recorded at a scan rate of 100 mV s�1 at
22 �C. The reference electrode was a previously reported 0.01 mol L�1 Ag+/Ag
reference, with AgNO3 dissolved in [C4mim][NO3] and separated from the bulk
solution via a glass frit.21,22 0.1 mol L�1 [P66614][124Triz] in MeCN was rst satu-
rated with argon and a baseline CV taken. Thereaer, water was added (0.7 mol
L�1), as a source of H+ and the inuence on the CV investigated. The H+ is
required to make protonated reduction products and CO through the reaction of
reduced CO2 and H+ (Scheme 1). Finally, the hydrated IL mixture was purged with
CO2 for 30 min and a CV taken to assess CO2 reduction processes.

3.1.1 Au working electrode. CVs relating to the use of a polished Au working
electrode (0.16 cm2) are displayed in Fig. 1. The CV, aer purging with Ar, is
shown in blue. A small increase in reduction current is observed at ca.�1.1 V with
a rapid increase in reduction current at ca. �2.0 V. Upon the addition of H2O to
the IL/MeCN mixture, a small increase in current is observed at �1.0 V and a
larger increase at ca. �1.75 V (Fig. 1, red). Although the small increase in current
observed at�1.0 V has a slight anodic shi compared with that observed in the Ar
saturated sample (�1.1 V), this feature may be attributed to the reduction of 1,2,4-
triazole formed from the reaction of the [124Triz]� anion and H2O (Scheme 3).
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Fig. 1 Cyclic voltammograms of 0.1 mol L�1 [P66614][124Triz] (IL) in acetonitrile (MeCN) at
a gold electrode; (blue) IL in MeCN; (red) IL in MeCN + 0.7 mol L�1 H2O; and (green) IL in
MeCN + 0.7 mol L�1 H2O + CO2, IL in MeCN + 0.5 mol L�1 1,2,4-trizole; only the cathodic
linear sweep is shown for clarity. Magnification is shown inset.
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To test this theory, 1,2,4-triazole was deliberately added to a solution of
hydrated 0.1 mol L�1 [P66614][124Triz] in MeCN. The CV showed that, upon
addition of 1,2,4-triazole, the current from �1.0 V increased, supporting this
proposal. The presence of the small current increase at �1.1 V in the Ar saturated
sample could, therefore, either be due to adventitious water or trace 1,2,4-triazole
impurities from the synthesis process of [P66614][124Triz], which is synthesised
from the addition of 1,2,4-triazole to [P66614][OH].

The large reduction current at �1.8 V, observed upon the addition of H2O,
shows a large anodic shi compared to the onset of the large reduction current in
the Ar saturated sample. This is proposed to be due to the reduction of H2O to H2.
This region also increases in current when 1,2,4-triazole is deliberately added to
the electrolyte, suggesting that generation of H2 from the reduction of 1,2,4-tri-
azole may also contribute to this current. In addition, a small oxidative stripping
peak is observed at �1.5 V, following the rapid increase of current at �1.8 V,
suggesting that the product of the reduction may interact with the electrode
surface. Recent reports employing [C4mim][BF4] on Au surfaces have shown the
hydrogen evolution reaction to occur at ca.�2.0 V vs. Ag/Ag+,23 suggesting that the
use of chemically co-ordinating IL provides a pathway to less negative reduction
potentials.

Saturation of the hydrated IL mixture with CO2 (Fig. 1 green) resulted in an
increase in current at �0.9 V, followed by a rapid increase in current at �1.6 V.
The peak at �0.9 V shows an increased current and greater anodic shi when
compared to the hydrated sample. The large increase in current observed at �1.6
V shows an anodic shi on comparison to Ar saturated and hydrated samples.
Previous reports on Ag electrodes have suggested that the reduction at less
negative potentials (�0.7 V) could be assigned to the reduction of CO2 chemically
Scheme 3 H2O reaction with the [124Triz]� anion in the [P66614][124Triz].
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bound to the [124Triz]� anion, while reductions at more negative potentials (�1.9
V) could be assigned to the reduction of physically absorbed CO2 (Scheme 4 eqn
(2)–(5) respectively).18 The reduction of physically absorbed CO2 at �1.6 V is in
good agreement with CO2 reduction reported on Au electrodes in [C4mim][BF4].
Reduction of CO2 in [C4mim][BF4], an IL that only exhibits physical CO2

absorption, on the Au surface was reported at �1.8 V vs. NHE (i.e. �1.6 V vs. Ag/
Ag+).23 Interestingly, the potential for the reduction of CO2 over Au reported,
herein, at �0.9 V is the lowest potential, to the best of our knowledge, reported to
date using ionic liquid systems showing the potential of reactive IL to enhance the
electrochemical activity.

Assuming similar mechanisms take place at the Au electrode, this suggests
that chemically bound CO2 can be reduced at less negative potentials on Ag than
Au (�0.7 V compared to �0.9 V), but that the reduction of physically bound CO2

occurs at less negative potentials on Au than Ag (�1.6 V vs. �1.9 V). One plausible
explanation would be that Ag is more catalytically active than Au and, therefore,
the IL is more strongly bound to the Ag electrode than the Au. This may suggest
that the chemically bound CO2 on Ag can be reduced at less negative potentials
due to the increased contact with the electrode but the physically absorbed CO2 is
blocked by the IL requiring more negative potentials for reduction. Reduced
binding in the Au system suggests the physically absorbed CO2 has easier access
to the electrode and, therefore, physically absorbed reduction occurs at a less
negative potential than on Ag, but that the reduction of the chemically absorbed
CO2 requires a more negative potential than in the Ag system.

3.1.2 Pt working electrode. CVs relating to the use of a polished Pt working
electrode (0.16 cm2) are displayed in Fig. 2, the CV aer purging with Ar is shown
in blue. An increase in current is observed at �1.6 V followed by the start of a
rapid current increase at ca. �2.1 V. Upon the addition of H2O to the IL/MeCN
mixture (Fig. 2 red), a rapid increase in current is observed at �1.5 V with no
smaller current increase observed at lower potentials. The rapid increase in
current at�1.5 V shows an anodic shi and enhanced current compared to the Ar
saturated sample. This peak is plausibly associated with the reduction of H2O to
H2. On comparison with the Au electrode the reduction of H2O to H2 takes place at
Scheme 4 Suggested CO2 reduction processes occurring on the working electrode.
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Fig. 2 Cyclic voltammograms of 0.1 mol L�1 [P66614][124Triz] (IL) in acetonitrile (MeCN) at
a platinum electrode; (blue) IL in MeCN, (red) IL in MeCN + 0.7 mol L�1 H2O, and (green) IL
in MeCN + 0.7 mol L�1 H2O + CO2. Magnified CVs are inset.
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a less negative potential on Pt than Au (�1.5 V vs. �1.8 V). This is consistent with
Pt being well known as an excellent catalyst for water splitting.

Saturating the hydrated IL mixture with CO2 (Fig. 2 green) results in a slow
increase in current at �0.9 V. The increase becomes rapid at �1.4 V. The slow
increase in current is plausibly due to the reduction of CO2 bound to the
[124Triz]� anion, while the rapid increase in current is associated with the
reduction of physically absorbed CO2.

Both Au and Pt display similar reduction potentials for CO2 bound to the
[124Triz]� anion (�0.9 V), which are more negative than reduction on Ag (�0.7 V).
However, the reduction of physically bound CO2 is less negative for Pt than Au
(�1.4 V and �1.6 V respectively), both of which are less negative than Ag (�1.9 V).
It is important to note that the Pt is more catalytically active than both the Au and
Ag and, therefore, should show a higher activity. However, as a result of this
increased activity Pt will also bind the IL more strongly than the Ag, therefore, the
results suggest that a balance between activity and adsorption strength is
required for CO2 reduction at lower potentials. As CO is also formed during these
experiments and the binding of CO to Pt will be much stronger than on Ag or Au,
site blocking from the CO may also be contributing to the observed differences
between the electrode performance.
3.2 Electrolysis study

Electrolysis was performed in CO2 saturated and hydrated (0.7 mol L�1 H2O) 0.1
mol L�1 [P66614][124Triz] in MeCN (8 cm3). Electrolysis was continued until a xed
charge of 10 C had passed, aer which the solution phase was tested by quanti-
tative 1H NMR and gas phase by gas chromatography (GC). The reported values
for the analogous electrolysis using Ag electrodes is displayed in Fig. 3. While Ag
electrodes are reported to display Faradic efficiencies of 95% at �0.7 V, with an
applied potential of 0.17 V, electrolysis on Au and Pt at this potential resulted in
no detected reduction product. Therefore, electrolysis was also performed at�1.9
V and �0.9 V to test for reduction of physical and chemical absorbed CO2,
respectively, using these electrodes. The experiments were also performed at
ART � C5FD00091B
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Fig. 3 Quantitative 1HNMR analysis of formate production at the Au, Pt, and Ag electrodes
after 10 C of charge is passed. Error bars represent �1.5 standard deviations. Faraday
efficiencies for each potential and electrode are shown in the boxes.
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these potentials with Ag for comparison (Fig. 3 and 4), although it should be
noted that electrolysis at �0.9 V is not the optimum potential for formate
production on Ag.

3.2.1 Au electrode. 0.5 cm2 of Au foil was employed as a working electrode.
Quantitative 1H NMR of the electrolyte aer electrolysis showed the presence of
formate for both investigated potentials (�0.9 V and �1.9 V). The formate
produced at �0.9 V is proposed to be formed from the reduction of CO2 bound to
the [124Triz]� anion (Scheme 4 eqn (2)), while the formate produced at �1.9 V is
proposed to be generated from the reduction of physically absorbed CO2 stabi-
lised by [P66614]

+ cation (Scheme 4 eqn (5)). A greater quantity of formate was
detected at �0.9 V (0.026 mmol) compared with �1.9 V (0.0083 mmol) with
Faradaic efficiencies of 49.7 and 16.1%, respectively. This is in contrast to
previous reports using [C2mim][TFA], whereby the Faradaic efficiency for formate
production increases with potential.9 The open circuit potential (OCP) prior to
Fig. 4 GC analysis of CO and H2 production at the Au, Pt, and Ag electrodes after 10 C of
charge is passed. Faraday efficiencies (%) for each potential and electrode are shown in the
boxes.
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electrolysis, but aer CO2 saturation, was measured at �0.45 V, suggesting an
applied potential of �0.45 and �1.45 V for potential holds of �0.9 and �1.9 V,
respectively. A comparison with the reported values for the analogous electrolysis
using Ag electrodes is displayed in Fig. 3. Electrolysis on Ag resulted in consid-
erably less formate at both �0.9 and �1.9 V, and it should be noted that the
maxima for formate production is �0.7 V, at which potential considerably more
formate is produced than on the Au electrode.

GC analysis of the headspace gas mixture aer electrolysis showed that both
CO and H2 were formed with 0.0022 mmol and 0.0027 mmol of CO produced at
�0.9 V and�1.9 V, respectively. This is assigned to the reduction of CO2 bound to
the [124Triz]� anion (Scheme 4 eqn (3)) and the reduction of CO2 stabilised by the
[P66614]

+ cation (Scheme 4 eqn (4)). In addition, hydrogen was only detected at
�1.9 V, which is consistent with H2O being reduced to H2.

3.2.2 Pt electrode. Quantitative 1H NMR of the electrolyte aer electrolysis
showed a similar trend for formate production on Pt compared to Au. A greater
quantity of formate was detected at �0.9 V (0.027 mmol) compared with �1.9 V
(0.008 mmol) with Faradaic efficiencies of 52.0 and 16.3%, respectively. However,
formate production at both potentials was not signicantly different from the
amount produced using the Au electrode. The OCP prior to electrolysis, but aer
CO2 saturation, was more negative than that previously found on Au. It was
measured at �0.60 V, giving smaller applied potentials of 0.3 and 1.3 V for elec-
trolysis at�0.9 and�1.9 V, respectively. CO was detected at both�0.9 and�1.9 V,
however, the amount of CO detected was signicantly reduced at both potentials
compared with the analogous reductions over Au and Ag. No H2 was detected at
�0.9 V while signicantly more H2 was detected at �1.9 V on Pt than Au, as
expected. This corresponds well with previous reports showing that the order in
ability to catalyse the hydrogen evolution reaction is Pt > Au > Ag.24 This in turn
relates to the observed reduction potentials aer the addition of H2O on the Pt, Au
and Ag electrodes (�1.5, �1.8 and �1.9 V, respectively). However, more H2 is
detected for Ag electrodes at �1.9 V than over Pt, this is surprising given that Ag
has the most negative onset potential for reduction of H2O to H2. Previous reports
have stated that the IL cation may suppress hydrogen production by blocking H2O
binding. As such, the disparity in hydrogen production may indicate a differing
affinity for the cation to the three electrode surfaces, of the order Ag < Pt < Au, as
well as the ability of the electrode material to activate water. As such, the
production of H2 and CO may be a balance between catalytic activity (through
onset potentials) and binding energy of the reduced species.

Overall, for all three electrodes (Ag, Au and Pt) the trend in the species formed
during the reduction is the same, i.e. less negative potentials favour formate
whereas more negative potentials favour CO and H2. Themain difference between
the electrodes is the potential at which the maxima/optimum for each species
occur. For example, for formate production, on the Ag electrode this occurs at
�0.7 V, which is less negative than found for the Au and Pt electrodes. In addition,
it is clear that as the potential becomes more negative the Faradaic efficiency for
the species detected decreases for all three electrodes.
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4 Conclusions

We have shown that the CO2 saturated super basic IL [P66614][124Triz] can be
reduced on Au and Pt electrodes to produce formate and syngas. Two reaction
pathways appear to exist at �0.9 V and �1.9 V. Formate is formed in increased
quantities at �0.9 V over �1.9 V on both electrode surfaces with Faradaic effi-
ciencies of ca. 50% for both electrode surfaces. The production of CO is higher on
Au electrodes than Pt electrodes for both electrolysis potentials of �0.9 and �1.9
V. The production of hydrogen, only observed at�1.9 V, is ca. 3 times higher on Pt
electrodes, enabling the ratio of CO : H2 in the syngas mixture to be inuenced by
electrode choice. The reduction of physically bound CO2 is shown to occur at
similar potentials on Au electrodes to those reported for ILs that only physically
absorb CO2, such as [C4mim][BF4], albeit at lower Faradaic efficiencies.23 Formate
production in ionic liquids has been previously reported to occur on indium
surfaces using hydrated CO2 saturated [C2mim][TFA].9 The [TFA]� anion only very
weakly binds to CO2, which results in little signicant activation of the CO2 and
formate production at low Faradaic efficiencies (ca. 10%) at 1.55 V vs. Ag/Ag+,
rising to 90% efficiency at�1.95 V vs. Ag/Ag+. This behaviour is in good agreement
with our proposed onset of reduction of physically bound CO2. In the present
study, the binding of CO2 is much stronger and, thus, formate production on Au
and Pt electrodes, from the chemically bound CO2, is observed at applied
potentials lower than any previously reported ILs. These results show the same
trends as found over the previously reported Ag electrode, albeit with some
differences. For example, the maximum formate production is found at �0.7 V
over Ag at which potential no reduction was observed on Pt and Au.

5 Abbreviations
[P66614]
+

10 | Faraday Discuss., 2015, xx, 1–1
Trihexyltetradecylphosphonium

[C2mim]+
 1-Ethyl-3-methylimidazolium

[C4mim]+
 1-Butyl-3-methylimidazolium

[124Triz]�
 1,2,4-Triazolide

[BF4]

�
 Tetrauoroborate

[NTf2]

�
 Bis(triuoromethylsulfonyl)imide

[TFA]�
 Triuoroacetate

[OAc]�
 Acetate

[NO3]

�
 Nitrate
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Thioether-triphenolate bimetallic iron(III)
complexes as robust and highly efficient
catalysts for cycloaddition of carbon
dioxide to epoxides†

Antonio Buonerba,ab Francesco Della Monica,a Assunta De Nisi,ac

Ermanno Luciano,a Stefano Milione,ab Alfonso Grassi,ab

Carmine Capacchione*ab and Bernhard Riegerd
Received 11th May 2015, Accepted 21st May 2015

DOI: 10.1039/c5fd00070j

The selective and effective synthesis of organic carbonates under mild conditions, starting

from carbon dioxide and oxiranes, catalyzed by metal complexes is currently a focus of

interest for both industrial and academic researchers. We recently developed a novel

thioether-triphenolate iron(III) catalyst (Ct-Bu) that has proven to be highly active for the

coupling of CO2 with epoxides, resulting in cyclic organic carbonates under solvent-free

conditions. In the current work, the properties of this novel class of catalysts were

extensively investigated. In particular, the steric properties of the ligand were modulated

by changing the substituents of the aromatic rings in order to obtain a deeper knowledge

of the relationship between the complex structure and catalytic performance/selectivity

for these iron complexes. Notably, the less steric demanding iron(III) CH complex

synthesized shows, when activated by n-tetrabutylammonium bromide, an impressive

turnover frequency (TOF) of 3800 h�1 for the formation of propylene carbonate and

glycerol carbonate which are, by far, the highest reported for an iron based catalyst and

compares well with the most active catalyst based on other metals.
Introduction

The possibility of converting carbon dioxide into useful chemicals has become an
important area of research in both academic and industrial environments.1 For
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example, the reduction of CO2 by reaction with hydrogen or water to produce
formic acid,2 formaldehyde and methanol3 has been intensively studied for the
intrinsic value of these molecules as chemical intermediates or fuel.4 Like other
industrially relevant chemical processes, the key to overcoming the chemical
sluggishness of CO2 is the development of properly designed catalytic systems
able to enhance the reactivity and selectivity of such chemical transformations. In
this scenario, a prominent role is played by the coupling of CO2 with epoxides to
form cyclic organic carbonates (COCs)5 and polycarbonates.6 In particular, COCs,
due their high molecular dipole moments, dielectric constants and boiling
temperatures, are employed as green highly polar aprotic solvents and as ion-
carriers for lithium-based batteries.7 Furthermore, they nd application as valu-
able intermediates in organic synthesis and as monomers in the ring opening
polymerization to form polycarbonates. As a result of the growing interest in
using COCs in chemical synthesis, the development of efficient, selective, non-
toxic and inexpensive catalytic systems able to promote the coupling between
CO2 and oxiranes or oxetanes has become a focus of the eld of CO2 chemistry.

Generally, the most active catalytic systems are based on the combination of a
transition metal complex acting as a Lewis acid and a suitable nucleophile
(ammonium salts and phosphonium salts).8 The widely accepted mechanism
involves Lewis acid activation of the epoxide toward the ring opening by nucle-
ophilic attack on the less substituted carbon atom (see Scheme 1). This reaction is
followed by CO2 insertion into the formed metal-alkoxide intermediate leading to
an alkyl emi-carbonato unit which can undergo the ring closure, via a backbiting
mechanism producing the cyclic carbonate (A), or by inserting additional epoxide/
CO2 molecules producing polycarbonates (B). The fortuitous insertion of two
consecutive epoxide molecules also leads to the formation of polyether segments
(C). Consequently, the choice of metal complex, the ratio between the Lewis acid
and the nucleophile and the nature of the co-catalyst, the solvent, and the pres-
sure and temperature are of pivotal importance for the selectivity of the reaction.5a

We have recently developed a new catalytic system9 based on iron,10 an
abundant and non-toxic metal. In particular we have reported that the dinuclear
Fe(III) (Ct-Bu) (see Scheme 2) complex coordinated by dithioether-triphenolate-
based ligands in combination with tetrabutylammonium bromide (TBAB) is an
active and selective catalyst for the synthesis of various COCs. Notably, the
Scheme 1 Metal catalysed carbon dioxide–epoxide coupling.
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coupling of propylene oxide with CO2, in the presence of the aforementioned
catalytic system, gives the corresponding carbonate with the highest TOF (580
h�1) so far reported for an iron based catalyst.11

In order to establish a more rened catalyst structure–reactivity relationship
for this new Fe(III) catalyst family, we report here the synthesis of two new iron(III)
complexes, CH and CCum. We report on their inuence on the catalytic perfor-
mance, in terms of activity and selectivity, in the CO2/epoxide coupling reaction of
the substituents on the aromatic rings in the ligands LH–LCum.
Experimental

All manipulation involving air- and/or moisture-sensitive compounds were per-
formed under nitrogen atmosphere using a standard Schlenk technique and a
MBraun glovebox. Toluene (99.5%; Carlo Erba) and THF (99%; Sigma-Aldrich)
were used as received or reuxed for 48 h over sodium and distilled before use
for the moisture- and oxygen-sensitive reactions. All other reagents were used as
received (Sigma-Aldrich) or distilled under reduced pressure over calcium
hydride. The ligand precursor 6,60-(((5-(tert-butyl)-2-hydroxy-1,3-phenylene)bis(-
methylene))bis(sulfanediyl))-bis(2,4-di-tert-butylphenol) (Lt-Bu, Scheme 2) and the
corresponding iron(III) complex (Ct-Bu, Scheme 2) were synthesized according to
the reported procedure.9 Deuterated solvents were purchased from Euriso-Top or
Sigma-Aldrich and used as received.

