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“Reverse combustion” of carbon
dioxide in water: The influence of
reaction conditions
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1Department of Chemical and Biological Engineering, University of Sheffield, Sheffield,

United Kingdom, 2Department of Chemical Engineering and Environmental Technology, BioEcoUva,

Research Institute on Bioeconomy, High Pressure Process Group, Universidad de Valladolid,
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The synthesis of value-added organic products from the hydrothermal

conversion of CO2 and H2O has been demonstrated, revealing the impact

that reaction conditions have on the product distribution and yield. CO2 has the

potential to become a valuable feedstock for the chemicals sector, in part

displacing fossil resources and improving the economics of carbon capture.

Herein the conversion of CO2 with H2O, in the absence of gas-phase H2, to

methanol and other products is shown to occur under sub-critical water

conditions in the presence of iron as a reductant and catalyst: this process

can be considered as a form of “reverse combustion”. The influence of reaction

temperature between 200–350°C and CO2:O2 mole ratio from 9 to 119 (in

addition to pure 100% CO2) have been investigated in the presence of Fe

powder. The influence of reaction time has also been investigated, employing

Fe3O4 as a catalyst. Product analysis is conducted by GC-MS and MS for liquid-

and gas-phase products respectively, while SEM and XRD are employed to

analyse morphological changes in the catalyst and TPO investigates any coke

deposited during reaction. Methanol is the major product formed at all

conditions investigated, with a maximum concentration of 8 mmol L−1 after

12 h of reaction, or after 4 h in the presence of oxygen. Acetone and ethanol are

also formed, although in smaller quantities than methanol, with larger-chained

species also present. An inverse relationship is observed between acetone and

ethanol concentrations. Based on the analysis of the reaction data it is

hypothesized that ethanol and acetone may be competitively produced in

one reaction pathway, while methanol is produced in an independent, parallel,

pathway. The observation of acetaldehyde in the gas-phase at all studied

conditions suggests that acetone may be produced from the

dehydrogenation of ethanol via an acetaldehyde intermediate; catalyzed by

zero-valent iron sites. Morphological characterization indicates that the

catalysts are stable under the reaction conditions. These studies facilitate the

development of improved catalysts and processes for the hydrothermal

conversion of CO2, allowing further development of this promising

sustainable process.
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Graphical Abstract

Introduction

The combustion of fossil fuels along with deforestation has

broken the natural balance of the Earth´s carbon cycle. As a

consequence, CO2 concentration in the atmosphere has

increased from approximately 278 ppm in ca. 1750 (Stocker

et al., 2013) to 418.8 ppm in March 2022 (Global Monitoring

Laboratory, 2021), playing a leading role in the changes to the

global climate (Mac Dowell et al., 2017). To reduce CO2

emissions, CO2 can be captured directly from air (Keith et al.,

2018) or from power and chemical plants (De Guido et al., 2018)

using amine solvents, ionic liquids, solid sorbents, advanced

membranes and porous materials (Omodolor et al., 2020).

This abundant and low cost CO2 can become a feedstock for

the chemical industry by acting as a C1 building block to produce

value-added chemicals and fuels which are presently obtained

predominately from fossil sources (Zhong et al., 2019a).

Moreover, the use of captured CO2 to produce value-added

products may partially compensate for the high costs

associated with carbon capture and storage (CCS), thereby

improving the economic feasibility of such schemes (Styring

et al., 2011).

Many methods such as catalytic hydrogenation, or

electrochemical or photochemical reactions have been

proposed for the direct conversion of CO2. However,

photochemical and electrochemical reduction of CO2 present

a low efficiency, thereby limiting their application (Zhu et al.,

2019). Although catalytic hydrogenation of CO2 has arisen as a

promising and feasible technique for CO2 utilisation, it typically

requires the addition of gas-phase hydrogen (Zhong et al.,

2019a). Commercial hydrogen is at present mainly produced

by steam reforming of methane (SMR), which produces CO2 as a

by-product, and is highly energy intensive due to the

endothermic nature of the reaction (Michalkiewicz and Koren,

2015). While much effort is devoted to exploring more

sustainable routes to H2 generation, these remain

economically uncompetitive with SMR at present (Jovan and

Dolanc, 2020). Moreover, hydrogen utilisation involves

transportation, storage and safety concerns (Zhu et al., 2019).