NMR spectra were collected on Bruker Avance spectrometers (600, 400, 300 or
250 MHz for 1H), and the chemical shis were referenced to tetramethylsilane
(TMS) as the external reference, using the residual protio signal of the deuterated
solvents. Measurements of effective magnetic moments were performed on a
Bruker Avance 600 MHz spectrometer at 25 �C in CD3CN using a 5 mm Wilmad
coaxial insert NMR tube. Solutions of the complex CH (1.7 mM) and CCum (2.1
mM) in CD3CN with 1% of TMS were prepared under a nitrogen atmosphere. The
effective magnetic moment (meff) was calculated from meff ¼ 8cgMwT, where cg

(cm3 g�1) is the corrected molar susceptibility derived from cg ¼ 3Df/4pfoCMw +
co,12 Df is the shi in frequency (Hz) of the signal of the solvent in the presence of
the complex from the value of the pure solvent, C is the concentration of the
complex (mol cm�3),Mw is the molecular weight of the complex (g mol�1), fo is the
operating frequency of the spectrometer (Hz), and co is the mass susceptibility of
the pure solvent (�0.524 � 10�6 cm3 g�1 for CD3CN). The 4p/3 is the shape factor
Scheme 2 Synthetic strategy for the production of the pro-ligands and of the iron(III)
complexes.
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for a cylindrical sample in a superconducting magnet. Elemental analysis was
performed on a CHNS Thermo Scientic Flash EA 1112 equipped with a thermal
conductivity detector. ESI-MS spectra were acquired on a Quattro micro™ API
triple quadrupole mass spectrometer from Waters equipped with an electrospray
ion source, using acetonitrile as the solvent. FT-IRmeasurements were carried out
on a Bruker Vertex 70 spectrometer equipped with a DTGS detector and a Ge/KBr
beam splitter. The samples were analysed as chloroform solutions or in the form
of KBr disks. UV-Vis acquisitions were collected on a PerkinElmer Lambda EZ 201.

Synthesis of the pro-ligand 2,20-(((5-(tert-butyl)-2-hydroxy-1,3-phenylene)
bis(methylene))bis(sulfanediyl))-bisphenol (LH, Scheme 2)

A 500 mL two-neck round-bottom ask equipped with a condenser and a
magnetic stirring bar was charged, under a nitrogen atmosphere, with 5.00 g of 2-
mercaptophenol (35.7 mmol) dissolved in 160 mL of ethanol, and 1.43 g of NaOH
(35.7 mmol); the mixture was reuxed for about 1 hour until complete dissolution
of the hydroxide. 6.00 g of 2,6-dibromomethyl-4-t-butylphenol (17.83 mmol) dis-
solved in 50 mL of ethanol were slowly added at 0 �C and the mixture was heated
to the reux of the solvent that was kept overnight. The solvent was distilled off,
water was added until dissolution of the NaBr by-product and the aqueous phase
was extracted twice with methylene chloride. The combined organic phases were
dried with MgSO4 and, aer evaporation of the solvent, the product was recovered
as a white solid. Yield: 7.36 g, 96.8%. EA for C24H26O3S2 calc.: C, 67.57; H, 6.14; S
15.03; found: C, 67.27; H, 6.07; S, 14.93. Mass spectrum: 449.3 m/z (MNa+).

Synthesis of the iron(III) complex CH (Scheme 2)

A 500 mL two-neck round-bottom ask, equipped with a magnetic stirring bar,
was charged with 0.51 g of sodium hydride (21.0 mmol) suspended in 130 mL of
THF. A solution of 2.72 g of the ligand precursor LH (6.37 mmol) dissolved in 180
mL of THF was slowly added at room temperature under a protective nitrogen
atmosphere, and allowed to react overnight. The resulting suspension was ltered
through celite and slowly added at room temperature to 1.00 g of anhydrous
iron(III) chloride (6.24 mmol) dissolved in 100 mL of THF. The rapid colour
change to a deep purple was observed and the reaction was kept overnight. The
mixture was then ltered through celite and the solvent removed under reduced
pressure affording a deep purple crystalline solid. Yield: 2.80 g, 94%. EA for
C48H46Fe2O6S4 calc.: C, 60.13; H, 4.84; S, 13.38; found: C, 60.33 H, 4.47; S, 13.28.
Mass spectrum: 981.2 m/z (MNa+). UV-Vis: 3470 ¼ 2804 L mol�1 cm�1.

Synthesis of the pro-ligand 2,20-(((5-(tert-butyl)-2-hydroxy-1,3-phenylene)
bis(methylene))bis(sulfanediyl))-bis(2,4-di-(a,a0-dimethylbenzyl)phenol) (LCum,
Scheme 2)

A 50 mL two-neck round-bottom ask equipped with a condenser and a magnetic
stirring bar was charged, under a nitrogen atmosphere, with 2.02 g of 2-mercapto-
4,6-bis-(a,a-dimethylbenzyl)-2-phenol (5.56 mmol) dissolved in 25 mL of ethanol,
0.30 g of NaOH (22.2 mmol) and the mixture was reuxed for about 1 hour until
complete dissolution of the hydroxide. 0.94 g of 2,6-dibromomethyl-4-t-butyl-
phenol (2.8 mmol) dissolved in 10 mL of ethanol was slowly added at 0 �C and the
mixture was heated to the reux of the solvent that was kept overnight. The
ART � C5FD00070J
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solvent was distilled off, water was added until dissolution of the NaBr by-
product, and the aqueous phase was extracted twice with methylene chloride.
The combined organic phases were dried with MgSO4 and, aer evaporation of
the solvent, the resulting crude solid was puried by column chromatography
(light petroleum/ethyl acetate ¼ 95/5). Yield: 0.81 g, 33%. EA for C60H66O3S2 calc.:
C, 80.13; H, 7.40; S 7.13; found: C, 79.94; H, 7.27; S, 7.03. Mass spectrum: 899.2m/
z (M+), 922.2 m/z (MNa+).

Synthesis of the iron(III) complex CCum (Scheme 2)

A 50 mL two-neck round-bottom ask, equipped with a magnetic stirring bar was
charged with 0.073 g of sodium hydride (2.60 mmol) suspended in 20 mL of THF,
and a solution of 0.78 g of the ligand precursor LCum (0.87 mmol) dissolved in 25
mL of THF was slowly added at room temperature under a protective nitrogen
atmosphere, and allowed to react overnight. The resulting suspension was ltered
through celite and slowly added at room temperature to 0.138 g of anhydrous
iron(III) chloride (0.85 mmol) dissolved in 20 mL of THF. A rapid colour change to
deep blue was observed and the reaction was kept overnight. The mixture was
then ltered through celite and the solvent removed under reduced pressure
affording a deep blue crystalline solid. Yield: 0.79 g, 97.7%. EA for
C120H126Fe2O6S4 calc.: C, 75.69; H, 6.67; S, 6.74; found: C, 75.42; H, 6.58; S, 6.67.
Mass spectrum: 1904 m/z (M+), 1927 m/z (MNa+). UV-Vis: 3585 ¼ 7188 L mol�1

cm�1.

Typical procedure for CO2/epoxide coupling to cyclic carbonates catalyzed by
CH/TBAB (referred to entry 3, Table 1)

A 60mL stainless steel pressure reactor equipped with a magnetic stirring bar was
charged, under CO2 atmosphere, with 17.1 mg of catalyst CH (1.79 � 10�5 mol)
and 11.5 mg of TBAB (3.57 � 10�5 mol) dissolved in 5.0 mL of PO (7.15 � 10�2

mol). The reaction mixture was pressurized with CO2 at 2 MPa and stirred at 120
�C for 1 h. The reactor was cooled with ice, the CO2 was released, and mesitylene
was added as an internal standard before the mixture was analysed by 1H-NMR
spectroscopy using CD2Cl2 as the solvent. Yield 49.2%.

Results and discussion

The ligands LH–LCum were synthesized using the same synthetic strategy reported
for the synthesis of ligand Lt-Bu (see Scheme 2).9 The new ligands were puried by
recrystallization or by column chromatography, and fully characterized using
NMR, elemental analysis, MS, and FT-IR (see ESI†).

These ligands were chosen in order to study the inuence of the substituents
on the aromatic rings on the catalytic activity resulting by diminishing (LH) and
increasing (LCum) the steric bulk. The complexes CH and CCum were obtained by
reaction of the corresponding sodium salt obtained by reaction with 3 equivalents
of NaH in THF with an equimolar amount of anhydrous FeCl3 in analogy to the
procedure used for the synthesis complex Ct-Bu.9

The complexes, CH and CCum, were recovered by crystallization in tetrahy-
drofuran as small needle-shaped crystals with a red-purplish and deep-blue
colour respectively. Unfortunately, in both cases, the crystals were not suitable
ART � C5FD00070J
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for structural resolution by means of single crystal X-ray diffraction. Indeed the
formation of the adduct iron-ligand was initially conrmed using elemental
analysis and FT-IR spectroscopy, which revealed the disappearance of the vibra-
tion due to the hydroxyl of the pro-ligand as a result of the coordination of the
corresponding phenolate to the iron (see Fig. S11 and S17†). The ESI-MS spectra
of CH and CCum showmolecular ion peaks at 899 and 1927m/z respectively, which
are consistent with the dinuclear structure observed in the case of complex Ct-Bu.
The Evans method12 was applied for the determination of the solution magnetic
susceptibility and a value of 8.1 mB for CH and 7.2 mB for CCum resulted at 25 �C,
which are close to the values calculated for two isolated high spin (HS) iron(III)
centres (8.37 mB)13 and to that observed previously for Ct-Bu,9 conrming the
dimeric nature of the complexes and indicating some degree of ferromagnetic
coupling between the iron atoms being both in a HS (s¼ 5/2) state. Consequently,
the UV-Vis spectra, as expected for two HS iron(III) centres in an octahedral
environment, showed no d–d transitions but only a strong ligand-to-metal charge
transfer absorption at 470 nm (21 276 cm�1; 3470¼ 2804 Lmol�1 cm�1) for CH and
at 585 nm (21 276 cm�1; 3585 ¼ 7188 L mol�1 cm�1) for CCum. In addition, the
coordination of the sulfur atoms, necessary to ensure the octahedral geometry for
the iron centre, was conrmed by the shi of the vibration bands in the infrared
spectra of the complex to respect that of the free pro-ligand, respectively in the
spectral regions: 1450–1415 cm�1, 1270–1220 cm�1 and 680–600 cm�1, diagnos-
tics for the alkyl-sulphide moiety (see Fig. S12–S14 and S18–S20†).14 In particular
the shi to the red, observed for the CH2–S–C deformation (spectral region 1450–
1415 cm�1; Fig. S12 and S18†) and for the C–S stretching (spectral region 680–600
cm�1; Fig. S14 and S20†), accounts for a weakening of the C–S bond as a result of
the coordination of the sulphur to the iron, whereas the blue shi for the CH2–S–
C wagging (spectral region 1270–1220 cm�1; Fig. S13 and S19†) indicates a
reduced conformational mobility of the moieties aer coordination to the metal.

In order to check the catalytic performances of the iron(III) complexes, CH and
CCum, for the coupling of (�)-propylene oxide (PO) with carbon dioxide and
directly compare the results with the previously reported catalyst Ct-Bu, we con-
ducted several catalytic tests for the three complexes (CH, Ct-Bu, CCum) under the
same reaction conditions. Themain results are summarized in Table 1. Due to the
encouraging preliminarily results obtained with catalyst Ct-Bu we initially decided
to use a low catalyst loading (0.025% mol) and as co-catalyst the n-tetrabuty-
lammonium bromide (TBAB) (with a co-catalyst/catalyst molar ratio of 2) under a
CO2 pressure of 2MPa and solvent-free conditions. The reaction time was reduced
to 1 hour in order to better evaluate the turnover frequencies (TOF) of the catalytic
systems. In the temperature range 80–140 �C, an increase of activity by increasing
the temperature was observed for all the titled catalysts, with the maximum
activity shown by CH which reached a conversion of 61% with a TOF value of 2420
h�1 at 140 �C (entry 4), showing that a less encumbered metal centre is more
accessible to the substrate. Notably, at a lower temperature (80–100 �C) the
catalytic performances of CH are sensibly scarcer (entries 1 and 2) compared to the
more sterically demanding catalysts Ct-Bu and CCum (entries 5, 6 and 9, 10
respectively; see also Fig. 1). This apparent contradiction is probably due to the
lower solubility of complex CH in the reaction medium compared to the more
soluble catalysts Ct-Bu and CCum. In order to support our hypothesis, we per-
formed the reactions using methyl ethyl ketone (MEK) as the solvent with the aim
ART � C5FD00070J
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Table 1 Synthesis of propylene carbonate through CO2/propylene oxide coupling cata-
lyzed by Fe(III) catalysts

Entrya Catalyst

Co-catalyst PO/co-cat./
cat.
(molar
ratio) Solvent

T
(�C) PCO2

(MPa)
Conversionbc

(%)
TOFd

(h�1)
(mol
%)

1 CH TBAB 0.05 4000/2/1 — 80 2 2.4 96
2 CH TBAB 0.05 4000/2/1 — 100 2 16.9 680
3 CH TBAB 0.05 4000/2/1 — 120 2 49.2 1970
4 CH TBAB 0.05 4000/2/1 — 140 2 60.5 2420
5 Ct-Bu TBAB 0.05 4000/2/1 — 80 2 4.6 185
6 Ct-Bu TBAB 0.05 4000/2/1 — 100 2 16.8 675
7 Ct-Bu TBAB 0.05 4000/2/1 — 120 2 39.8 1595
8 Ct-Bu TBAB 0.05 4000/2/1 — 140 2 57.4 2300
9 CCum TBAB 0.05 4000/2/1 — 80 2 4.6 185
10 CCum TBAB 0.05 4000/2/1 — 100 2 20.1 805
11 CCum TBAB 0.05 4000/2/1 — 120 2 29.4 1175
12 CCum TBAB 0.05 4000/2/1 — 140 2 47.5 1900
13 CH TBAB 0.05 4000/2/1 MEK 100 2 8.9 355
14 CH TBAB 0.05 4000/2/1 MEK 120 2 31.1 1245
15 Ct-Bu TBAB 0.05 4000/2/1 MEK 100 2 7.8 310
16 Ct-Bu TBAB 0.05 4000/2/1 MEK 120 2 20.3 810
17 CCum TBAB 0.05 4000/2/1 MEK 100 2 8.3 330
18 CCum TBAB 0.05 4000/2/1 MEK 120 2 21.4 855
19 CH TBAB 0.05 4000/2/1 — 120 0.5 35.6 1425
20 CH TBAB 0.05 4000/2/1 — 120 4 55.7 2230
21 CH TBAI 0.05 4000/2/1 — 120 2 42.3 1690
22 CH [PPN]

Cl
0.05 4000/2/1 — 120 2 38.9 1555

23 CH DMAP 0.05 4000/2/1 — 120 2 0.4 16
24 CH TBAB 0.1 4000/4/1 — 120 2 82.4 3300
25 CH TBAB 0.25 4000/10/1 — 120 2 95.2 3810
26 Ct-Bu TBAB 0.25 4000/10/1 — 120 2 84.6 3385
27 CCum TBAB 0.25 4000/10/1 — 120 2 63.2 2530
28e — TBAB 0.05 4000/2/0 — 120 2 32.6 —

a Basic reaction conditions: propylene oxide (5 mL; 7.15 � 10�2 mol), catalyst loading ¼
0.025 mol% (1.79 � 10�5 mol), 1 h. b Determined by NMR (using mesitylene as an
internal standard). c The selectivity for the formation of propylene carbonate was found
to be >99%. d Turnover frequency (molPC molcatalyst

�1 reaction time�1). e Control
experiment in absence of catalyst: reaction time ¼ 24 h.
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of suppressing the negative effects on the catalytic activity due to the low solubility
of catalyst CH. As a matter of fact, the results obtained at both 100 and 120 �C
clearly show that the catalytic activity of the more open catalyst CH, is comparable
at 100 �C to those of catalysts Ct-Bu and CCum (entries 13, 15 and 17) and is sensibly
higher at 120 �C (entries 14, 16 and 18), indicating a crucial role for temperature
in determining the catalytic activity for this class of catalysts.
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For the more active catalyst CH, we also explored the effect of CO2 pressure on
the catalytic activity showing that halving or doubling carbon dioxide pressure
has a small effect on the catalytic performances (compare entry 3 with entries 19
and 20).

In analogy to the results obtained in the presence of the complex Ct-Bu, the use
of other commonly employed co-catalysts such as n-tetrabutylammonium iodide
(TBAI), bis(triphenylphosphine)iminium chloride (PPNCl), and 4-dimethylami-
nopyridine (DMAP) resulted in a lowering of the catalytic activity (entries 21–23).
In particular, while the two halogen containing co-catalysts (TBAI and PPNCl)
show an activity comparable to that of TBAB, the use of DMAP results in a
dramatic reduction of the catalytic activity. Moreover, the absence of the cocata-
lyst (TBAB) or of the iron(III) catalyst CH resulted in a complete loss of the catalytic
activity in the rst case and in a conversion of only 33% (entry 28) in the second
case even aer 24 h, highlighting a synergic effect between the catalyst and the co-
catalyst for carbonate formation.

Intriguingly, by increasing the co-catalyst/catalyst molar ratio to higher values
(4 for entry 24 and 10 for entry 25) a further increase of the catalytic activity was
observed with a conversion of 95% in 1 hour and a TOF of 3800, which is not only
the highest reported so far for an iron based catalyst but compares well with the
more active catalysts based on other metals.5a It is worth noting that under these
conditions the order of reactivity is CH > Ct-Bu > CCum (entries 25–27) conrming
that a less sterically congested metal centre is more reactive in the CO2/epoxide
coupling.

Having established that catalyst CH is a highly active and selective catalyst for
the formation of cyclic carbonates, in order to expand the scope of this catalyst we
explored the cycloaddition of CO2 to a variety of functionalized terminal epoxides
providing organic cyclic carbonates, under similar catalytic conditions as used in
the case of propylene oxide (reaction condition of entry 3 of Table 1). The main
results are reported in Table 2. All the substrates were conveniently converted to
Fig. 1 TOF of the iron(III) complexes as a function of the reaction temperature (entries 1–
12, Table 1).
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the corresponding cyclic carbonates with good yields even at relatively short
reaction times (1 h). Notably, glycerol carbonate15 which is a very interesting target
molecule due to its properties, is easily obtained from glycidol in excellent yield
(96%) with a TOF of 3830 h�1. These results are even superior to those observed
for propylene oxide under the same reaction conditions (compare entry 3 of Table
1 with entry 29 of Table 2) and, also in this case, it is the highest observed TOF
reported for this substrate.

Furthermore, we explored the synthesis of cyclic carbonates starting from the
more challenging substrate cyclohexene oxide (CHO). Actually, the formation of
the cyclic carbonate from CHO is disfavored with respect to the formation of the
corresponding polycarbonate because of the geometric strain due to the forma-
tion of two interconnected six- and ve-membered cycles. In our case, we obtained
good conversion (63%) within 3 h with a complete selectivity toward the cyclic
product in the case of complex CH. In this case the role of the steric bulkiness of
the substituents on the aromatic rings is even more pronounced than in the case
of PO, with the catalytic activity decreasing with steric bulk of the substituents: CH

> Ct-Bu > CCum (see entries 34–36).
It is worth mentioning that, as already observed for other iron based catalytic

systems, the cyclic carbonates from CHO were produced selectively with cis-
stereochemistry, as pointed out by NMR and FT-IR analysis, that revealed strong
adsorption bands at 1802 cm�1, previously assigned to the stretching of the
carbonyl, respectively for the cis-cyclohexene carbonate.11i
Conclusions

In conclusion, we reported on the synthesis and characterization of two new, air
stable, dimeric iron(III) complexes bearing thioether-triphenolate ligands. When
activated by tetrabutylammonium bromide the title iron(III) complexes are very
effective in the coupling of CO2 with epoxides, giving excellent results in terms of
activity, and chemo- and stereo- selectivity under solvent-free conditions. In
particular, the less sterically demanding CH complex shows the best catalytic
performances in terms of activity and selectivity for a wide number of substrates
with TOF values up to 3830 h�1. These results demonstrate, for this class of
catalysts, that a more accessible metal centre is crucial to increase the activity in
the cycloaddition of CO2 to epoxide. Finally, these outcomes clearly show that this
class of iron(III) based catalysts, bearing two sulfur atoms in the ligand skeleton,
are competitive in term of activity, selectivity and substrate scope respect to other
catalytic systems based on more toxic and/or expensive metals, for the formation
of cyclic carbonates.
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Ricerca (MIUR, Roma, Italy) for FARB 2014 and PRIN 2010–2011, the Regione
Campania (POR FSE, project: “MAteriali e STrutture Intelligenti”, MASTRI, Code
4-17-3, CUPB25B09000010007) and the Centro di Tecnologie Integrate per la
Salute (Project PONa3_00138) for the 600 MHz NMR instrument time funding.
Alexander von Humboldt Foundation is deeply acknowledged for a renewal
ART � C5FD00070J

This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, xx, 1–13 | 11



Faraday Discussions Paper

1

5

10

15

20

25

30

35

40

45

50
fellowship (C.C.). Dr Patrizia Oliva, Dr Patrizia Iannece and Dr Ivano Immediata
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Immobilization of [Mn(bpy)(CO)3Br], (1) and [Mn(bpy(tBu)2)(CO)3Br] (2, where (bpy(tBu)2) ¼
4,40-di-tert-butyl-2,20-bipyridine) in Nafion/multi-walled carbon nanotubes (MWCNT) on

glassy carbon yielded highly active electrodes for the reduction of CO2 to CO in aqueous

solutions at pH 7. Films incorporating 2 have significantly improved selectivity towards

CO2, with CO : H2 � 1 at �1.4 V vs. SCE, exceeding that for the previously reported 1/

MWCNT/Nafion electrode. Furthermore, we report the synthesis and subsequent

electrochemical characterization of two new substituted Mn(I) bipyridine complexes,

[Mn(bpy(COOH)2)(CO)3Br] (3) and [Mn(bpy(OH)2)(CO)3Br] (4) (where (bpy(COOH)2) ¼
4,40-di-carboxy-2,20-bipyridine and (bpy(OH)2) ¼ 4,40-di-hydroxy-2,20-bipyridine). Both
3 and 4 were found to have some activity towards CO2 in acetonitrile solutions,

however once immobilized in Nafion membranes CO2 reduction was found to not

occur at significant levels.
1 Introduction

Carbon capture coupled with utilisation is a potentially sustainable route to
useful feedstocks and fuels such as CO, HCOOH, CH3OH and CH4. Electro-
catalytic CO2 reduction is a particularly attractive utilisation pathway as the
energetic input for CO2 reduction can come from renewable sources of power (e.g.
wind, solar) with the production of chemical fuels offering a solution to the
intermittent nature of such renewables. Whilst the direct one electron reduction
of CO2 is extremely challenging, occurring at �2.15 V vs. SCE (pH 7),1 the
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drying. CCDC 1061484 and 1061485. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c5fd00071h
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multielectron, multiproton reduction of CO2 can be achieved at more moderate
potentials (CO2 + 2H+ + 2e� / CO + H2O, �0.77 V vs. SCE, pH 7).2 However in
order to achieve high Faradaic efficiencies for CO2 reduction a suitably selective
electrocatalyst for CO2 is required as the production of H2 (2H

+ + 2e�/H2,�0.65
V vs. SCE, pH 7) oen dominates in protic solvents.

Homogenous electrocatalysts based on fac-[M(bpy)(CO)3X] (where M¼ Re, Mn;
X¼ Cl�, Br� and bpy¼ 2,20-bipyridine) have been widely studied for the reduction
of CO2 to CO due to their high selectivities and ease of synthetic modication.3,4

Early studies concentrated on [Re(bpy)(CO)3Br] and its derivatives;5,6 however in
2011 it was shown that the lower cost manganese analogue, [Mn(bpy)(CO)3Br] 1, is
also an excellent homogeneous electrocatalyst for the reduction of CO2 to CO.7

Using 1, CO2 reduction was reported to occur at a potential (ca. �1.4 V vs. SCE)
signicantly more positive than that required using the analogous rhenium
complex, providing that a suitable Brønsted acid such as water was present in the
organic solvent (typically CH3CN or DMF). A range of catalysts of the form
[MnI(L)(CO)3X] (L ¼ bpy,7 4,40 or 6,60-disubstituted-2,20-bipyridine)8,9 have since
been reported with the aim of improving both the turnover frequency (TOF) and
overpotential for CO2 catalysis using 1 and amongst the most active is
[Mn(bpy(tBu)2)(CO)3Br] (2, where (bpy(

tBu)2) ¼ 4,40-di-tert-butyl-bipyridine). 2 has
been reported to have a TOF of 340 s�1 at �2.2 V vs. SCE for CO production in the
presence of 1.4 M 2,2,2-triuoroethanol (TFE), approximately 300 times higher
than that of complex 1, although it should be noted that the onset for catalysis is
ca. 200 mV cathodic of 1.8 Detailed electrochemical, spectroscopic and theoretical
studies have identied several key aspects of the mechanism of CO2 reduction
using 1 and 2.8,10–12 It is known that upon initial one-electron reduction, bromide
loss and dimerization with another reduced moiety to yield [Mn(bpy)(CO)3]2
rapidly occurs. Reduction of the dimer then leads to the formation of the primary
active catalyst, [Mn(bpy)(CO)3]

�.7 Using 2D-EPR measurements it has also been
shown that with a closely related complex, [Mn(bpy(Me)2)(CO)3Br] (where
(bpy(Me)2) ¼ 4,40-dimethyl-2,20-bipyridine), CO2 reduction can also occur via a
second pathway involving direct CO2 and H+ addition to the dimeric species
formed upon reduction.13 Due to the propensity of the [MnI(L)(CO)3X] complexes
to dimerize upon reduction, Kubiak et al. developed a complex with bulky
bipyridine ligands, [Mn(mesbpy)(CO)3Br] (where mesbpy ¼ 6,60-dimesityl-2,20-
bipyridine),9 that was too sterically hindered to undergo dimerization, with the
aim of modifying the catalytic mechanism. Promisingly, such an approach led to
a large enhancement in TOF (ca. 5000 s�1, 1.4 M TFE at ca. �1.8 V vs. SCE),
although no improvement in onset potential for catalysis was achieved when
compared to 1. In addition to studies on the modication of the bpy ligand,
several groups have also explored the use of N-heterocyclic carbenes,14,15 nonar-
omatic a-diimine ligands,16,17 hydroxyphenol-substituted bpy18 and pentadentate
chelating19 ligands with Mn(I) centres for use as potential CO2 reduction catalysts
with varying degrees of success.

To date, studies on [MnI(L)(CO)3X] derivatives have concentrated on the
development of the homogenous catalyst in an aprotic organic solvent doped with
a proton source such as water, methanol or TFE. Here we address the develop-
ment of this class of catalysts for use in an immobilized, recyclable form in
aqueous solvents at pH 7. Naon membranes have been used extensively as
catalyst supports as they are chemically stable proton conductors with high
ART � C5FD00071H
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permeability towards water. Previous examples of Naon-supported molecular
CO2 reduction catalysts include [Re(bpy)(CO)3Br],20 [Ni(cyclam)]2+,21 and a cobalt
tetramethylpyridoporphyrazine;22 however the current densities reported during
sustained electrolysis were typically low (<0.1 mA cm�2) due to the low electrical
conductivity of the Naon support. Recently we reported on an immobilized high
surface area 1/MWCNT/Naon cathode (where MWCNT ¼ multi-walled carbon
nanotubes) that achieved CO and H2 production in ratios suitable for use as
syngas (CO : H2 ¼ 1 : 2) at greatly increased sustained current densities (0.7 mA
cm�2) although with a relatively high overpotential (h ¼ 0.63 V, �1.4 V vs. SCE) at
pH 7.23 MWCNT have been previously used as supports in a number of elegant
studies on molecular catalysts for water oxidation,24 water reduction,25 and CO2

reduction26 where the catalysts are either directly graed to, or modied with
pyrene groups to enable interaction with, the MWCNT. In contrast, we previously
employed a very simple, potentially low-cost approach where MWCNT were added
to a polymer/catalyst solution before being drop-cast onto an electrode surface. It
has been reported that a weak p–p interaction can occur between bpy ligands and
MWCNT,27,28 and in our co-cast lm FTIR spectroscopy indicated the presence of
an interaction between the bipyridine ligand of 1 and the high surface area
support,23 although the exact nature of this MWCNT–1 interaction remains under
investigation. Critically the use of the high surface area report led to catalytic
current densities an order of magnitude higher than could be achieved for the 1/
Naon membrane alone. In this contribution, we report a 1/MWCNT/Naon
electrode that operates at more than twice the current density (1.79 mA cm�2,
CO : H2 � 0.3 at�1.4 V vs. SCE) of our previous study. We also examine a range of
new [Mn(L)(CO)3X]/MWCNT/Naon lms leading to an electrode with a high
selectivity towards CO2 over H

+ reduction even in aqueous solutions.
We also synthesise and study, in solution, two previously unreported

[MnI(L)(CO)3X] complexes, modied at the 4,40-position of the bipyridine ligand,
[Mn(bpy(COOH)2)(CO)3Br] (3) and [Mn(bpy(OH)2)(CO)3Br] (4) (where
(bpy(COOH)2) ¼ 4,40-di-carboxy-2,20-bipyridine and (bpy(OH)2) ¼ 4,40-di-hydroxy-
2,20-bipyridine), see Fig. 1. Complex 3 is of interest as a route to overcoming the
relatively high overpotential for the reduction of CO2 by 1 (h � 580 mV in CH3CN/
H2O, 95 : 5).29 The addition of electron-withdrawing groups (EWGs) to the 4,40-
position of the bipyridine ligand has been shown previously to stabilise the rst
reduction of the analogous rhenium complex,30 and it is anticipated that a similar
anodic shi in the reduction potentials of 3may occur. Conversely, complex 4 was
identied due to the unique ability of the 4,40-di-hydroxy-2,20-bipyridine to act as a
Fig. 1 [MnI(L)(CO)3X] complexes under study, and single crystal X-ray structures of (3)
[Mn(bpy(COOH)2)(CO)3Br] and (4) [Mn(bpy(OH)2)(CO)3Br], with solvent atoms omitted for
clarity (details in the ESI†).

ART � C5FD00071H

This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, xx, 1–14 | 3



Faraday Discussions Paper

1

5

10

15

20

25

30

35

40

45

50
“push–pull” ligand, where deprotonation of the hydroxyl group leads to the
formation of an oxyanion bipyridine which has been shown with [Ru(bpy)2(b-
py(OH)2)]

2+ to be a strong electron donor.31 This may be a promising approach as
the high catalytic activity of 2 is proposed to be related to the increased electron
density at the Mn centre due to the presence of the bulky electron-donating t-butyl
groups.8 During the preparation of this manuscript the analogous rhenium
complex, [Re(bpy(OH)2)(CO)3Br] was reported to have comparable activity to
[Re(bpy(tBu)2)(CO)3Br] for the production of CO.32 Following homogenous studies
in aprotic solvents we incorporated both the new complexes (3 and 4) and the
current benchmark catalysts 1 and 2, in high surface area [Mn(L)(CO)3X]/
MWCNT/Naon lms, leading to the report of both a new 1/MWCNT/Naon
electrode that operates at improved current densities (1.79 mA cm�2, CO : H2 �
0.3 at �1.4 V vs. SCE) and a 2/MWCNT/Naon electrode with improved selectivity
for CO2 reduction (CO : H2 � 1 at �1.4 V vs. SCE), compared to our previous
report.23
2 Experimental
Materials and methods

Bromopentacarbonylmanganese(I), 2,20-bipyridine, 4,40-di-hydroxy-2,20-bipyr-
idine, 4,40-di-carboxy-2,20-bipyridine and 4,40-di-tert-butyl-2,20-bipyridine were
purchased from Sigma-Aldrich and used as received. Naon (5% w/w in lower
alcohols, Sigma-Aldrich), sodium phosphate monobasic ($99%, Sigma-Aldrich),
sodium phosphate dibasic ($99%, Sigma-Aldrich), tetrabutylammonium hexa-
uorophosphate (TBA PF6, 99%, electrochemical grade) and multi-walled carbon
nanotubes (MWCNT > 98% carbon, 6–13 nm � 2.5–20 mm, Sigma-Aldrich) were
used as received. Acetonitrile (chromatographic grade, Sigma-Aldrich) was dried
over molecular sieves (3�A) prior to use and stored under argon. Milli-Q water (18.2
MU) was used for all aqueous solutions. CO2 and argon (CP and pureshield grade
respectively) were purchased from BOC.
Synthesis of complexes

All syntheses were carried out in the dark and under an atmosphere of Ar.
[Mn(bpy)(CO)3Br] and [Mn(bpy(tBu)2)(CO)3Br] were synthesized and characterized
according to literature methods (details in the ESI†).

[Mn(bpy(COOH)2)(CO)3Br], 3. A solution of 4,40-dicarboxy-2,20-bipyridine (180
mg, 0.74 mmol) in 8 ml of methanol was added to a solution of Mn(CO)5Br (200
mg, 0.72 mmol) in toluene (20 ml). The mixture was reuxed for 90 minutes at 60
�C, then kept in the fridge overnight. The orange-red precipitate that formed was
ltered off and washed with cold diethyl ether, and the resulting red solution was
rotary evaporated to dryness to yield a bright red powder. The nal product was
recrystallized from hot acetone and hexane, and dried in vacuo for 48 hours.
Crystals of suitable quality for diffraction studies were grown by slow vapour
diffusion of n-hexane into concentrated THF solutions of the complex. Yield ¼
46.84%; 1H-NMR (300 MHz, DMSO-d6): d ppm 7.17 (br. d, J ¼ 1.00 Hz, 2H), 8.09
(br. s, 2H), 9.41 (br. s, 2H), 9.68 (m, 1H); FTIR (CH3CN/H2O, 95 : 5): 2030, 1940,
1931 cm�1; anal. calcd for C15H8BrMnN2O7$H2O: C, 37.45; H, 2.10; N, 5.82.
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Found: C, 37.30; H, 1.81; N, 5.57. m/z (ESI); 415 ([M � Br� + HOMe]+), 383 ([M �
Br�]+).

[Mn(bpy(OH)2)(CO)3Br], 4. A solution of 4,40-dihydroxy-2,20-bipyridine (140
mg, 0.74 mmol) in 8 ml of methanol was added to a solution of Mn(CO)5Br (200
mg, 0.72 mmol) in toluene (20 ml). The mixture was reuxed for 90 minutes at 60
�C, and then placed in the fridge overnight. The orange-red precipitate that
formed was ltered off and washed with cold diethyl ether, and the resulting
yellow solution was rotary evaporated to dryness to yield a yellow powder. The
nal product was recrystallized from hot acetone and hexane, and dried in vacuo
for 48 hours. Crystals of suitable quality for diffraction studies were grown by slow
vapour diffusion of n-hexane into concentrated acetone solutions of the complex.
Yield ¼ 50%; 1H-NMR (300 MHz, CD3OD): d ppm 7.05 (dd, J ¼ 1.00 Hz, 2H), 7.70
(dd, J ¼ 1.00 Hz, 2H), 8.86 (dd, J ¼ 1.00 Hz, 2H); FTIR (CH3CN): 2024, 1930, 1915
cm�1; anal. calcd for C13H8BrMnN2O5: C, 38.36; H, 1.98; N, 6.88. Found: C, 38.20;
H, 1.97; N, 6.78. m/z (ESI); 359 ([M � Br� + HOMe]+), 327 ([M � Br�]+).

Electrochemical measurements

A PalmSens3 potentiostat, glassy carbon disc (A ¼ 0.0717 cm2, BASi) working
electrode and a Pt basket counter electrode were used in all experiments. An Ag/
AgCl (3 M KCl, BASi) or a freshly cleaned Ag wire, calibrated vs. Fc/Fc+, was used as
the reference electrode in water or organic electrolytes, respectively. Bulk elec-
trolysis measurements were carried out in a custom glass H-Cell with the Pt
counter electrode separated from the working and reference electrodes by a ne
glass frit. All samples were thoroughly purged with either Ar or CO2 for 30minutes
prior to use, and kept in the dark throughout the experiments. Gas chromatog-
raphy (GC) was performed using an Agilent 6890N employing N6.0 He (BOC) as
the carrier gas (5 ml min�1). A 5 �A molecular sieve column (ValcoPLOT, 30 m
length, 0.53 mm ID) and a pulsed discharge detector (D-3-I-HP, Valco Vici) were
employed. CO and H2 peak areas were quantied by comparison to multiple
calibrant gas injections (500 ppm H2 and 200 ppm CO in helium (STG)). NMR
spectra were recorded on a Bruker Advance 400 NMR spectrometer operating at
400 MHz (1H) or 101 MHz (13C) or on a Bruker Advance 300 NMR spectrometer
operating at 300 MHz (1H) using an amber NMR tube. ESI-MS and elemental
analyses were performed by the University of Liverpool analytical services. UV-vis
spectra were recorded on a Shimadzu UV-2600 spectrophotometer using 1 cm or 1
mm pathlength quartz cuvettes. FTIR spectra were recorded on a Bruker Vertex
instruments either in solution, cast on a CaF2 plate, or using a diamond ATR
crystal (Pike). Spectroelectrochemistry (SEC) was carried out using a liquid IR-SEC
cell with a pathlength of approximately 0.2 mm that has been reported else-
where.33 The working and counter electrodes were Pt minigrids and a silver wire
was used as the pseudo-reference. The concentration of the complex was
approximately 0.1 mM in dry CH3CN containing 0.1 M TBA PF6 electrolyte, which
was recrystallized from absolute ethanol and dried overnight on a Schlenk line at
70 �C prior to use.

Preparation of membrane supported catalyst electrodes

The membrane was prepared from a sample of complex 1–4 dissolved in 0.5 ml of
acetonitrile, mixed with 0.5 ml of a Naon/alcohol solution (5.0% w/w) in a 1 : 1
ART � C5FD00071H
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volume ratio in the dark to make up a 1.4 � 10�2 M solution. In a typical
experiment 5 ml of this yellow solution, corresponding to 70 nmol of complex in
2.5% Naon/CH3CN 1 : 1, was transferred onto a polished glassy carbon electrode
using an autopipette and le to dry in air in the dark for at least 2 hours at a
constant temperature (maintained at 25 �C), yielding a continuous pale yellow
polymer lm that completely coated the working area. It has been observed that
the temperature control is critical in obtaining highly active lms (see full
discussion in the ESI†). Casting solutions for MWCNT/Naon/complex lms were
prepared as above with the addition of MWCNT in a 1 : 1 mass ratio with the
complex to the casting solution, followed by sonication in the dark for 15
minutes. 5 ml of this darkly coloured casting solution was then transferred onto a
polished glassy carbon electrode using an autopipette and le to dry in air in the
dark for at least 2 hours. Following bulk electrolysis experiments the aqueous
electrolyte was studied using UV/vis spectroscopy to conrm that complex
leaching from the membrane into the electrolyte had not occurred. Morpholog-
ical characterization was performed on lms cast on glass slides using an Ambios
Technology XP200 prolometer.
3 Results and discussion
Synthesis and characterisation

Complexes 3 and 4 are readily prepared by modication of the existing synthetic
route of 1.7 It is noted that complex 3 is particularly light sensitive, undergoing
rapid decomposition within minutes in solution under ambient light, therefore
all electrochemical experiments were carried out in the dark. Both 3 and 4 have
been characterised using FTIR spectroscopy which shows three n(CO) bands
corresponding to fac-tricarbonyl species (Table 1) in line with the single crystal
structures, Fig. 1.