As an alternative to the use of gaseous H2, high temperature

water (HTW) can be regarded as a potential hydrogen donor and

reaction medium. HTW presents a lower dielectric constant,

fewer and weaker hydrogen bonds and higher isothermal

compressibility in comparison to water at room temperature

(Akiya and Savage, 2002). The direct conversion of carbon

dioxide and water to produce organic products under such

conditions can be considered as a form of “reverse

combustion”, chemically corresponding to the reverse process

by which fossil fuels are typically consumed. Hypotheses on the

origin-of-life on Earth present an interesting perspective on the

hydrothermal conversion of CO2. In particular, the

serpentinisation of magnesium- and iron-rich rocks to

produce H2 by their alteration with water has been widely

studied in this regard. Serpentinisation occurs in marine

environments, such as mid-ocean ridges, ridge flanks and

fracture zones. The hydrogen formed during serpentinisation

can facilitate the reduction of CO2 to produce CH4 and higher

hydrocarbons (McGlynn et al., 2020). It is noteworthy that the

presence of CH4 (Konn et al., 2015) and other hydrocarbons

(Holm and Charlou, 2001; Botz et al., 2002) has been detected in

oceanic ultramafic-hosted vent fluids. Sulphides and iron present

in hydrothermal vents have been postulated to promote the

synthesis of organics from CO2, and therefore play a role in

the origin of life on Earth (He et al., 2019).

In addition to oceanic observations, serpentinisation of

olivine, an iron-containing mineral present in ultramafic

Frontiers in Energy Research frontiersin.org02

Quintana-Gómez et al. 10.3389/fenrg.2022.917943

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.917943


rocks, has also been investigated at laboratory scale to

demonstrate the feasibility of producing organic compounds

under hydrothermal conditions. Berndt et al. (Berndt et al.,

1996) found that the oxidation of FeO present in olivine

produced H2 that reacts with CO2 at 300°C and 500 bar to

produce hydrocarbons such as methane, ethane and propane

after 69 days. McCollom et al. (McCollom and Seewald, 2001)

also investigated the serpentinisation of olivine at 350 bar. In

those studies, formate was the principle organic species observed,

with the only hydrocarbon formed being methane.

The role of iron in hydrothermal reactions of CO2 has been

widely studied as iron is widespread across the crust, mantle and

core of Earth (Frey and Reed, 2012). Iron plays a twin role in

these processes, acting both as a reductant and providing a

surface-mediated reaction pathway of lower activation energy

and thereby also acting as a solid catalyst. Guan et al. (Guan et al.,

2003) studied different Fe-based materials, specifically Fe0, Fe0-

K-Al and Fe0-Cu-K-Al, for the synthesis of hydrocarbons and

alcohols from CO2. When Fe0 was employed only CH4 was

formed, while the use of promoted-Fe materials favoured the

formation of longer products such as propane, methanol and

ethanol after 20 h reaction time. Hardy et al. (Hardy and

Gillham, 1996) also investigated the behaviour of commercial

Fe materials at room temperature, observing the formation of

methane, ethane, ethene, propene and butenes after 144 h of

reaction. Fe was also tested at higher temperatures, with

hydrocarbons such as methane, ethane, ethene and propene

were formed at 200°C from CO2 in aqueous media (Takahashi

et al., 2008). Phenol has also been observed as a product derived

from gaseous CO2 over Fe (Tian et al., 2010; Gomez et al., 2020),

and in lower concentrations from NaHCO3 as a CO2 source, at

200°C (Tian et al., 2007) with Fe. In that work formic acid was

produced as a minor co-product. Elsewhere, formic acid has been

observed to be themajor species produced fromNaHCO3 over Fe

(Duo et al., 2016).

In addition to Fe, other materials have been investigated for

the hydrothermal conversion of CO2. For instance, Zn was

shown to successfully act as a reductant to form formic acid

(Jin et al., 2014; Roman-Gonzalez et al., 2018), while in the

presence of both Zn and Cumethanol is formed (Huo et al., 2012;

Liu et al., 2012). Ni was also studied in combination with Fe,

producing formic acid in yields up to 15.6% under hydrothermal

conditions (Wu et al., 2009). Al (Lyu et al., 2015) or biomass

derivatives (Andérez-Fernández et al., 2018) have also been

investigated as reductants, preferentially yielding methanol

and formic acid respectively.