Due to the limited solubility of 3 in acetonitrile all experiments using this
complex are carried out in the presence of 5% water. We observe n(CO) bands at
2030, 1940 and 1931 cm�1 for 3 in CH3CN/H2O (95 : 5), with the increase in the
n(CO) frequencies compared to complex 1 indicating decreased electron density at
the Mn centre due to the introduction of the electron withdrawing carboxylic acid
group at the 4,40-position of the bipyridine ligand.27 In neat acetonitrile complex 4
has n(CO) bands at 2024, 1930 and 1915 cm�1, with the decrease in frequency of
Table 1 Infrared carbonyl stretching frequencies and reduction potentials for complexes
1–4 in CH3CN, and reduction potentials of complexes 1–4 in CH3CN or CH3CN/H2O
(95 : 5) containing 0.1 M TBA PF6 electrolyte

Complex
E
1st (V vs. SCE)

E
2nd (V vs. SCE) n(CO) (cm�1) Solvent

1 �1.24 �1.46 2027 1933 1924 CH3CN
2 �1.39 �1.57 2025 1930 1921 CH3CN
3 �1.07 �1.41 2030 1940 1931 CH3CN/H2O
4 �1.38a �1.73a 2024 1930 1915 CH3CN

a The rst reductions of 4 are proposed to be primarily based on the bpy ligand (see Fig. 3
and 4).
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the stretches versus 1 indicating that the introduction of the hydroxyl groups to
the bipyridine ligand has increased the electron density at the metal centre in 4.
Themagnitude of the shi of the n(CO) bands in 4 is very similar to that previously
observed, and reproduced here also, for 2.8 Solvolysis of the Mn–Br bonds in the
case of 4 occurs rapidly in the dark leading to the formation of the solvent
complex [Mn(bpy(OH)2)(CO)3(CH3CN)]

+ (n(CO) 2045, 1955 and 1944 cm�1,
Fig. S3†), which has been seen previously for this class of complex.15,34 It has been
previously reported that fac-[Mn(bpy)(CO)3Br] can undergo photochemical
transformation to mer-[Mn(bpy)(CO)3Br], which has n(CO) at 2043 (vw), 1948 (s)
and 1903 (m) in THF.35 We rule out the formation ofmer complexes of 4 due to the
relative intensities of the three new n(CO) stretches formed upon solvation, which
are all of similar intensity, indicating the presence of a fac-tricarbonyl species.
Electrochemical characterisation of complex 3

The electrochemistry of 1 and 2 in CH3CN has been reported previously,7,8 but the
cyclic voltammetry of 1 is also shown in Fig. 2(a) to allow comparison to the
previously unreported complex 3, Fig. 2(b). Initial reduction of 1 at �1.24 V in
anhydrous CH3CN results in bromide loss followed by fast dimerization to form
[Mn(bpy)(CO)3]2 which is reduced at �1.46 V to form the catalytically active
species, [Mn(bpy)(CO)3]

�. In anhydrous CH3CN, oxidation of [Mn(bpy)(CO)3]
� can

occur at �1.08 V leading to dimer formation, which is oxidised at �0.21 V.7 In the
presence of water, solvolysis of the Mn–Br bond occurs and the reduction of
[Mn(bpy)(CO)3(S)]

+ to form the dimer is also observed at �1.11 V.
Fig. 2 (a) Solution phase CVs of the parent complex 1 under Ar (black) and CO2 (red). (b)
CVs of complex 3 under Ar (black) and CO2 (red). The supporting electrolyte was 0.1 M TBA
PF6 in CH3CN/H2O (95 : 5), v ¼ 100 mV s�1.
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Spectroelectrochemical measurements which would be required to conrm
the chemical nature of the species produced in analogous experiments with 3
were not possible due to excessive H2 production occurring in the spectroelec-
trochemical cell (5%H2O in CH3CN is required to solubilise 3). The similarities in
the cyclic voltammograms of 1 and 3 allow the following tentative assignments to
be made by analogy (Fig. 2(b)). Under argon, the reduction at �1.07 V is assigned
to complex 3, with the shoulder at ca. �0.8 V vs. SCE in CH3CN/H2O due to
[Mn(bpy(COOH)2)(CO)3(Solv)]

+, Fig. 2(b). The signicant anodic shi of the
reduction potentials of both the cationic solvent complex (�0.80 V) and the
bromide complex (�1.07 V) of 3 compared to 1 indicates that the electron with-
drawing carboxylic acid groups are able to stabilise the reduced complex as
hypothesised. In light of the precedent for similar [MnI(L)(CO)3X] complexes to
dimerize following initial reduction, it is proposed that the two-electron reduction
of the dimer [Mn(bpy(COOH)2)(CO)3]2 occurs at �1.41 V to form 2
[Mn(bpy(COOH)2)(CO)3]

�, with re-oxidation of [Mn(bpy-COOH)(CO)3]
� and the

subsequently formed dimer occurring at �1.00 and �0.21 V, respectively. Our
assignment of the formation of the proposed active catalyst
[Mn(bpy(COOH)2)(CO)3]

� by dimer cleavage at �1.41 V is supported by the
enhanced current in the presence of CO2, which is particularly pronounced at
slower scan rates (Fig. S8†). However we are unable to denitively rule out other
assignments, including the direct reduction of [Mn(bpy(COOH)2)(CO)3] in the
absence of dimerization, or the reduction of a manganese hydride species as has
been previously proposed by Gobetto et al. for a [MnI(L)(CO)3X] complex con-
taining hydroxyl groups.36 It is notable that, although present, the current
enhancement achieved under CO2 with 3 in solution is small compared to that
seen for 1 (Fig. 2), indicating a low catalytic TOF.8 [Re(bpy(COOH)2)(CO)3Cl] has
previously been explored as a potential CO2 reduction electrocatalyst, but no
current enhancement in the presence of CO2 was observed,30 and it is likely that
the reduced nucleophilic nature of the active complex here formed upon reduc-
tion of 3, due to the presence of the EWG, is also a signicant factor in decreasing
the activity towards CO2 reduction. Nonetheless, despite the reduced activity the
promising anodic shi in reduction potentials of 4 warrants the study of the
complex in a polymer supported electrode.
Electrochemical characterisation of complex 4

The cyclic voltammetry of 4 in anhydrous CH3CN under argon at 100mV s�1 is not
typical of that observed for other [Mn(L)(CO)3Br] complexes.7,8 The CVs in Fig. 3
show the presence of reductions at �1.38, �2.01 and �2.20 V vs. SCE (labelled
processes I, III and IV in Fig. 3), in addition to a scan rate dependent feature at
�1.73 V vs. SCE (II), which becomes increasingly prominent at higher scan rates
(Fig. S6†).

Whilst this manuscript was under preparation an IR-SEC study of the related
complex [Re(bpy(OH)2)(CO)3Cl] was reported, with the modied bpy ligand being
able to undergo two reductive deprotonation steps to form
[Re(bpy(OH)(O�))(CO)3Cl]

� and [Re(bpy(O�)2)(CO)3]
�, with assignments based

upon DFT calculations and IR analysis of chemically deprotonated complexes.32

IR-SEC indicates that the behaviour of the equivalent Mn complex (4) is also
similar, Fig. 4. At open circuit potential (OCP), n(CO) corresponding to both
ART � C5FD00071H
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Fig. 3 (a) Cyclic voltammetry of 4 (�1 mM) in Ar-purged CH3CN. The inset shows the
proposed electrochemical scheme. (b) Cyclic voltammetry of 4 (�1 mM) in CH3CN/Ar
(black), CH3CN/CO2 (red) and CH3CN/H2O (95 : 5)/CO2 (blue). All scan rates were 100 mV
s�1, the supporting electrolyte was 0.1 M TBA PF6.

Fig. 4 IR-SEC of 4 in dry CH3CN/0.1 M TBA PF6. (a) At OCP, difference spectrum versus
OCP and (b) at reduction (I), (c) reduction III and (d) reduction IV.
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complex 4 (2024, 1930 and 1915 cm�1) and the solvent complex (2044, 1955, 1944
cm�1) are observed (Fig. 4(a), multi-Lorentzian ttings Fig. S9†). Upon initial
reduction (peak I) the IR difference spectrum shows the loss of 4 and its related
solvent complex and the growth of a new species with n(CO) that heavily overlap
with the starting materials, Fig. 4(b). Multi-Lorentzian curve tting (Fig. S10†)
demonstrates that the product formed upon initial reduction has n(CO) at 2039,
1944 and 1932 cm�1 in addition to weaker IR modes assigned to the bipyridine
ligand at 1640 and 1610 cm�1. By analogy to the reported spectrum of
[Re(bpy(OH)(O�))(CO)3Cl]

�, which has bpy modes at ca. 1630 and 1590 cm�1 and
n(CO) at 2012, 1900 and 1881 cm�1 corresponding to a shi of �7 to �12 cm�1 vs.
the parent [Re(bpy(OH)2)Cl] complex,32 we assign the complex formed during IR-
SEC to the singly reductively deprotonated species [Mn(bpy(OH)(O))(CO)3(Solv)].
Given the timescales required for bulk reduction, the process labelled II in
Fig. 3(a) was not identied during IR-SEC. Further reduction of [Mn(bpy(O-
H)(O�))(CO)3(Solv)] (peak III) leads to the formation of a complex with n(CO) at
2024, 1927 and 1903 cm�1, in addition to a strong ligand mode at 1607 cm�1

(Fig. 4(c) and S11†). This is assigned to the doubly reduced, doubly deprotonated
complex [Mn(bpy(O)2)(CO)3(Solv)], due to the excellent agreement with the
reported IR frequencies of [Re(bpy(OH)(O)2)(CO)3]

� (2002, 1886, 1865 and 1605
cm�1 (str.)).32 Applying increasingly negative potentials leads to the formation of
two new n(CO) at 1807 cm�1 and 1889 cm�1, Fig. 4(d), with the higher frequency
n(CO) again masked by the bleaching of the starting material. The related Mn0

complex [Mn(bpy(tBu)2)(CO)3]
�, formed at ca. �1.6 V vs. SCE,8 has n(CO) at 1907

and 1807 cm�1 and here we tentatively assign the complex with n(CO) at 1889
cm�1 and 1807 cm�1 to either [Mn(bpy(OH)(O))(CO)3]

� or [Mn(bpy(O)2)(CO)3]
2�.

In anhydrous acetonitrile a large current enhancement is seen in the cyclic
voltammetry of 4 in the presence of CO2, with the enhancement onsetting at
potentials cathodic of �1.79 V vs. SCE (Fig. 3(b)). In contrast to other
[Mn(L)(CO)3Br] complexes where the addition of a proton donor aids CO2

reduction, here we nd that the addition of 5% water actually decreases the
current density during cyclic voltammetry. Gobetto et al. have reported CO2

reduction using a hydroxyl-substituted Mn(bpy) complex in the absence of an
additional proton source, but do not comment on the role of added water in the
process.36 Bulk electrolysis of 0.2 mM 4 in anhydrous CH3CN under CO2 at�2.1 V
vs. SCE led to CO production with a Faradaic efficiency (FE) of 89% and a turnover
number (TON) of 0.6, with no H2 production detected in the rst four hours.
Sustained electrolysis (19.5 h) however led to complex degradation and the FE
dropped to 5% for CO. In the presence of water (5%) bulk electrolysis of 4 at �2.1
V shows that primarily H2 (FE ¼ 45%) is produced, with only low levels of CO
(FE ¼ 6%). It is therefore apparent that although complex 4 is a poor CO2

reduction catalyst in CH3CN it displays markedly different electrochemical
behaviour in differing solvent environments, making it of interest to study in the
highly acidic environment of the Naon lm.
Polymer supported electrocatalytic reduction of CO2 in water

To compare the catalytic behaviour of both new complexes (3 and 4) and the
known benchmark catalysts (1 and 2) in a polymer support for use in aqueous
electrolyte, complexes 1–4 were cast in Naon lms mixed with MWCNT onto a
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glassy carbon working electrode and allowed to dry in the dark. We have reported
on CO2 electrocatalysis using 1/MWCNT/Naon previously.23 We have optimised
the drying conditions and found that the highest current densities occur when the
lms are dried at 25 �C and the role of drying temperature is discussed further in
the ESI and Fig. S14 and S15.† In brief, there is a broad reduction at approximately
�1.2 V vs. SCE which has been shown previously to be two overlapping processes:
dimer formation followed by dimer reduction, Fig. 5(a) and (b). Dimer formation
may seem surprising given that 1 is immobilized, but we have shown previously
that clustering on the MWCNT surfaces is likely to enable the formation of
bimetallic complexes.23 The dimer reoxidation peak is observed at �0.4 V. In the
presence of CO2 there is a signicant current enhancement for 1 at potentials
negative of�1.2 V, indicative of CO2 reduction (Fig. 5). Due to the optimisation of
the lm drying conditions we report a large improvement in sustained current
densities during CPE measurements (1.8 mA cm�2, vs. 0.7 mA cm�2 previously
reported at�1.4 V),23 albeit with a slight loss in selectivity towards CO2 (here 0.28,
previous 0.47), see Table 1.

In contrast to electrodes of 1/MWCNT/Naon, equivalent experiments using
complex 3 showed no signicant enhancement in current density under CO2.
Square wave voltammetry (SWV) of a 3/MWCNT/Naon electrode under argon did
show the presence of two reductions at ca. �0.8 and �1.25 V (Fig. 5(b)). The
reduction at �0.8 V is present in lms of MWCNT/Naon without complexes 1–4
indicating that it is MWCNT-based. The reduction at �1.25 V is assigned to the
reduction of a solvated [Mn(bpy(COOH)2)(CO)3(Solv)]

+ complex (Solv ¼ CH3CN,
H2O or Naon) indicating that a concentration of 3 was electrochemically active
within the polymer. However despite the promising solution electrochemical
behaviour of 3, prolonged electrolysis of a 3/MWCNT/Naon electrode under CO2

at �1.4 V in aqueous solutions at pH 7 lead exclusively to H2 production. In a
similar manner 4/MWCNT/Naon electrodes under argon in aqueous solutions at
pH 7 showed electrochemical behaviour in line with the solution studies in
Fig. 5 Cyclic voltammograms (a) and square wave voltammograms (SWV) (b) for
complexes 1–4 cast in Nafion/MWCNT on glassy carbon electrodes. Scan rates were 10
mV s�1 vs. SCE in a 0.1 M phosphate buffer electrolyte. For comparison, CVs of all four
complexes in solution are overlaid in Fig. S7.†
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acetonitrile outlined above with two clear complex reductions assigned to the
reduction of the solvated complex of 4 [Mn(bpy(OH)2)(CO)3(Solv)]

+ at �1.15 V and
of 4 at [Mn(bpy(OH)2)(CO)3(Br)] at �1.3 V, in addition to the MWCNT-based
reduction at �0.8 V. In the presence of CO2 a notable current increase was
observed at potentials cathodic of �1.2 V, however prolonged electrolysis at �1.4
V under CO2 indicated that the primary product formed was H2, Table 2.

Electrochemical studies of 2/MWCNT/Naon electrodes are however very
promising. Reductions visible by SWV at �1.28 and �1.53 V (Fig. 5(b)) are
assigned to those observed in solution for the initial reduction of 2 and its
subsequently formed dimer at �1.27 and �1.48 V vs. SCE in CH3CN, Fig. S12.† A
dimer reoxidation peak is also visible on the return sweep of the 2/MWCNT/
Naon electrode at ca. �0.4 V, Fig. 5. Under CO2 a large increase in current
density is measured relative to under argon (�8.8 mA cm�2 vs. �3.2 mA cm�2 at
�1.6 V) that onsets at approximately �1.3 V. Bulk electrolysis measurements
carried out at �1.4 V demonstrate that 2/MWCNT/Naon electrodes are active for
CO2 reduction in pH 7 electrolyte with CO being produced with a selectivity
(CO : H2 � 1.04) exceeding that achieved with complex 1 (CO : H2 � 0.28) under
the same conditions. Based on analysis of the solution phase electrocatalysis of 2,
we postulated that lms of 2/MWCNT/Naon would operate efficiently at more
negative potentials whilst maintaining high selectivity for CO2 reduction. CPE of
1/MWCNT/Naon at�1.5 V yielded CO with an average current density (Javg) of ca.
4.38 mA cm�2 and a TONCO of 35.9 aer 4 hours, with a decreased selectivity
(CO : H2 ¼ 0.21). Surprisingly CPE at �1.5 V using 2/MWCNT/Naon for 2 hours
resulted in lower average current densities (1.14 mA cm�2) than for 1, and aer 2
hours the current density decreased dramatically. Accompanying this drop in
current density was a concurrent loss in selectivity for CO2 reduction, which may
suggest that the 2/MWCNT/Naon electrode is being limited by the available CO2

concentration. Indeed, re-purging with CO2 each hour led to recovery of the
activity of the system, yielding an improved Javg (2.65 mA cm�2), without a loss in
selectivity (CO : H2 ¼ 0.33) over 4 hours and a total TONCO of over 45 at �1.5 V
(Fig. S13†). It is therefore apparent the 2/MWCNT/Naon electrode is likely to be
limited by the available CO2 concentration under typical operating conditions.
Future work will explore the use of both alternative polymeric materials and
electrode congurations to enhance the available CO2 concentration at the
catalytic sites. Recent examples using gas diffusion electrodes coupled to
immobilized catalysts have demonstrated marked improvements in catalytic
Table 2 CPE data for Nafion/MWCNT films containing 1, 2 or 4

Catalyst
E
(V, vs. SCE)

Javg (mA
cm�2) Time (h) TONCO total CO : H2

FE H2,
CO (%)

(1)/Naon/MWCNT �1.4 1.79 4 18.7 0.28 50, 14
(1)/Naon/MWCNT �1.5 4.38 4 35.9 0.21 52, 11
(2)/Naon/MWCNT �1.4 0.2 4 7.3 1.04 44, 46
(2)/Naon/MWCNTa �1.5 2.65 4 46.1 0.32 71, 23
(2)/Naon/MWCNT �1.5 1.14 2 10.6 0.33 75, 24
(4)/Naon/MWCNT �1.4 0.83 4 0.3 0.02 40, 1

a Cell repurged every hour.
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current densities.26 The relatively weak interaction between the MWCNT and
complexes is also likely to be a signicant limiting factor and the development of
similar complexes with aromatic functionalities better suited to p-stacking on
MWCNT, such as pyrene groups, is also likely to yield further improvements in
current densities.37

4 Conclusions

Two novel Mn complexes incorporating substituted bipyridine ligands,
[Mn(bpy(COOH)2)(CO)3Br] (3) and [Mn(bpy(OH)2)(CO)3Br] (4), have been synthe-
sized and characterized with the aim of utilisation in a high surface area
[Mn(L)(CO)3X]/MWCNT/Naon electrode for CO2 reduction. Detailed electro-
chemical studies of 3 and 4 were carried out and both complexes were found to
have some activity towards CO2 reduction in acetonitrile solutions; however when
immobilized for use in aqueous conditions CO2 reduction to CO was not found to
occur in signicant quantities. In contrast, immobilization of the benchmark
catalyst 2 as a 2/MWCNT/Naon electrode was found to be a highly effective
approach for enabling CO2 reduction to CO in aqueous solvents at neutral pH
values, with a Javg of 2.65 mA cm�2 at �1.5 V and a selectivity towards CO2

(CO : H2 ¼ 0.33) being achieved.
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4 J.-M. Savéant, Chem. Rev., 2008, 108, 2348–2478.
5 J. Hawecker, J.-M. Lehn and R. Ziessel, J. Chem. Soc., Chem. Commun., 1983,
536–538.

6 J. Hawecker, J.-M. Lehn and R. Ziessel, J. Chem. Soc., Chem. Commun., 1984,
328–330.

7 M. Bourrez, F. Molton, S. Chardon-Noblat and A. Deronzier, Angew. Chem., Int.
Ed., 2011, 50, 9903–9906.

8 J. M. Smieja, M. D. Sampson, K. A. Grice, E. E. Benson, J. D. Froehlich and
C. P. Kubiak, Inorg. Chem., 2013, 52, 2484–2491.

9 M. D. Sampson, A. D. Nguyen, K. A. Grice, C. E. Moore, A. L. Rheingold and
C. P. Kubiak, J. Am. Chem. Soc., 2014, 136, 5460–5471.

10 C. Riplinger, M. D. Sampson, A. M. Ritzmann, C. P. Kubiak and E. A. Carter, J.
Am. Chem. Soc., 2014, 136, 16285–16298.

11 C. Riplinger and E. A. Carter, ACS Catal., 2015, 5, 900–908.
12 D. C. Grills, J. A. Farrington, B. H. Layne, S. V. Lymar, B. A. Mello, J. M. Preses

and J. F. Wishart, J. Am. Chem. Soc., 2014, 136, 5563–5566.
ART � C5FD00071H

This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, xx, 1–14 | 13



Faraday Discussions Paper

1

5

10

15

20

25

30

35

40

45

50
13 M. Bourrez, M. Orio, F. Molton, H. Vezin, C. Duboc, A. Deronzier and
S. Chardon-Noblat, Angew. Chem., Int. Ed., 2014, 53, 240–243.

14 J. Agarwal, T. W. Shaw, C. J. Stanton III, G. F. Majetich, A. B. Bocarsly and
H. F. Schaefer III, Angew. Chem., Int. Ed., 2014, 53, 1–5.

15 J. Agarwal, C. J. Stanton III, T. W. Shaw, J. E. Vandezande, G. F. Majetich,
A. B. Bocarsly and H. F. Schaefer III, Dalton Trans., 2015, 44, 2122–2131.

16 Q. Zeng, J. Tory and F. Hartl, Organometallics, 2014, 33, 5002–5008.
17 M. V. Vollmer, C. W. Machan, M. L. Clark, W. E. Antholine, J. Agarwal,

H. F. Schaefer III, C. P. Kubiak and J. R. Walensky, Organometallics, 2015,
34, 3–12.

18 J. Agarwal, T. W. Shaw, H. F. Schaefer III and A. B. Bocarsly, Inorg. Chem., 2015,
54, 5285–5294.

19 T. K. Mukhopadhyay, N. L. MacLean, L. Gan, D. C. Ashley, T. L. Groy,
M.-H. Baik, A. K. Jones and R. J. Trovitch, Inorg. Chem., 2015, 54, 4475–4482.

20 T. Yoshida, K. Tsutsumida, S. Teratani, K. Yasufuku and M. Kaneko, J. Chem.
Soc., Chem. Commun., 1993, 631–633.

21 A. Jarzebinska, P. Rowinski, I. Zawisza, R. Bilewicz, L. Siegfried and T. Kaden,
Anal. Chim. Acta, 1999, 396, 1–12.

22 J. Zhang, W. J. Pietro and A. B. P. Lever, J. Electroanal. Chem., 1996, 403, 93–
100.

23 J. J. Walsh, G. Neri, C. L. Smith and A. J. Cowan, Chem. Commun., 2014, 50,
12698–12701.

24 F. Li, B. Zhang, X. Li, Y. Jiang, L. Chen, Y. Li and L. Sun, Angew. Chem., Int. Ed.,
2011, 50, 12276–12279.

25 E. S. Andreiadis, P.-A. Jacques, P. D. Tran, A. Leyris, M. Chavarot-Kerlidou,
B. Jousselme, M. Matheron, J. Pécaut, S. Palacin, M. Fontecave and
V. Artero, Nat. Chem., 2013, 5, 48–53.

26 P. Kang, S. Zhang, T. J. Meyer and M. Brookhart, Angew. Chem., Int. Ed., 2014,
53, 8709–8713.

27 J. Li, Y. Xu, H. Wei, T. Huo and E. Wang, Anal. Chem., 2007, 79, 5439–5443.
28 F. Liu, X. Yang and S. Sun, Analyst, 2011, 136, 374–378.
29 C. Costentin, S. Drouet, M. Robert and J.-M. Savéant, Science, 2012, 338, 90–94.
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Carbon dioxide and water are renewable and the most abundant feedstocks for the

production of chemicals and fungible fuels. However, the current technologies for

production of hydrogen from water are not competitive. Therefore, reacting carbon

dioxide with hydrogen is not economically viable in the near future. Other alternatives

include natural gas, biogas or biomass for the production of carbon dioxide, hydrogen

and carbon monoxide mixtures that react to yield chemicals and fungible fuels. The

latter process requires a high performance catalyst that enhances the reverse water-

gas-shift (RWGS) reaction and Fischer–Tropsch synthesis (FTS) to higher hydrocarbons

combined with an optimal reactor system. Important aspects of a novel catalyst, based

on a Fe spinel and three-reactor system developed for this purpose published in our

recent paper and patent, were investigated in this study. Potassium was found to be a

key promoter that improves the reaction rates of the RWGS and FTS and increases the

selectivity of higher hydrocarbons while producing mostly olefins. It changed the

texture of the catalyst, stabilized the Fe–Al–O spinel thus preventing decomposition

into Fe3O4 and Al2O3, increased the content of Fe5C2 while shifting Fe in the oxide and

carbide phases to a more reduced state and the relative exposure of carbide iron on the

catalysts surface and increased the CO2 adsorption and adsorption strength. A detailed

kinetic model of the RWGS, FTS and methanation reactions was developed for the Fe

spinel catalyst based on extensive experimental data measured over a range of

operating conditions. Significant oligomerization activity of the catalyst was found.

Testing the pelletized catalyst with CO2, CO and H2 mixtures over a range of operating

conditions demonstrated its high productivity to higher hydrocarbons. The composition

of the liquid (C5+) was found to be a function of the potassium content and the

composition of the feedstock.
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1. Introduction

Crude oil is the dominant feedstock for the production of liquid fuels, as clearly
stressed in a recent IEA report.1 Most of the foreseen output rise over the next
three decades will be produced in the Middle East. The biofuels share is currently
only 8%, and is expected to remain at this level until 2040, supported by
increasing subsidies. The IEA report sends a very strong message regarding the
CO2 emissions, which are expected to increase dramatically, unless low-carbon
investments will increase by a factor of four beyond current values. All those
projections indicate that the search for alternative, renewable and sustainable
sources for the production of fungible and competitive fuels needs to be accel-
erated. Biomass has been the main source for renewable fuels, mainly ethanol
and biodiesel. A erce debate related to future use of biomass has been conducted
over the past decade. A recent report2 presents a less optimistic view of the future
of bioenergy in Germany concluding that with the exception of the use of biogenic
waste, the larger scale use of biomass as an energy source is limited. A proper
assessment of the impact of biofuels is critical.3

Liquid fuels are mixtures of hydrocarbons that meet specic standards
updated from time to time. Carbon dioxide, an environmentally damaging
greenhouse gas, and water are the most abundant and low-cost sources of carbon
and hydrogen needed for the production of hydrocarbons. The current scientic
and technological challenge is to develop and implement environmentally-
friendly processes that convert CO2 and H2O into commercially-viable, fungible
and compatible fuels, using green energy. A viable route is the reaction of
captured carbon dioxide from ue gases with hydrogen produced from water.
Methods for both CO2 capture and water splitting have been recently reviewed.4

Solar water splitting using photoelectrochemical cells, called articial photo-
synthesis, has been extensively studied and is aimed at developing efficient,
robust and scalable processes for the production of low-cost, commercially-
competitive hydrogen.5–8 In spite of the extensive scientic effort to provide
innovative solutions, the question raised in a recent publication8 “Will Solar-
Driven Water-Splitting Devices See the Light of Day?” remains open. The solar
thermochemical cycle method is another promising route being pursued,
although no large scale facilities have been developed.9 Actually the only
commercially-proven technology and operated at a large scale for water splitting
is electrolysis.10 The cost of hydrogen produced by this method depends mainly
on the cost of electricity, estimated to be �$3 kg�1 at an electricity cost of <$0.055
kW h�1. This is by far higher than the cost of hydrogen11 (�$1 kg�1) produced
using the dominant commercial technology, steam reforming of natural gas. The
projected cost of hydrogen11 produced by other water splitting methods is also
signicantly higher ($3.5–10 kg�1).

An economic analysis12 of the production of liquid solar fuels from carbon
dioxide and water was reviewed recently. Employing a modied Fischer–Tropsch
process for reacting captured carbon dioxide from ue gas with hydrogen
produced by electrolysis for water (using electricity from wind energy) yielded an
estimated cost of $5.25 per gal of gasoline. The relative high cost of the fuel
resulted from the high cost of hydrogen. Another study13 reviewed sustainable
hydrocarbon fuel production by recycling CO2 and H2O with renewable or nuclear
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energy and concluded that $3 per gal gasoline could be achieved at an electricity
cost of $0.04–0.05 kW h�1. The signicantly different production cost of the fuels
estimated by the two studies results from the different assumptions made in
estimating the cost of the electrolysis and the Fischer–Tropsch processes.

A recent paper14 reviews the catalytic CO2 hydrogenation to hydrocarbons and
describes a novel Fe spinel catalyst coupled with a system of three packed-bed
reactors in series with interim removal of water and condensed hydrocarbons
that reached a CO2 conversion of 89% and C5+ hydrocarbons productivity of >0.5
kg kgcat

�1 h�1. The pure-spinel catalyst displayed a signicantly higher activity
and selectivity than the other Fe catalysts published in the literature. This process
produces hydrocarbon mixtures that can be readily converted to liquid fuels.

Although the CO2 hydrogenation process is a very promising route to renew-
able and fungible fuels, its implementation is limited by the availability of low-
cost hydrogen produced from water. Only specic locations with access to
extremely low-cost electricity (<$0.03 kW h�1) will operate such competitive
processes unless a signicantly higher-cost fuel is acceptable for specic purposes
likemilitary use. Therefore, other sources of hydrogen should be sought like fossil
natural gas, renewable biogas or biomass. Natural gas has been applied
commercially15 as feedstock for the production of fuels through conversion to
syngas followed by the Fischer–Tropsch synthesis (FTS). The syngas is generated
by steam reforming, partial oxidation and autothermal reforming which produce
a mixture of hydrogen and carbon monoxide at a molar ratio close to 2. Carbon
dioxide generated in these processes is normally separated because it could be
detrimental to selectivity or at best is a diluent. Biomass is a potential renewable
feedstock for gasication to syngas, containing CO, CO2 and H2, which is fed to
the FTS process. Comprehensive reviews16,17 describe the potential catalysts, effect
of impurities, the economics and the challenges of such processes. A comparison
of several routes for the production of fuels from biomass, carbon dioxide and
electricity18 based on economical evaluation indicated that the thermochemical
route (gasication and conversion to fuels) is by far the preferred route. Biogas is
another renewable feedstock that can be readily converted to syngas. This syngas
contains a signicant amount of CO2, as pointed out in a recent review.19

Therefore, the development of suitable FTS catalysts that handle mixtures of CO2,
CO and H2 and are the basis for environmentally-acceptable and competitive
processes is a major challenge.

Iron-based catalysts20,21 that display signicant reverse water gas shi (RWGS)
activity are employed in processes for converting CO, CO2 andH2mixtures to fuels
and chemicals. Specically, a recent paper20 discusses K/Fe–Cu–Al catalyst
performance along with carbon deposition by variation of the CO2/CO ratio. The
authors report that in experiments operated for 40 h at 300 �C, 20 bar,
CO2 : CO : H2 molar ratio of 1 : 1 : 7 and weight hourly space velocity (WHSV) of
the carbon oxides of about 0.83 h�1, the conversion of CO was 96% while the
conversion of CO2 was only 12%. The selectivity to methane was about 10% while
the selectivity to C5+ was about 60%. The signicant conclusion of this study was
that operating at a high CO2/(CO + CO2) ratio and high pressure and temperature
prevents carbon deposition on the Fe-based catalyst. A recent patent22 extends the
information on the novel catalytic system14 from mixtures of CO2 and H2 to CO2,
CO and H2 mixtures.
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Potassium was identied as an important component of the Fe-based catalysts
for the FTS. In a recent review,23 the authors concluded that the presence of
potassium reduces the formation of CH4 while increasing the selectivity to higher
hydrocarbons. A similar effect was reported in an early study24 of CO2 hydroge-
nation. This effect was related to the enhanced carburization of the Fe catalyst in
the presence of potassium. A recent study25 reported the effect of potassium on
CO2 in the hydrogenation of mixtures of CO and CO2. Apparently, increasing the K
content did not increase the catalyst activity while the average product molecular
weight increased.

It is generally accepted that K acts as electronic promoter when adsorbed at the
surface of Fe0/FeOx/FeCx phase particles lowering the iron work function due to
interactions between the alkali metal valence state and conduction band states in
catalytic phases.26,27 Donating electron density to the vacant d-orbital of iron
enhances the dissociative adsorption of CO while lowering the H2 adsorption
ability.27 Depressing hydrogenation activity is associated with lower rates of CH4

formation, higher selectivity to olens and long-chain hydrocarbons. The oxida-
tive action of CO2 and excessive water on Fe-carbide phases28 during CO2

hydrogenation creates more oxidized iron on the catalysts that may modify the
action of the K promoter.

The hydrogenation of mixtures of CO and CO2 is a complex process that
requires optimization through modeling and simulations. A recent study29

describes a simulation that includes steam reforming of natural gas with addition
of CO2. The FTS was simulated using experimental results previously published20

by the authors. While numerous kinetic models have been proposed for Fe-based
FT catalysts, limited information has been published on the kinetic behavior of
catalysts for the hydrogenation of CO2. A kinetic study30 of CO2 hydrogenation
proposed two rate expressions, one for reverse WGS and the other for the FTS. The
experiments were conducted at 10 bar and a stoichiometric H2/CO2 ratio of 3. The
highest measured CO2 conversion was 45% at 300 �C to 60% at 400 �C due to the
equilibrium limitation of the reverse WGS. Another kinetic study31 was conducted
at high H2/CO2 molar ratios of 4 and 8 that produced a light product (a¼ 0.2–0.3).
A similar kinetic model that included two reactions (reverse WGS and FTS) was
used. The highest CO2 conversion was 44% at a H2/CO2 molar ratio of 8.
Increasing the temperature and residence time did not increase the conversion.

A more detailed kinetic study of the FTS on K/Fe–Cu–Mn–Al2O3 catalysts has
been published.32 It includes 10 reactions of CO and H2, nine of them to light
paraffins (C1–C4) and olens (C2–C4). The last reaction represents the production
of C5+ hydrocarbons lumped in one component C6H14. The selection of hexane
means that the liquid product was very light and mostly paraffinic. No oxygenates
were mentioned in this study.

Potential applications of catalytic processes for convertingmixtures of CO2, CO
and H2 to hydrocarbons and oxygenates to be readily converted to liquid fuels and
chemicals requires sustained research aimed at improving the performance of the
catalysts (selectivity to higher hydrocarbons and olens, activity and stability) and
optimization of the processes. One of the most important components of Fe-
based catalysts is potassium. Developing a better understanding of the effects
of potassium as promoter is a key factor in improving performance. Optimization
of the process requires a reliable kinetic model to be implemented in modeling
and simulations. The scope of this study is to determine some of the fundamental
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effects of potassium in the Fe spinel catalyst, to develop a detailed kinetic model
of the CO2 hydrogenation on the Fe spinel catalyst and present effects of the feed
composition and operating conditions on the performance of the pelletized Fe
spinel catalyst in a xed bed reactor.
2. Experimental
2.1. Catalyst preparation

The K-promoted, pure Fe–Al–O spinel Fe(Fe0.5Al0.5)2O4 catalyst used in this study
was prepared and characterized according to procedures described elsewhere.14

Potassium was added to the dried Fe–Al–O spinel precursor by incipient wetness
impregnation with an aqueous solution of K2CO3, followed by overnight drying at
110 �C and calcination in air at 450 �C for 6 h. Three Fe-based spinel catalysts with
different K content were prepared: unpromoted 100 spinel/0 wt% K (Cat. Fe–0K),
100 spinel/2 wt% K (Cat. Fe–2K) and 100 spinel/4 wt% K (Cat. Fe–4K).
2.2. Catalyst characterization

The spent catalysts were characterized aer He treating and passivation. Aer
testing, the catalysts were treated under a He ow at 300 �C for 3 h for removal of
residual adsorbed organics and passivated under a CO2 ow at 25 �C for 1 h. The
textural properties of the catalysts, surface area, pore volume and pore size, were
calculated from N2 adsorption–desorption isotherms using conventional BET and
BJH methods. The isotherms were recorded using a NOVA 3200e (Quantachrome)
at the temperature of liquid nitrogen aer degassing under vacuum at 100 �C. The
phase composition of the catalysts was determined based on their X-ray diffrac-
tion patterns. XRD measurements were conducted using a Phillips 1050/70
powder diffractometer tted with graphite monochromator, at 40 kV and 28
mA using soware developed by Crystal logic. The phase identication was per-
formed by using a SBDE ZDS computer search/match program coupled with the
ICDD. The relative content of iron oxide and carbide phases was obtained using
Rietveld renement of the XRD prole by using the DBWS-9807 program. The
elemental composition of the catalysts was measured using the EDS method
(Quanta-200, SEM-EDAX, FEI Co instrument). The CO2-TPD measurements were
performed using a Chemisorption Analyzer Autochem II 2920 instrument,
Micrometrics Co. The samples were saturated with CO2 at 40 �C before recording
the desorption spectra with a heating rate of 5 �C min�1 in 5% CO2/He ow of 25
ml min�1. XPS data were collected using X-ray photoelectron spectrometer
ESCALAB 250 ultrahigh vacuum (1 � 10�9 bar) apparatus with an Al Ka X-ray
source and a monochromator. The spectral components of C and Fe signals
were found by tting a sum of single component lines to the experimental data by
means of a non-linear least-square curve tting. The EX05 argon gun system
performed controlled removal of surface layers allowing depth prole analyses of
elements.
2.3. Catalysts performance testing

Measurements of the catalysts activities and selectivities including data for the
kinetic model were carried out in two units:
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1. A computer-controlled bench rig equipped with three continuous-ow xed
bed reactors connected in series including devices for removing water and
organic liquid between reactors14 for the kinetic runs (packed with 50–200 mm
powder) and CO2, CO and H2mixtures (packed with 1.4–1.7 mm pellets) runs. The
pellets were prepared by pressing the powder catalyst. The catalyst wasmixed with
silica powder diluent and packed in the reactors.

2. One xed-bed reactor packed with diluted (silica) powder catalyst followed
by a cooler and a gas–liquid separator for studying the effect of potassium.

The hydrocarbon liquid mixture and oxygenates from aqueous products were
separated and analyzed using GC-MS (Agilent Technologies 6890N network GC
system equipped with 5973 Network mass-selective detector). CO2, H2, CO and
C1–C6 hydrocarbons were analyzed on line using a GC instrument Agilent Tech-
nologies, model 7890A equipped with 5 valves/7 columns (PLOT and packed)/2
TCD/FID detectors. The organic content in the aqueous product was measured
by TOC analysis (instrument TOC-VCPN Shimadzu Co.).

3. Results and discussion
3.1. The effect of potassium as a promoter of the Fe-spinel catalyst

The catalysts were activated in situ by H2/CO carburization with a stream of
0.03 : 0.03 : 0.14 N mLmin�1 gcat

�1 of CO, H2 and He, respectively, at 300 �C for 3
h. The catalysts were tested at constant conditions of 20 bar, 320 �C and a H2/CO2

molar ratio of 3. The WHSV of CO2 was adjusted to reach about 30% CO2

conversion so as to achieve differential operation of the reactor and calculate
directly the reaction rates. The catalysts reached steady state yielding constant
CO2 conversion/products selectivity aer 120 h on stream. Aer the end of the
run, the catalysts were treated with He and then passivated with CO2 before being
discharged from the reactor.