The aforementioned reactions are predominately selective to

C1 products such as methane, formic acid and methanol, all of

which are valuable products. Methane is principally used as a fuel

or to produce hydrogen (Michalkiewicz and Koren, 2015) and

formic acid is used in the manufacture of textiles and

pharmaceuticals, as a preservative and insecticide and also as

an industrial source of carbon for the synthesis of other chemicals

(Duo et al., 2016; Roman-Gonzalez et al., 2018). Formic acid has

also attracted much interest as a potential hydrogen storage

vector (Santos et al., 2021). The importance of methanol is

based on its role in the production of formaldehyde, resins,

dimethyl ether, methyl t-butyl ether, acetic acid, etc. Moreover,

methanol can be used as an additive to gasoline and also as a

potential fuel without modification of internal combustion

engines (Baiker, 2000; Khirsariya and Mewada, 2013; Ganesh,

2016). In addition, methanol also represents a feasible and safe

way to store energy. Owing to its potential to be produced from

recycled CO2 and to replace oil and gas as a platform chemical for

the production of chemicals and fuels, methanol is the basis of the

so called “Methanol Economy” (Olah, 2004; Ganesh, 2016).

In addition to C1 products, we have previously reported the

synthesis of oxygenates including cyclic ketones and phenol from

CO2 under hydrothermal conditions (Gomez et al., 2020). That

study showed that the hydrothermal conversion of CO2 is

influenced by different reaction parameters which can be

optimised to tailor the product distribution, e.g. to substances

with a higher carbon number, and to enhance CO2 conversion. In

the present work, we have studied the effect of the reaction

temperature, reaction time and the CO2:H2O mole ratio using

Fe-based catalysts. Additionally, as the oxidation state of Fe in the

catalyst may be critical in determining reaction progress, the

influence of oxygen (in the form of air) in the reaction medium

has been investigated.

Experimental section

Materials

CO2 (purity 99.99%), H2 (minimum purity 99.995%) and He

(CP grade) purchased from BOC were used without further

purification. The bulk iron materials employed as reductants

and catalysts were Fe powder (≥99%, Sigma Aldrich, fine

powder) and Fe3O4 (97% metal basis, Alfa Aesar, 350 mesh);

these were used without further treatment or modification.

Reaction testing

To conduct the reaction, the reactor (100 ml internal volume

EZE-Seal Reactor, Parker Autoclave Engineers®, manufactured

from Hastelloy C) was loaded with 0.56 g of catalyst (either Fe or

Fe3O4) and 7 ml of distilled water, unless otherwise stated. Gas

chromatography mass spectrometry (GC-MS) (Shimadzu

QP2010SE, DB1-MS column, 60 m length, 0.25 mm inner

diameter, 0.25 μm film thickness) analysis of water samples

prior to reaction, demonstrated that the presence of organic

matter in the water was negligible. After loading catalyst and

water, the reactor was twice flushed with CO2 to eliminate air,

before being pressurised to ~25 barg (CO2:H2O mole ratio =
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0.26). This step was omitted when the influence of the CO2:O2

mole ratio was explored. In these studies, the reactor was instead

filled with different amount of air prior to the addition of CO2 but

keeping the initial pressure equal to 25 barg. The temperature of

the reactor was then increased to 300°C, unless otherwise stated.

The time at which the impeller (600 rpm) was turned on was

taken as the reaction start-time. At the end of the specified

reaction time (4 h unless otherwise stated) a water-ice bath was

placed around the reactor to quench the reaction. Gaseous

products were extracted for analysis (Product Analysis and

Catalyst Characterisation Section) and the system was then

depressurised and liquid and solid materials were separated by

vacuum filtration. The solids were rinsed with distilled water

several times and subsequently dried overnight at ~110°C.

Selected experiments were conducted three times to calculate

the dispersion coefficient, this is, the ratio of the standard

deviation to the mean. Products with ≤3 carbons presented a

dispersion of coefficient of 9% while products with ≥4 carbons

had a coefficient of 3%.