The effect of potassium on the performance of the Fe–Al–O spinel catalyst in
CO2 hydrogenation. The performance measured with the three catalysts, Cat. Fe–
0K, Cat. Fe–2K and Cat. Fe–4K, listed in Table 1 demonstrates a signicant effect
of potassium on the catalyst activity and selectivity. The RWGS rate of reaction
was calculated from the differential measurements of the CO2 conversion (30%)
and WHSV. The rate of methanation was calculated from the molar ow rate of
methane and the catalyst weight. Similarly, the rate of the FTS reaction was
calculated from the molar ow rate of all hydrocarbons (without methane) and
oxygenates and the catalyst weight.
Table 1 Effect of potassium on the performance of Fe–Al–O spinel catalyst in CO2

hydrogenation. Testing conditions: 20 bar, 320�C, molar H2/CO2 ¼ 3, 120 h on stream

Catalyst

Reaction rate, mmol gcat
�1 h�1 Product selectivity, wt%

RWGS FTS CH4 FTS/RWGS CO CH4

C2–C4

C5+Olens Paraffins Oxygenates

Cat. Fe–0K 125 62 46 0.50 15 40 15 15 8 7
Cat. Fe–2K 179 112 34 0.63 22 23 24 11 4 16
Cat. Fe–4K 123 95 6 0.77 22 6 24 5 10 33
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Adding 2 wt% potassium increased dramatically both the RWGS and FTS rates
of reaction and decreased the rate of methanation. Further increasing the
potassium content decreased the reaction rate of RWGS. The methanation rate
displayed an extreme drop thus increasing the selectivity of the desired products.
The FTS reaction rate decreased mildly. Actually, the ratio of the FTS/RWGS
reaction rates increased gradually as the potassium content increased which
has a very important impact on the process. The effect of potassium on selectivity
was very impressive and dominant. Beyond the drop in methane selectivity, the
signicant increase in the selectivity to higher hydrocarbons (C5+) is a substantial
factor. These ndings are in agreement with the results presented in other studies
of Fe-catalysts in CO and CO2 hydrogenation.23,33

The effect of potassium on the texture, chemical/phase composition and
surface chemistry of the Fe–Al–O spinel. The texture measurements of the spent
catalysts aer operation of 120 h listed in Table 2 indicate a signicant decrease of
the surface area, pore volume and diameter as the potassium content increased.
This may be attributed to increasing crystal size or aggregation of nanoparticles of
the Fe-oxide and carbide phases produced from the Fe–Al–O spinel during acti-
vation and self-organization in the presence of K as was observed in ref. 34 for
other Fe-catalysts. It may also be attributed to the blocking of pores with coke or
wax which was increasingly deposited as the potassium content increased.

The chemical composition of the spent catalysts expressed as the weight ratio
related to Fe is shown in Table 3. The catalyst containing 2 wt% K accumulated
about the same amount of total carbon as the catalyst with no K. Increasing the
amount of potassium to 4 wt% increased the total carbon content from 0.23 to
0.42. In all cases, the atomic ratio C/Fe was greater than unity, much higher than
in any iron carbide phases FeCx stable under the testing conditions (i.e. Fe5C2,
Fe7C3). This means that the spent catalysts contained a signicant amount of
coke or wax carbon deposited during self-organization.

The quantitative XRD phase analysis revealed a strong effect of potassium
promoter on the phase composition of the spent catalysts as illustrated by the
results listed in Table 4. The calculations of the phase content and their average
crystal size were conducted based on their X-ray diffraction patterns shown in
Fig. 1. All catalysts contain two Fe-carbide phases: c-Fe5C2 and Fe7C3 formed as a
result of spinel activation and self-organization when part of the iron was
removed from the spinel phase. This decreases the x value in the formula of the
spinel phase FeII[(Fex

IIIAl1�x)2]O4 from 0.5, in fresh catalyst, to 0.2–0.3 in Fe-poor
spinel residua measured according to the positions of characteristic reections in
the X-ray diffractograms.
Table 2 Effect of potassium on the texture parameters of Fe–Al–O spinel spent catalysts.
Testing conditions: 20 bar, 320�C, molar H2/CO2 ¼ 3, 120 h on stream

Catalyst
Surface area,
m2 g�1

Pore volume,
cm3 g�1

Average pore
diameter, nm

Cat. Fe–0K 78 0.23 6.0
Cat. Fe–2K 55 0.16 5.6
Cat. Fe–4K 42 0.10 4.6
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Table 3 Chemical composition of the Fe–Al–O spinel spent catalysts. Testing conditions:
20 bar, 320�C, molar H2/CO2 ¼ 3, 120 h on stream

Catalyst

Chemical composition

wt ratio Atomic ratio

Fe Al C K Fe Al C K

Cat. Fe–0K 1 0.21 0.25 0.0 1 0.44 1.2 0.0
Cat. Fe–2K 1 0.22 0.23 0.05 1 0.45 1.1 0.08
Cat. Fe–4K 1 0.20 0.42 0.10 1 0.42 1.9 0.13
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A very signicant result is the removal of Fe from the Fe–Al–O spinel in catalyst
Cat. Fe–0K that was partially decomposed into Fe-poor spinel (27 wt%), amor-
phous alumina whose reections cannot be observed in the diffractogram and
magnetite (18 wt%). Adding potassium prevents the formation of a magnetite
phase while the content of the Fe-poor spinel increased to 41–42 wt%. Potassium
also enhances carburization of the Fe–Al–O spinel precursor to the active c-Fe5C2

phase.35 Interestingly, the content of the c-Fe5C2 phase decreased as the potas-
sium content increased from 2 wt% to 4 wt%. A relatively little change in the
crystal size of the two iron carbide phases in two potassium promoted catalysts
was observed.

The XPS spectra of the spent unpromoted and K-promoted Fe–Al–O spinel
catalysts, as-received and aer Ar-etching, are shown in Fig. 2 and 3 respectively.
The BE (binding energy) for detected peaks and surface concentrations of corre-
sponding atoms are given in Tables 5 and 6. Two main peaks were detected in the
XPS spectra of iron. The rst is attributed to the iron carbides at lower binding
energy around 707.1–707.5 eV corresponding to the near-metallic state of iron and
the second belongs to iron ions in oxide phases with higher binding energies in
the range of 710.4.5–711.5 eV. The latter peaks represent superposition of signals
contributed by Fe2+ with a BE of 709.5 and of Fe3+ with a BE of 711.2 eV.36,37

Insertion of 2 wt% potassium shied the BE of the carbide and oxide iron atoms
to lower values: from 707.5 (707.4 aer etching) to 707.3 eV and from 711.5 (710.8
aer etching) to 710.8 (710.4 aer etching) eV. This corresponds to formation of
Table 4 Phase composition of the Fe–Al–O spinel spent catalysts. Testing conditions: 20
bar, 320�C, molar H2/CO2 ¼ 3, 120 h on stream

Catalyst
Spinel
wt%

Crystal
size, nm

Magnetite
wt%

Crystal
size,
nm

c-
Fe5C2 wt
%

Crystal
size,
nm

Fe7C3 wt
%

Crystal
size,
nm

c-Fe5C2/
(c-
Fe5C2 +
Fe7C3)

Cat. Fe–
0K

27 8 18 35 34 25 21 35 62

Cat. Fe–
2K

41 5 0 — 47 30 12 40 80

Cat. Fe–
4K

42 6 0 — 42 35 16 40 72
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Fig. 1 XRD patterns of the Fe–Al–O spinel catalyst after reaching steady state in the
catalytic testing run. (a) “Cat. Fe–0K”, (b) “Cat. Fe–2K”, (c) “Cat. Fe–4K”. Testing conditions:
P ¼ 20 bar, T ¼ 320 �C, H2/CO2 ¼ 3, 120 h on stream.
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more reduced states of iron in carbides and in Fe-poor spinel due to electron-
donation of the K-promoter.26,27

Insertion of K increased the surface concentration or relative exposure of
carbide iron. Deconvolution of XPS spectra recorded for the C 1s core show the
coexistence of three groups of signals: peaks with BE 283.6–284.3 eV corre-
sponding to Fe-carbide carbon, 284.8–285.1 eV belonging to C–C sp2 and sp3 in
carbon and hydrocarbon (–CH2]CH) deposits and 285.4–288.6 eV characteristic
for adsorbed carbon oxygenate moieties containing C]O, C–O, CH2–O, O–C]O
and other oxygen groups.36,38,39 Insertion of potassium increases the relative
exposure of carbide carbon at the spent catalysts surface (from 11 to 19%). This is
in agreement with growing of the exposure of carbide iron. Potassium also
Fig. 2 XPS spectra recorded with as-received spent Fe–Al–O spinel catalysts: (a) – C 1s
core; (b) – Fe3/2 core: 1 – unpromoted catalyst; 2 – 2 wt% K; 3 – 4 wt% K.
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Fig. 3 XPS spectra recorded with spent Fe–Al–O spinel catalysts after Ar-etching: (a) – C
1s core; (b) – Fe3/2 core: 1 – unpromoted catalyst; 2 – 2 wt% K; 3 – 4 wt% K.
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signicantly increases the relative exposure of carbon belonging to graphite and
hydrocarbon deposits from 31% (36% aer etching) in the unpromoted catalyst to
48–55% in the catalysts containing 2–4 wt% K. At the same time insertion of
potassium removes the oxygenated moieties with a high C 1s BE from 58% (39%
aer etching) in the unpromoted catalyst to 26–34% in the K-promoted catalysts.

Potassium is expected to increase the basicity of the Fe–Al–O spinel thus
increasing the surface coverage with acidic CO2 reagent molecules. The CO2-TPD
spectra illustrated in Fig. 4 indicate that the 2 wt% K catalyst displayed one CO2

desorption peak centered at �150 �C which represents relatively weak surface
basic sites. Increasing the K content to 4 wt% further increased the weak basicity
Table 5 Binding energies and concentrations of surface atoms of the Fe–Al–O spinel
spent catalyst. Testing conditions: 20 bar, 320�C, molar H2/CO2 ¼ 3, 120 h on stream

Catalyst name

C 1s core Fe 2p3/2 core

BE, eV % atomic BE, eV % atomic Fecarb/Feox

Cat. Fe–0K 284.3 11 707.5 4 0.04
284.8 31
285.5 19 711.5 96
286.5 17
288.6 22

Cat. Fe–2K 284.1 18 707.3 10 0.11
284.8 48 710.8 90
285.4 34

Cat. Fe–4K 284.0 19 707.1 11 0.12
285.1 55 710.7 89
286.3 26
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Table 6 Binding energies and concentrations of surface atoms of the Ar-etched Fe–Al–O
spinel spent catalyst. Testing conditions: 20 bar, 320�C, molar H2/CO2 ¼ 3, 120 h on
stream

Catalyst

C 1s core Fe 2p3/2 core

BE, eV % atomic BE, eV % atomic Fecarb/Feox

Cat. Fe–0K 284.3 26 707.4 23 0.30
284.8 36 710.8 77
285.6 39

Cat. Fe–2K 283.6 16 707.3 36 0.56
284.8 53 710.4 64
285.5 31

Cat. Fe–4K 284.0 19 707.5 34 0.52
285.1 55 710.8 66
286.3 26
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by a factor of 2.5. Furthermore, at the high K content of 4 wt% there appeared two
additional CO2 desorption peaks centered at 550 and 850 �C, corresponding to
very strong basic sites. These results may be explained assuming strong interac-
tion between Fe–Al–O spinel and potassium. At low concentrations of K, it mainly
stabilizes the Fe–Al–O spinel phase, as detected by XRD. However, at thwe high
Fig. 4 CO2-TPD spectra recorded with fresh K/Fe–Al–O spinel catalysts.
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concentration of 4 wt%, potassium may exist in a free form of adsorbed K2O,
displaying strong surface basicity.
3.2. Kinetic model

Kinetic data were measured for the 4 wt% spinel Fe catalyst in a three-reactors-in-
series system over a range of operating conditions (300–340 �C, 20–28 bar, molar
H2/CO2 ¼ 2.9, WHSV ¼ 1–6 h�1). In essence two processes took place in series:
RWGS and FTS. Oligomerization of light olens was also found to be important.
In contrast to the recent kinetic model32 that employed power law expressions for
all 10 reaction rates of FTS, our model consists of LHHW (Langmuir–Hinshel-
wood–Hougen–Watson) expressions that include an adsorption term in the
denominator. This term contains two components: H2O and CO2. The reactions
were selected so as to reect the main ndings of the kinetic study: the RWGS
reaction, methanation reaction, 7 FTS reactions and 4 oligomerization reactions.
The 7 FT reactions (4)–(10) produce light paraffins (C2–C5), four light olens (C2,
C3, C4 and C5), C6+ represented by decene and oxygenates represented by butanoic
acid. The oligomerization reactions (11)–(14) convert the light olens to C6+

products represented by decene. The reactions are listed in Table 7. The mass
balances expressed by eqn (1) assume plug-ow with no internal or external mass
and heat transfer resistances:

dui

d

�

1

WHSV

� ¼ RiuCO2 ; inMwi
(1)

where ui is the mass fraction of component i, WHSV is the weight hourly space
velocity of CO2, Ri is the rate of change in the reaction where component i is a
reactant/product, uCO2

,in is the mass fraction of CO2 at inlet and Mwi
is the

molecular weight of component i.
The reactions and rate expressions of kinetic model are as follows:

CO2 þH24COþH2O r1 ¼ k1

p1p2 � p3p4

Keq

1þ K4p4 þ K1p1
(2)

COþ 3H2/CH4 þH2O r2 ¼ k2
p3p2

0:2

1þ K4p4 þ K1p1
(3)
Table 7 Key components of the kinetic model

Comp. Name Formula Comp. Name Formula

1 Carbon dioxide CO2 7 Propylene C3H6

2 Hydrogen H2 8 Propanea C3H8

3 Carbon monoxide CO 9 1-Butene C4H8

4 Water H2O 10 Pentene C5H10

5 Methane CH4 11 Deceneb C10H20

6 Ethylene C2H4 12 Butanoic acidc C4H8O2

a C2–C5 paraffins. b C6+.
c Oxygenates.
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COþ 2H2/
1

2
C2H4 þH2O r3 ¼ k3

p3p2
0:2

1þ K4p4 þ K1p1
(4)

COþ 2H2/
1

3
C3H6 þH2O r4 ¼ k4

p3p2
0:2

1þ K4p4 þ K1p1
(5)

COþ 7

3
H2/

1

3
C3H8 þH2O r5 ¼ k5

p3p2
0:2

1þ K4p4 þ K1p1
(6)

COþ 2H2/
1

4
C4H8 þH2O r6 ¼ k6

p3p2
0:2

1þ K4p4 þ K1p1
(7)

COþ 2H2/
1

5
C5H10 þH2O r7 ¼ k7

p3p2
0:2

1þ K4p4 þ K1p1
(8)

COþ 2H2/
1

10
C10H20 þH2O r8 ¼ k8

p3p2
0:2

1þ K4p4 þ K1p1
(9)

COþ 6

4
H2/

1

4
C4H8O2 þ 2

4
H2O r9 ¼ k9

p3p2
0:2

1þ K4p4 þ K1p1
(10)

C2H4/
1

5
C10H20 r10 ¼ k10

p6
1:3

1þ K4p4 þ K1p1
(11)

C3H6/
1

3:3
C10H20 r11 ¼ k11

p7
1:8

1þ K4p4 þ K1p1
(12)

C4H8/
1

2:5
C10H20 r12 ¼ k12

p9
1:6

1þ K4p4 þ K1p1
(13)

C5H10/
1

2
C10H20 r13 ¼ k13

p10
1:3

1þ K4p4 þ K1p1
(14)

Kinetic modeling of the experimental data was conducted employing MATLAB,
using 216 data points measured at the outlet of the rst, second and third reactor.
The MATLAB function “ode113” solved the differential equations system. Kinetic
models were tted to the data using the “Fmincon” function used to nd the
minimum SSE value. The kinetic constants, including pre-exponent coefficient
and activation energy, are listed in Table 8. The adsorption constants, including
the adsorption pre-exponential factor and the heat of adsorption, are listed in
Table 9. A parity plot of ui of all components at the outlet of each reactor that
reects the good agreement of the experimental data with values calculated with
the model (R2 calculated using regression statistics is 0.99) is depicted in Fig. 5.
The predicted and experimental weight fractions of CO2 and CO at the outlet of
each one of the three reactors at 320 �C and 20 and 28 bar, depicted in Fig. 6, are
in good agreement. They illustrate the signicant contribution of each reactor
and the relatively weak effect of total pressure.

The kinetic developed for the catalyst containing 4 wt% K will be further
extended to account for the signicant effect of potassium. Furthermore, it will be
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Table 8 Kinetic constants of the rate expressions

kj k0j Units
Ej,
kJ mol�1 kj k0j Units

Ej,
kJ mol�1

k1 5.5 � 10+6 mol g�1 h�1 MPa�2 72.2 k8 4.0 � 10+3 mol g�1 h�1 MPa�1.2 33.4
k2 1.0 � 10+9 mol g�1 h�1 MPa�1.2 98.0 k9 3.6 � 10+3 mol g�1 h�1 MPa�1.2 31.5
k3 1.2 � 10+4 mol g�1 h�1 MPa�1.2 45.0 k10 2.7 � 10+3 mol g�1 h�1 MPa�1.3 25.8
k4 1.2 � 10+5 mol g�1 h�1 MPa�1.2 53.6 k11 1.4 � 10+4 mol g�1 h�1 MPa�1.8 35.5
k5 1.8 � 10+4 mol g�1 h�1 MPa�1.2 46.4 k12 3.7 � 10+4 mol g�1 h�1 MPa�1.6 40.7
k6 1.1 � 10+3 mol g�1 h�1 MPa�1.2 31.5 k13 6.0 � 10+7 mol g�1 h�1 MPa�1.3 88.8
k7 9.0 � 10+2 mol g�1 h�1 MPa�1.2 31.5
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employed to evaluate the effectiveness factor of the reactions in the model for
pelletized catalyst. CO in the process feed will also be examined. This will facil-
itate the application of the kinetic model to simulate the performance of the
process at operating conditions that are relevant to commercial applications.
3.3. Conversion of CO2, CO and H2 mixtures to higher hydrocarbons

The process described in this study was conducted with a feed containing CO2

and H2 and a mixture that contained CO2, CO and H2. The data presented here
were measured with pelletized (1.4–1.7 mm) catalysts containing 3 wt% and 4 wt
% K over a range of feed compositions and operating conditions to examine the
potential of the process under conditions relevant for commercial applications.
Furthermore, the data will be employed in the simulations of the process.

Experiments were carried out in the three-reactor system at 20 and 30 bar, 320
and 330 �C, over a range of operating conditions, including feed composition and
WHSV. The results of 5 runs, 4 of them at 20 bar and run P-63-300 at 30 bar, are
listed in Table 10. The oxygenates listed in Table 10 are dissolved in water. The
composition of the organic liquid collected in runs P-63-164 and P-65-69 is given
in Table 11. WHSV is calculated as the mass ow rate of CO2 and CO divided by
themass of catalyst. The other parameters are dened in Table 10. sCOx is dened
so that a molar H2/sCOx ¼ 1 is stoichiometric for all feed compositions. The mass
balance in all 4 runs was >94%.

Run P-63-164 was carried out with catalyst containing 4 wt% K at 20 bar with
stoichiometric feed. The conversion was relatively high and the selectivity to C5+

was >50 wt%. P-63-300 was conducted with a sub-stoichiometric ratio. Thus the
CO2 conversion was lower than that of H2. WHSV and the pressure were increased
from 1.1 h�1 and 20 bar to 1.3 h�1 and 30 bar, respectively. Increasing the WHSV
should lower the conversion while increasing the pressure should increase the
conversion. Apparently, the two changes offset each other thus the conversion
Table 9 Adsorption constants of CO2 and H2O

ki k0i, MPa�1
DHai,
kJ mol�1

k1 2.1 � 10�2 33.4
k4 2.4 � 10�2 31.5
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Fig. 5 Parity plot of the calculated and experimental data.
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changed little. The selectivity in the runs was rather similar, although the
methane selectivity in run P-63-300 was slightly lower and the C5+ selectivity
slightly higher.

Introducing CO to the feed in the system packed with catalyst containing 4 wt
% K led to a gradual deterioration of the catalyst performance as shown in run P-
65 depicted in Table 10. This was rectied in Run P-66 by replacing the catalyst in
the rst reactor with a 3 wt% K catalyst that displayed stable performance. The
performance of two reactors in series, P-66-396 R1 (aer one reactor) and R2 (aer
two reactors) listed in Table 10, indicates that the conversion of CO is much
higher than the CO2 conversion in both reactors. The selectivity in both reactors is
similar.

The composition of the organic phase in runs P-63-164 and P-66-396 is listed in
Table 11. As expected, the liquid contained much more olens (>65 wt%) than
paraffins (<25 wt%). A comparison of the product distribution between naphtha
and distillates in the two experiments and the data measured with the 3 wt% K
catalyst published elsewhere14 is depicted in Fig. 7. Surprisingly, the rst reactor
Fig. 6 Calculated vs. experimental weight fraction of CO2 (a) and CO (b) at the outlet of
the three reactors system at molar H2/CO2 ¼ 2.9, 320 �C, WHSV ¼ 3 h�1.
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Table 10 Performance of CO2 and CO hydrogenation process on pelletized catalysta

Run
WHSV
h�1

Temp.
�C

H2/
sCOx molar

CO2/
COx molar

x1
%

x2
%

x3
%

S4
%

S5
%

S6
%

S7
%

S8
%

S9
%

S10
%

P-63-
164

1.0 320 1.0 1.0 82 81.7 — 10.5 6.2 18.5 2.0 2.7 51.9 8.2

P-63-
300

1.3 320 0.9 1.0 77.6 87.9 — 9.6 5.5 15.6 2.1 2.6 54.1 10.5

P-65-
45

0.9 330 1.1 0.7 63.8 70.9 92.0 11.6 7.0 19.7 1.8 2.5 49.1 7.9

P-65-
69

0.9 330 1.1 0.7 61.6 68.7 90.3 11.3 6.6 17.9 1.8 2.5 51.8 8.1

P-65-
93

0.9 330 1.1 0.7 58.6 68.6 90.0 12.0 6.7 18.2 2.0 3.1 50.4 7.8

P-65-
141

1.0 330 1.1 0.7 48.3 63.0 83.2 13.8 7.5 12.7 2.4 3.5 50.7 9.8

P-66-
396
R1

1.0 320 0.7 0.8 20.6 33.9 48.7 12.9 7.7 22.4 1.9 2.9 45.0 7.2

P-66-
396
R2

1.0 320 0.7 0.8 39.0 66.8 86.7 11.1 6.9 21.0 2.3 2.9 47.8 7.9

a The reactants are dened as: CO2 h A1; H2 h A2; COh A3 while the products are listed as:
CH4 h A4; C2H4 h A5; C3H6 + C4H8 h A6; C2H6 h A7; C3H8 + C4H10 h A8; C5+ h A9;
oxygenates h A10; H2O h A11; sCOx ¼ 3CO2 + 2CO; COx ¼ CO2 + CO; xj is the conversion
of reactant j; Sj is the selectivity of product j expressed as the mass fraction of the carbon
converted to that product.
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packed with 3 wt% K catalyst in run P-66-396 yielded a slightly heavier product
compared with the product in the second reactor of the same run and in the three
combined reactors in run P-63-164, packed with 4 wt% K catalyst. This is probably
Table 11 Composition of the organic liquid in runs P-63-164 and P-66-396

P-66-396

P-63-164Reactor 1 Reactor 2

C5–C10 Non a-olens 10.8 9.2 10.1
a-Olens 16 19.9 21.4
Non n-paraffins 5.1 8.4 6.1
n-Paraffins 5 5.9 6.0
Aromatics 2.2 2 2.6
Oxygenates 1.6 1.7 3.3

C11–C22 Non a-olens 10.5 12.4 12.7
a-Olens 20.7 18 17.1
Non n-paraffins 9.5 5.9 5.8
n-Paraffins 7.8 5.8 5.4
Aromatics 2.3 3 4.8
Oxygenates 1.3 3.2 3.0

>C22 Non a-olens 1 0.6 0.4
a-Olens 5.5 3.4 1.3
Paraffins 0.7 0.6 0.0
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Fig. 7 A comparison of the liquid organic product between the first two reactors in run P-
66-396, P-63-164 and ref. 14. First reactor in P-66-396 is loaded with 3 wt% K, second
reactor in P-66-396 is loaded with 4 wt% K. P-63-164 is loaded with 4 wt% K.
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due to the fact that the feed to the rst reactor contained a signicant concen-
tration of CO. Furthermore, the product obtained with a stoichiometric mixture of
H2 and CO2 in a three-reactor unit packed with a 3 wt%K catalyst14 yielded amuch
lighter product than produced with a 4 wt% K catalyst.
4. Conclusions

Potassium was found to be a key promoter that enhances signicantly the reac-
tion rates of RWGS and FTS and increases the selectivity to higher hydrocarbons
while producing mostly olens. The methanation rate was decreased extensively
on the promoted catalysts. These effects are a result of the lower hydrogenation
activity, consistent with the observation of more reduced states of iron atoms at
the spent steady state Fe–Al–O catalysts surface aer addition of potassium. They
could be attributed to the donation of electron density to vacant d-orbitals of iron
in both Fe-poor spinel and carbide phases thus enhancing the dissociative
adsorption of CO while lowering the H2 adsorption ability. The stabilization of the
Fe-poor spinel phase that prevented decomposition to the magnetite phase
contributed to the higher activity and selectivity of the catalyst. Furthermore,
potassium enhanced the catalysts surface coverage with CO2 as shown by CO2-
TPD data. The FTS reactions were accelerated by the enrichment of the catalyst
surface with carbide iron, especially the more active Fe5C2 phase as established by
the XRD and XPS data.

A detailed kinetic model was developed based on extensive experimental data.
It includes the RWGS, methanation, 7 FTS, 4 oligomerization and oxygenates
formation reactions. The t of the kinetic model to the experimental data was very
good. Specically, the signicant oligomerization activity of the catalyst that
converts light olens to higher hydrocarbons should be mentioned. Running
mixtures of CO2, CO and H2 in a three reactor system packed with pelletized
ART � C5FD00039D
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catalyst yielded a high productivity of higher hydrocarbons. The composition of
the C5+ product was a function of the potassium content and the composition of
the feed. A heavier product was measured with a catalyst containing 4 wt%
potassium compared with the 3 wt% potassium catalyst and with a feed con-
taining CO2, CO and H2 compared with a feed containing only CO2 and H2.
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Carbon Dioxide Utilisation (CDU) processes face significant challenges, especially in the

energetic cost of carbon capture from flue gas and the uphill energy gradient for CO2

reduction. Both of these stumbling blocks can be addressed by using alkaline earth

metal compounds, such as Grignard reagents, as sacrificial capture agents. We have

investigated the performance of these reagents in their ability to both capture and

activate CO2 directly from dried flue gas (essentially avoiding the costly capture process

entirely) at room temperature and ambient pressures with high yield and selectivity.

Naturally, to make the process sustainable, these reagents must then be recycled and

regenerated. This would potentially be carried out using existing industrial processes

and renewable electricity. This offers the possibility of creating a closed loop system

whereby alcohols and certain hydrocarbons may be carboxylated with CO2 and

renewable electricity to create higher-value products containing captured carbon. A

preliminary Techno-Economic Analysis (TEA) of an example looped process has been

carried out to identify the electrical and raw material supply demands and hence

determine production costs. These have compared broadly favourably with existing

market values.
Introduction

With the looming threats posed by climate change, a key plank in carbon dioxide
reduction strategies is to develop new pathways to mitigate and avoid emissions
by the production of low carbon, carbon neutral and even carbon negative
alternatives to common and bulk chemicals.1 One route by which this can be
accomplished is to incorporate carbon dioxide, that would otherwise be emitted,
into the desired product, thus delaying or avoiding its release into the atmo-
sphere. In this way, when the product is consumed or degraded, there is a reduced
change in atmospheric carbon dioxide levels associated with that product, ideally
UK Centre for Carbon Dioxide Utilization, Department of Chemical and Biological Engineering, The University

of Sheffield, Sir Robert Hadeld Building, Sheffield, S1 3JD, UK
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rendering the product itself carbon neutral. Naturally, if the product has a pro-
longed life or is recycled effectively this method represents an overall seques-
tering of the original carbon dioxide from the atmosphere to the solid state in a
form of long term storage which would complement geological storage
aspirations.2

This strategy of Carbon Dioxide Utilisation (CDU) is known by a variety of
names and acronyms, but in all cases involves the use of carbon sources,
including mixed and dilute ones such as ue gas and biogas, to generate prod-
ucts.3 The resulting products therefore have a reduced carbon footprint leading to
an overall net emissions reduction. While ambitious, if CDU processes can be
implemented with atmospheric carbon dioxide (also known as “direct air
capture”, DAC) this would represent both a key technique to form a sustainable
carbon product cycle, analogous to the natural carbon cycles, and potentially
allow the creation of useful products irrespective of geographical location.

This generation of products using carbon dioxide is what sets CDU apart from
Carbon Capture and Sequestration (CCS) where carbon dioxide is instead treated
as a waste to be dumped in geological storage sites, with only the environmental
benet of net emissions reduction as a motivation. The major benet of CDU, in
contrast, is the addition of value by the carbon dioxide to the product in addition
to the environmental benet associated with shrinking, or eliminating, its carbon
footprint.

The extent of the environmental benet will of course be product-dependent,
however recent publications have shown that even modest targets for CDU allow
amounts of CO2 to be mitigated that match or even exceed current CCS targets.4

Indeed, while it predates this argument, global production of urea from CO2 and
ammonia (which is essentially a CDU process) utilises ca. 140 million tonnes of
carbon dioxide annually.1 Admittedly, when the production of ammonia and the
breakdown of urea as a fertilizer are taken into consideration, the net emissions
of the overall process are greater than unity. However, urea production acts as an
indicator of the scale that CDU processes could hope to achieve, dwarng even
optimistic CCS targets of 102 million tonnes total stored by 2020.5

The fact that CDU treats carbon dioxide as a resource rather than a waste also
allows traditional economic driving forces to foster innovation. This has already
resulted in several examples of economically successful CDU processes.6 These
include the Bayer Dream process,7 where CO2 is incorporated into polyurethane
plastics, Sunre’s synthetic diesel8 and Carbon Recycling International, where
cheap Icelandic geothermal energy is used to turn CO2 into methanol.9
Importance of techno-economic analysis in CDU processes

Since CDU primarily relies upon the addition of value through using the CO2, it
would therefore seem essential to combine any serious attempt at the develop-
ment of a CDU process with at least a preliminary or generalised Techno-
Economic Analysis/Assessment (TEA) to demonstrate what value, if any, can be
added by the process in question.10

This is because the likelihood for implementation of existing and new tech-
nologies depends on the interest and motivation of private and public investors.
Many researchers who develop new technologies have limited knowledge of their
economic potentials and pitfalls. Therefore, understanding the investors’ needs
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and the related economic questions enables technology developers to focus their
work on the promising options and avoid expending effort in technologies that
are fundamentally not economically viable. TEA studies of new technologies and
processes, such as CDU systems, allow us to better understand the relationship
between process performance (e.g. conversion) and costs (e.g. production) to help
identify the most promising process designs which can provide the highest
nancial returns for the potential investors. Therefore, in the case of CDU, TEA
studies are an invaluable tool which can support policy makers and businesses in
their decision-making by establishing whether the production of chemicals and
fuels from waste CO2 is economically feasible; and identifying the modications
and conditions required to improve the economic competitiveness of CDU
technologies.

What has already been revealed by these analyses and assessments is that for
CDU and CCS strategies that rely on separation of carbon dioxide from dilute
sources such as ue gas, this “capture” step is a major energy sink and therefore
carries signicant costs.11
Cost of capture of CO2

Separating carbon dioxide from other gases on a large scale is one of the biggest
challenges for CDU and also CCS. This might be surprising as thermodynamically
the cost of separation is not large (Table 1). Even the most dilute source of CO2,
such as that which is found in the atmosphere, requires only 521.7 MJ per tonne
for separation (approximated from binary CO2 : N2 mixtures).

Despite this, calculated capture energy costs using industrial benchmark
capture agents such as monoethanolamine (MEA) and other amines frequently
exceed 3000–4000 MJ per tonne CO2 even when starting from relatively concen-
trated CO2 sources. This translates into both large capital and large operational
costs for carbon capture from power plants, with the cost of the capture plant
oen exceeding the base plant costs (see Fig. 1).12

The cause of this discrepancy in energy cost, in the case of MEA and other
amines, is that the capture process is driven by a chemisorption reaction loop
involving the creation and then decomposition of carbamates.13 The high energy
cost of this loop is indicative of the relatively low reactivity of carbon dioxide at
standard temperatures and pressures. However, while this reactive capture
chemisorption approach has the major advantage of ensuring high carbon
dioxide selectivity over the other main component gases, nitrogen and methane
Table 1 Minimum thermodynamic energy cost of separating 1 tonne of CO2 fromN2/CO2

mixtures at STP

CO2 concentration in N2 (vol%)
Minimum entropic
demixing cost per tonne CO2 (MJ)

Atmospheric (400 ppm) 521.7
1% 340.2
5% 248.0
10% 206.9
15% 182.0
20% 163.6
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Fig. 1 Breakdown of annual operation and maintenance (O&M) costs per unit electricity
by capture processes.
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(in ue gas and biogas respectively), it actually represents a waste of energy from
CDU perspectives as the product carbamate is itself a CDU product. As a result,
the decomposition of the post-capture carbamate to create puried CO2 only to
react that CO2 again to make another product can be seen as an energetic wild
goose chase where the carbon dioxide is essentially utilised twice!

Additionally, the chemisorption approach will oen allow some of the trace
gases in these feed gas streams to react with the sorbent. At best, this is disad-
vantageous due to the displacement of CO2 in the capture step, but at worst the
trace gas poisons the sorbent permanently. This is especially problematic when
dealing with gas supplies contaminated with sulfur compounds.

While for MEA the carbamate product is a mere intermediate for CO2 puri-
cation, if an analogous process where a valuable carbon–carbon bond is formed
instead were developed, it would represent a potentially attractive pathway for
direct conversion of ue gas into products without a distinct gas separation step.
Naturally the value of this process would be decided by the economic value of the
product but it would certainly avoid much of the wasted energetic costs of the
carbamate loop.

Any such process would therefore require a stoichiometric reactant of some
sort with which the CO2 must react, however this is already the case when using
any capture process for the generation of CDU products. Considering the reac-
tants that could be used, one prominent example is the Grignard reaction,
involving organomagnesium halide reagents.
A fresh look at Grignard chemistry in the context
of carbon dioxide reactive capture

The classic schoolroom carbon–carbon bond formation process using carbon
dioxide is the reaction of a Grignard reagent with a pellet of dry ice. This standard
reaction proceeds by the insertion of the carbon dioxide molecule between the
ART � C5FD00049A
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carbon–magnesium bond of an organomagnesium halide, formed by the reaction
of metallic magnesium with an organohalide (Scheme 1).14

This reaction is exothermic and readily carried out at atmospheric pressure
and ambient temperatures. Aside from requiring that all components are strin-
gently dried, due to the rapid and exothermic reaction with water, the reaction
also proceeds to typically high yields, dependent on reaction conditions and
solvents, with a wide range of possible R-groups. The resulting carboxylic acid
product is then readily isolated from the magnesium salt by-product in the
majority of cases by solvent extraction, esterication and/or distillation.15

The strongly exothermic nature of the reaction is driven by the oxidation of the
starting elemental magnesium to the 2+ oxidation state. Coupled with the
exothermic nature of the formation of the initial organohalide (e.g. �42.2 kJ
mol�1 for methyl bromide from methanol), the overall reaction of the parent
alcohol with CO2 becomes facile.

While methanol would be the parent alcohol in the example in Fig. 2, the
Grignard reaction is well-understood and offers a wide range of potential
substrates, allowing a variety of industrially interesting CDU products to poten-
tially be formed, a selection of which is shown in Fig. 3.

The substrates for the formation of the above products could open new
pathways of commercial or environmental interest. In particular, the use of CO2-
derived carboxylic acids in polymers has already been targeted for large scale CDU
applications.16 For example, adipic acid, used for the synthesis of Nylon, is
currently manufactured from petrochemical phenol, cyclohexene or butadiene,
but could instead be created from biological 1,4-butanediol and CO2 via haloge-
nation to 1,4-dihalobutane. Similarly, terephthalic acid which is a key component
of polyethyleneterephthalate (PET) plastic, the third most common plastic in use
today, is currently derived from p-xylene, of which there has been a long-standing
shortage and safety concerns, highlighted by the recent explosions in Zhangzhou,
China.17 By utilising CO2, the terephthalic acid polymer precursor could be
derived directly from the relatively plentiful benzene (via p-dihalobenzene, which
is easily synthesised).

Collectively, the products shown in Fig. 3 are manufactured on a scale of
approximately 71 million tonnes per annum worldwide and could potentially
utilise over 40 million tonnes of CO2, much of which would be sequestered into
various polymers and other long life products.

However, as previously mentioned, Grignard reactions of carbon dioxide
would typically be carried out using dry ice pellets rather than gas phase or dilute
CO2 mixtures. A series of tests were therefore performed to determine whether
direct utilisation of gas phase CO2 and even simulated ue gas compositions and
atmospheric concentrations were in any way suitable for Grignard chemistry. The
reaction conditions and reaction rates for different gas compositions would allow
a more complete techno-economic analysis of the process to be completed.
Scheme 1 Generalised reaction of a Grignard reagent with CO2.
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Fig. 2 Reaction enthalpy profile of each step of a Grignard reaction to form acetic acid
from CO2 and methyl bromide.16
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Grignard reactions can typically be tracked by titration of the remaining active
organomagnesium reagent using 1,10-phenanthroline. The phenanthroline
forms a coloured, charge transfer complex in a 1 : 1 ratio with the reagent that
may then be titrated by using a dry alcohol such as 2-butanol.18 However, it was
found that in the case of the reaction of methylmagnesium chloride and CO2, no
colour change was observed when injected into a solution of 1,10-phenanthroline
in dry THF. A possible reason for this is that the intermediate product, a
magnesium acetate bromide species, acts as a quenching agent for the charge
transfer complex, thereby preventing the colour change needed for titration.

Therefore, in order to determine the rate of reaction of CO2 with methyl-
magnesium chloride, a high-accuracy pressure transducer (Omega PX409USB)
was used to monitor CO2 consumption within the reaction apparatus (Fig. 4). In
Fig. 3 A series of potential CO2 Grignard products of potentially industrial significance.
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Fig. 4 Schematic of the gas sparging reaction system.
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order to maintain a generally stable CO2 partial pressure, the pressure drop was
monitored intermittently between periods of CO2 sparging.

As shown in Fig. 5, these reactions were found to proceed cleanly when using
gas-phase carbon dioxide bubbled through the Grignard reagent solution.
Furthermore, this intermittent sparging process demonstrated clear trends in
pressure drop rate, despite the exothermic nature of the reaction causing thermal
expansion and vapour generation from the ethereal solvent required for Grignard
chemistry. This high degree of reactivity with CO2 prompted tests with
Fig. 5 Typical reaction profile showing rapid pressure dropwithin the sealed reactor when
gas sparging of 50% CO2/N2 is paused for 10 seconds every 1 minute.
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increasingly dilute CO2 mixtures in nitrogen, comparing the rate of change of
pressure during the CO2 interruptions.

The calculated rate of CO2 consumption from the rate of pressure drop seen in
Fig. 5 is shown in Fig. 6(a). Fig. 6(b) plots individual natural log plots at varying
gas compositions. These appear initially to be pseudo-rst order in the presence
of a constant supply of CO2. However, while they are supercially similar to
pseudo-rst order kinetics, where a large and essentially constant surplus of one
reagent is present, the change in rate constant when varying CO2 concentration
demonstrates that the reaction system is more complex. This is because although
CO2 concentration is static (as found in pseudo-rst order reactions), it is not in
Fig. 6 (a) CO2 consumption in the Grignard reaction of 1 M MeMgCl with 100% CO2 by
pressure drop detection. (b) Comparison of reaction rate at decreasing CO2 compositions
by dilution in N2 with total gas flow rate of 100 mL min�1.

ART � C5FD00049A

8 | Faraday Discuss., 2015, xx, 1–19 This journal is © The Royal Society of Chemistry 2015



Paper Faraday Discussions

1

5

10

15

20

25

30

35

40

45

50
excess, limiting each rate “constant” to the maximum rate that can be achieved at
the given CO2 concentration under these conditions. As a result, there is a
decrease in reaction rate “constant” at lower concentrations. Overall combination
of these effects strongly indicates that the rate has a dependence on the
concentration of both reagents, appearing to be rst order with respect to
Grignard.

Table 3 shows Grignard reaction yields for a selection of alkyl and aryl
substituents using different volumetric CO2 concentrations. Grignard reactions
are oen dramatically affected by the reaction solvent and conditions, so the
results shown in Table 3 may not be representative of those that could be achieved
in a dedicated process where optimisation had been carried out. However, yields
in almost all cases were high, regardless of the CO2 concentration used and no
other product was detected in work up mixtures other than the desired carbox-
ylate salt (with the exception of the di-Grignard reagents in entries 5 and 14),
indicating the expected extremely high selectivity, although longer reaction times
naturally were required at lower CO2 concentrations. Using lower concentrations
of CO2 for the reaction tended to have somewhat reduced yields, however this is
likely due to additional exposure to potential contaminants owing to the longer
reaction period. Generation of terephthalic acid from the di-Grignard reagent
derived from 1,4-dibromobenzene proceeded in disappointingly modest yield
with approximately equimolar generation of the mono-substituted product, 4-
bromobenzoic acid. This can be explained by the deactivation of the para-position
on generation of the mono-substituted version of the starting Grignard reagent.
Using more forcing conditions during the synthesis of the Grignard reagent and
more reactive magnesium precursors has been found to improve yields of reac-
tions of this type in the past.19 Once again, optimisation of the reaction conditions
and precursor formation will be essential for high yields to be realised.
Potential side reactions in a capture context

With the exception of the last entry in Table 3, all reactions were carried out in the
absence of oxygen. However, in a genuine reactive capture scenario, non-
negligible quantities of oxygen would be present and would likely represent the
largest threat of unwanted side reactions when using a dried ue gas stream.
Commonly quoted gures for such streams usually cite O2 concentrations of
around 3% by volume although this gure can vary dependent on combustion
process and fuel.20

Oxygen is thought to react with Grignard reagents via the formation of
peroxides, which disproportionate to form the corresponding alcohols aer
quenching with aqueous acid (Scheme 2).21

Due to their sensitivity and explosive nature, the formation of any organic
hydroperoxides, potentially by quenching the product from the rst reaction
shown above, would be very troublesome to a potential Grignard process.
Thankfully, prior investigation of these species has shown that the second reac-
tion in Scheme 2 is extremely rapid in comparison with the rst, keeping peroxide
concentrations negligible and preventing their isolation except when the reaction
mixture is both saturated with oxygen and very cold.22 Uncatalysed, the overall
reaction of Grignard with oxygen at room temperature is generally slow and has a
poor yield in comparison with that with CO2. This is exacerbated when the
ART � C5FD00049A

This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, xx, 1–19 | 9



Table 3 Comparison of yields using pure CO2 and dilute CO2/N2mixtures with a selection
of Grignard agents

Entry R CO2 (vol%) Yielda (%) Time (min)

1 Me– 100 82.5 20
2 CH3CH2– 100 91.8 20
3 iPr– 100 78.1 20
4 Ph– 100 92.4 20
5 XMg–Ph– 100 41.2b 20
6 H2C]CH– 100 95.2 20
7 H2C]C(CH3)– 100 89.7 20
8 Me– 50 81.2 25
9 Me– 25 79.2 45
10 Me– 12.5 80.1 60
11 CH3CH2– 12.5 88.9 60
12 iPr– 12.5 74.2 60
13 Ph– 12.5 88.4 60
14 XMg–Ph– 12.5 42.1b 60
15 H2C]CH– 12.5 95.0 60
16 H2C]C(CH3)– 12.5 81.1 60
17 Me– 0.05c 0.09 360

a Yield of isolated sodium carboxylate salt following NaOH quenching of the product.
b Monocarboxylated product, p-bromobenzoic acid isolated in equimolar yield with
terephthalic acid. c Dry compressed air used.
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Grignard reaction is carried out in a volatile ethereal solution such as diethyl
ether. The ether is thought to form a protective blanket of solvent vapour at
ambient or elevated temperatures.23 However, this blanket effect may actually be
an over-simplication of a more complex process than rst thought since, in entry
17, the dry air was sparged through the reaction mixture in the same fashion as
the other runs.

Previous literature measurements of reaction rates of simple diethyl ether-
solvated alkyl Grignards at room temperature with pure oxygen atmospheres
demonstrated that over the course of an hour up to 43% of the initial Grignard
reagent would react.23 These results have shown that, with excess oxygen present,
this reaction has pseudo-zeroth order characteristics, reacting at a steady rate of
6.67 � 10�7 mol s�1. For comparison, the corresponding pure CO2 atmosphere
experiments demonstrate an initial reaction rate of 0.1087 mol s�1, and an
average reaction rate over the course of the reaction of approximately 5.9 � 10�3
Scheme 2 Generalised reaction of a Grignard reagent with oxygen.
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mol s�1 some 8850 times faster. Optimised CO2–liquid contacting would be likely
to improve this reaction rate further.

The reactions carried out here, shown in Fig. 6(b) and Table 2, have demon-
strated that even when using 12.5% volume CO2 gas, the addition of CO2 is
comparatively rapid compared with the literature values for O2. The discrepancy
in the reactivity of the two species is further demonstrated by entry 17 in Table 3,
where compressed air, passed through a Drierite™ column, was used as the CO2

source. In dry air there is more than 500 times more oxygen than carbon dioxide
by volume, yet a small yield of the acetate product was isolated. While this by no
means demonstrates viability of atmospheric CO2 utilisation by Grignard
reagents, it conrms that under the right reaction conditions, the yield reduction
caused by oxidation could beminimised, especially in oxygen-poor environments.

Other trace gases, especially the sulfur oxides, if dry, will also interfere with the
reaction, generating the corresponding sulnic acids (Scheme 3).24

While this process consumes the reagent and would diminish efficiency and
selectivity, unlike with some reactive capture agents such as MEA, there is no
irreversible loss of the capture agent by interaction with the sulfur.25 In the case
being explored here, themagnesium chloride product is the same as that found in
the reaction with CO2.

The other major acidic gases, nitrogen oxides, are not known to react partic-
ularly with Grignard reagents without the presence of a transition metal catalyst.
With these catalysts present, nitrous oxide, and also oxygen as previously
mentioned, promote homocoupling of the alkyl or aryl moieties present or form
other compounds such as hydrazones.26

In general, side reactions of this type are obstacles for all ue gas capture
processes. However, as discussed above, the high reactivity of the Grignard
reagents throws this into sharp focus. The question remains: in an optimistic
scenario where these problems have been overcome or mitigated, what would be
the cost of a Grignard CDU process?
Calculating costs of a Grignard CDU process

Naturally, the fact that a stoichiometric quantity of the magnesium reagent is
required for the capture of the carbon dioxide could lead to the instant conclusion
that Grignard reagents are totally unsuitable for CDU from an environmental
perspective. However, further consideration of how the Grignard agent may be
regenerated by electrolysis, thereby forming an electrolytic magnesium cycle,
gives rise to a potentially sustainable, if high-energy, CDU process (Fig. 7). Note
that any electricity used in such a process must be derived from low-carbon
Table 2 Reaction rate constants of methylmagnesium chloride with CO2/N2 gas mixtures

Gas composition
(vol% CO2)

Pseudo rate constants
(s�1)

100 5.49 � 10�3

50 4.36 � 10�3

25 1.56 � 10�3

12.5 1.19 � 10�3
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Scheme 3 Generalised reactions of a Grignard reagent with sulfur dioxide.
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sources or any carbon sequestration potential for the process is immediately
reversed as more carbon must be emitted from the electricity production than
would be stored in the resultant products.

The net reaction of such a process would be the dehydration–carboxylation of
alcohols using CO2 and H2. However, it should be noted that the organohalide
reagent required to make the starting Grignard reagent need not be sourced from
alcohols. If instead hydrocarbons such as methane or benzene were used, no
hydrogen would be required in this process as halogenation of both can be carried
out directly from the elemental halide under suitable conditions.
Magnesium and halide regeneration

All steps in such a process are readily achievable and exothermic with the
exception of the electrolysis step to regenerate the starting magnesium and
halogen. Magnesium regeneration from magnesium dihalide, specically
magnesium dichloride, is already a fully established industrial process, and one
of the two main ways that metallic magnesium is manufactured.27

In this process, the magnesium dihalide (typically dichloride) is heated until
molten, at 750–800 �C and then electrolysed requiring a molar electrode potential
of 3.74 V. Typically, industrial magnesium production processes are reported to
require 10.5–13.2 kW h per kg, including the drying and purication of the
starting magnesium dichloride, which is a signicantly energy-intensive part of
the overall process.28 In our proposed process, this step could be avoided by using
either gaseous or alcoholic HCl (which is available as a by-product of the
formation of the initial alkyl chloride from the parent alcohol) to quench the
Grignard product. The resulting magnesium chloride would then be much more
Fig. 7 Grignard reaction with regeneration.
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readily dried, reducing electrical costs and opening a reaction pathway to direct
formation of potentially valuable esters.

Furthermore, recent advances in the area of magnesium electrolysis particu-
larly focused on the rapid removal of the chlorine gas by-product and have been
able to demonstrate a reduction in the energy cost to just 7.0 kW h per kg.29 This is
very close to the theoretical minimum energy cost of this process of 6.2 kW h per
kg magnesium or 542 kJ mol�1, and represents an electrical efficiency of nearly
89%.

Even taking the more standard magnesium production process energy
consumption gures, magnesium potentially represents an efficient energy vector
for the net reduction of carbon dioxide by electricity.

The other product of magnesium electrolysis is naturally the elemental halide,
which when using alcohols as reagents must be reacted with hydrogen to
regenerate the acid for both the alkyl halide formation and the post reaction
quenching. This reaction is also very exothermic. Typical hydrogen chlorine
burners reach 2000–2500 �C, with up to half of the combustion energy being
recoverable.30 It is easy to imagine that this high temperature reaction would
further aid the magnesium chloride electrolysis by supplying the temperatures
needed to melt the starting magnesium halide salt.
Aspen Plus® modelling

The model shown in Fig. 8 was constructed and used to derive a preliminary
techno economic analysis of the reaction of methanol with CO2 and H2 viamethyl
magnesium chloride to generate acetic acid. This example was chosen for its
simplicity and to be used as a basis to show just how expensive or otherwise a
Grignard-based CDU system would be.

The model assumes a magnesium regeneration energy cost of 10.5 kW h kg
and a quantitative yield of HCl from the reaction of H2 and Cl2, comparable with
industrial processes. The extremely exothermic nature of the latter reaction is
modelled as supplying all the heat requirements of the plant, but no further
energy recovery beyond this is included in the model.

The methanol chlorination reaction is assumed to have a 94% yield, in line
with industry performance, however the 5–6% by-product of this reaction,
Fig. 8 Aspen Plus® model used for preliminary techno economic assessment of acetic
acid production from Grignard reaction of methanol with CO2.
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dimethyl ether (DME), is not given a value. The 5–6% of the HCl that would
therefore be expected to remain unreacted from the methanol chlorination step,
primarily due to dilution by the by-product water and incomplete chlorination,
can still be potentially utilised for quenching the Grignard reaction and so HCl
utilization would be expected to be quantitative.

For simplicity, both the formation of the Grignard reagent and the subsequent
reaction with CO2 was assumed to also be quantitative. While this may seem to be
rather optimistic, Grignard formation reactions, under appropriate conditions
regularly reach extremely high yields.21 Likewise, optimisation of the CO2 reaction
and workup did not therefore seem to be wholly unreasonable. Furthermore, the
absence of any additional heat recovery from the essentially entirely exothermic
reaction pathway and overlooking the valuation of the DME stream will go some
way to offset the ignored costs of a true Grignard-based system, which will
naturally have some yield limitations, especially if an oxygen-containing gas
stream is used.

Tables 4 and 5 summarise the outputs and base conditions of the model
shown in Fig. 8. At rst glance, perhaps unsurprisingly, the production cost of
acetic acid using such a process is signicantly higher than that of the market
value of the product. However, this is primarily an effect of the small production
scale of the model, the scale of which is based on large existing Grignard plants in
the US and UK.31 From the point of view of acetic acid, this is an extremely small
scale plant, with commercial acetic acid production facilities reaching a scale
exceeding 500 000 tonnes per year. This point is emphasised by noting that the
labour costs exceed that of the electricity and raw materials costs in Table 4.

Approximating the effect of increasing plant scale on production price from
these results was then carried out using the “six-tenths rule”.32 As shown in Fig. 9,
this demonstrates that dramatic reductions in the production cost to levels
comparable with current acetic acid market value could be achieved by increasing
reaction scale. For example, a tripling of the reactor linear dimensions (which
would increase reactor volumes and therefore production by around a factor of
27) would drop production cost to around V865 per tonne from the base case of
over V3200. Further size increases may even allow for protable production of
acetic acid in this way, however caution must be taken when dealing with
extended extrapolations of this sort.

Sensitivity analysis was also carried out to determine what effect both raw
material and electricity price would have on the production cost of the acetic acid
Table 4 Aspen Plus® model outputs

Model output

Total capital costs V4 835 230
Annual cost of capital V567 944
Annual labour costs V482 130
Annual electricity costs V431 161
Annual raw materials costs V250 444
Total operating costs V1 367 964
Production cost (per tonne) V3217
Current European acetic acid value (per tonne) V525
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Table 5 Model calculation notes

Base case conditions, model notes and assumptions

Methanol 350 V per tonne
Hydrogen 4700 V per tonne
Carbon dioxide 12 V per tonne
Electricity supply 17 ¢V kW�1 h�1: 170 V MW�1 h�1

Plant lifetime 20 years
Interest rate 10%
Production scale 602 tonne per a
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(Fig. 10). Here, we can see that by far the most important cost is that of the
electricity, as might be expected for an electrochemical cycle, with each change in
the price per megawatt hour causing more than a four-fold change in production
cost. The electricity gure used in the base case model in Table 5 is a relatively
high one, representing the requisite renewable electricity, but this gure could
easily be halved by more developed lower-cost low carbon sources. Dropping
electricity costs in this way to V85 per MW h, within reported ranges for onshore
wind and large scale photovoltaic sources, would then decrease production costs
by over V360 per tonne.33 This effect would proportionally complement any drop
in production cost by increasing the reaction scale.
Other potential products

As previously mentioned, acetic acid was chosen due to its simplicity; however
that same simplicity and acetic acid’s market as a bulk chemical makes it an
especially difficult target for this process from an economic perspective due to the
relatively low value of the product. In comparison, many of the other carboxylic
acids shown previously in Fig. 3 have a signicantly higher value. This would
Fig. 9 Projected effect of process scale on production cost.
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Fig. 10 Model electrical and raw material price sensitivity measured as production cost
increase per increase in unit price.
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mean that the value added by the addition of CO2 via Grignard chemistry would
be larger, making the overall process far more economically enticing, even if the
process cost is high.

This effect is especially apparent in the polymer precursors; adipic, acrylic and
terephthalic acids where the cost differential between the starting material and
product in a putative Grignard process is signicantly larger than that of acetic
acid from methanol (Fig. 11).
Fig. 11 Value added by addition of CO2 to starting compound (in brackets). Average 2013
prices used.
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However, it should be noted that no direct comparison between these putative
processes and that of the acetic acid model should be carried out due to stark
differences in reaction prole, energetics and potential yields.
Experimental

With the exception of the di-Grignard product of 1,4-dibromobenzoic acid, all
Grignard reagents were purchased in THF solution from Sigma Aldrich and used
without further purication. Reactions were performed using Schlenk techniques
under inert (N2) atmosphere unless otherwise indicated. HPLC grade THF was
dried by storage over freshly-regenerated 3 Å molecular sieves ca. 30% by volume.
CO2, N2 and compressed air were supplied by BOC-Linde. CO2 and N2 mixture
compositions were achieved using a pair of Bronkhorst 100 mL min�1 mass ow
controllers. Compressed air was dried using a Drierite™ 8 Mesh Laboratory
Drying Unit. 1H NMR spectra were recorded using a Bruker Avance 400 MHz
spectrometer with D2O (99.9% D). Pressure data were recorded using an Omega
PX409USB High Accuracy Pressure Transducer. Grignard concentrations were
veried by titration with 2-butanol (99+%) and 1,10-phenanthroline (99.5%).
Modelling was conducted using Aspen Plus® on AspenTech.
General procedure for kinetic investigation of Grignard reaction with dilute CO2

An oven-dried 2-neck 100 mL round bottom ask with attached empty cold-nger
condenser was charged with THF (20 mL dried over 3 Å molecular sieve) under
nitrogen using Schlenk techniques. Using a needle adapter the ask was then
connected to a sparging needle and a ow of 100 mL min�1 of selected CO2 gas
mixture, venting through a silicone oil bubbler. To avoid any amount of water
condensation within the reactor during set-up, gas ow was carried out for 20
minutes before a freezing salt-ice slurry was added to the cold nger. A normal ice
bath was then placed around the reaction vessel and an additional 30 minutes
was given to allow the temperature to equilibrate.

A measured volume of 3 M MeMgCl sufficient to achieve 1 M overall concen-
tration of the Grignard solution (10mL) was then swily added to the vessel under
positive nitrogen pressure, and reaction timing initiated. Every 60 seconds, the
CO2-containing gas ow in and out of the reactor was paused for a set period of
time (10–20 s) before being resumed, as pressure readings were logged every 0.2
seconds. The reaction was deemed complete when no pressure drop was observed
during a prolonged gas ow pause. Aqueous HCl (3.5 M) was then slowly added to
the reaction mixture until the mixture claried and gave an acidic reaction on
indicator paper. To this mixture aqueous NaOH (1 M) was then added until the
reaction mixture became basic, and a cloudy suspension of salts formed. The
basic mixture was then evaporated until dry by rotary evaporation. An accurately
weighed sample of the dry salt mixture was then dissolved in D2O (2 mL) with the
addition of DMSO (10 mL) as an internal reference for NMR spectroscopy.

1H NMR (400 MHz D2O) d (ppm): 2.81 (s, 6H, DMSO), 1.94 (s, 3H, CH3COO).
Integration of the individual peaks is then used to determine carboxylate yield.
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Conclusions

In summary, a series of experiments were carried out to determine the reaction
kinetics and feasibility of the reaction of Grignard reagents with dilute sources of
CO2 in N2. From these results, it was determined that high yield reactive capture of
dilute CO2 is possible with Grignard agents. Although oxygen concentration in any
gas stream will likely hamper yields, the previously-measured rate of reaction with
oxygen has been found to be nearly negligible in comparison of that with CO2.

A preliminary techno-economic analysis was also carried out, to determine the
economic feasibility of such a capture process to be used for production of acetic
acid from methanol, using industrially-relevant data and a simplied reaction
process model. It determined that when scaling factors were taken into account,
the production costs of acetic acid by this method were comparable with existing
market prices.

While a more complete costing and detailed assessment could very possibly
demonstrate the economic infeasibility of the described process under less
favourable conditions, the assessment carried out here suggests that the use of a
Grignard reaction cycle to generate acetic acid from methanol is not perhaps as
absurd as would be expected.

Acknowledgements

We would like to thank EPSRC for funding from the 4CU Programme Grant (EP/
K001329/1), at the University of Sheffield, which has supported this work, G. R. M.
D. and I. D., and for the DTA Studentship (D. G. R.). We would also like to thank
Innovate UK and BBSRC (BB/M011917/1) for funding R. E. O. We also thank
EPSRC for their funding of the CO2Chem Grand Challenge Network in CDU (EP/
K007947/1 & EP/H035702/1).

Notes and references

1 M. Aresta, A. Dibenedetto and A. Angelini, J. CO2 Util., 2013, 3–4, 65–73.
2 M. Perez-Fortez, A. Bocin-Dumitriu and E. Tzimas, Energy Procedia, 2014, 63,
7968–7975.

3 P. Styring, D. Jansen, H. de Coninck, H. Reith and K. Armstrong, Carbon
Capture and Utilisation in the Green Economy, CO2Chem Media & Publishing,
Sheffield, UK, 2011, ISBN: 978-0-9572588-0-8.

4 P. Styring and K. Armstrong, Front. Energy Res., 2015, 3, 1–9.
5 Global CCS Institute, The Global Status of CCS 2014, Victoria, Australia, 2014.
6 K. Armstrong, Carbon Dioxide Utilisation: Closing the Carbon Cycle, ed. P.
Strying, E. Quadrelli and K. Armstrong, Elsevier, Cambridge, UK, 2014, pp.
237–249, ISBN: 978-0-4446274-6-9.

7 Bayer Dream Process: J. Langanke, A. Wolf, J. Hofmann, K. Böhm,
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