Product analysis and catalyst
characterisation

Gas phase products were analysed at ~22°C by mass

spectrometry (MS) (HPR-20-QIC, Hiden Analytical). Details

of the quantification of gas phase species are shown in the

Supporting Information (Introduction Section). Analysis of the

liquid products was performed by GC-MS on a Shimadzu

QP2010SE equipped with a DB1-MS column, 60 m length,

0.25 mm inner diameter and 0.25 µm film thickness. 4-

Methyl-2-pentanol (98%, Sigma Aldrich) was used as an

internal standard in a ratio of 1 μL of internal standard to

1.5 ml of collected sample. Liquid products were quantified by

calibration curves for the species identified. Details of the GC-MS

analysis methods employed are provided in the Supporting

Information (Experimental Section). CO2 conversion (XCO2)

and product selectivity (Si) were calculated according to Eqs 1,

2 respectively:

XCO2 � (nCO2,initial − nCO2,final/nCO2,initial) × 100 (1)

Si � (ni/nCO2,initial − nCO2,final) × 100 (2)

where ni is the number of moles of a given product formed and

nCO2,initial and nCO2,final are the total number of moles of CO2

present in both the gas and liquid phase at the beginning and end

of the reaction, respectively.

Brunauer–Emmett–Teller (BET) surface areas of the Fe

powder and Fe3O4 were determined by using a 3 Flex

Micromeritics Surface Characterization instrument resulted

the area of Fe3O4 of 7 m−2 g−1. The surface area of bulk Fe

powder was below the measurement range of the apparatus. The

morphology of fresh and spent Fe3O4 after different reaction

times was investigated by scanning electron microscopy (SEM)

employing a Jeol JSM-6010 LA Analytical Scanning Electron

Microscopy with an accelerating voltage ranging from 15 to

20 kV and a working distance of 12 mm. The physical structure

of the iron oxide after reaction was also investigated by X-ray

diffraction (XRD) to identify any changes in the composition of

the catalyst. XRD patterns were recorded using a diffractometer

(STOE STADI P) operated in transmission mode at a voltage of

20 kV and a current of 5 mA using STOE WinXPOW software.

Data were collected at room temperature in the 2θ range from

5 to 39.98° with a step size of 0.020° with Mo-Kα radiation. The

deposition of carbonaceous material (coke) on the catalysts was

investigated by temperature-programmed oxidation (TPO),

employing a pulse chemisorption system (ChemiSorb 2720,

Micromeritics) equipped with a Eurotherm 2416 temperature

controller. The TPO method consisted of flowing He at a flow

rate of 25 ml min−1 over 30 min at room temperature in order to

clean the catalyst surface. Then, the inert gas was substituted for

the oxidation gas which comprised 5% O2 and 95% He at the

same flow rate. After 20 min the temperature was increased to

950°C at a rate of 10°C min−1 and this temperature was held for

30 min. The oxidation of unreacted Fe3O4 was investigated by

thermogravimetric analysis (TGA). A TGA400 (PerkinElmer)

was employed using the same conditions and temperature profile

as TPO experiments.

Results and discussion

In order to gain a better understanding of the hydrothermal

reaction of CO2 and H2O, and in particular the reaction

mechanism and the factors affecting product distribution, the

influence of: 1) reaction temperature (Influence of Reaction

Temperature Section); 2) reaction time (Influence of Reaction

Time Section); and 3) CO2:O2 ratio (Influence of CO2:O2 ratio

Section) were investigated. In all the reactions investigated, the

autogenous pressure increase resulted in a pressure during

reaction of between 55 and 65 bar. Characterisation of the

spent catalyst after reaction was also conducted in order to

investigate any structural or morphological changes, and to

establish the extent of any coking (Characterisation of Spent

Catalyst Section).

Influence of reaction temperature

Previous work has demonstrated the viability of synthesising

both short chained products, e.g. methanol, and longer-chained

species, e.g. heptanal, at 300°C (Gomez et al., 2020). The

hydrothermal conversion of CO2 involves a complex network

of competing series and parallel reactions of differing rates, and

hence temperature is likely to play key role in controlling reaction

selectivity. In addition, temperature changes will also influence
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the properties of sub-critical water, thereby altering hydrogen

availability. Understanding these effects will facilitate the

development of an understanding of the reaction mechanisms,

and hence provide a basis for the future design of improved

catalysts and processes.

The distribution of liquid products in the temperature

range 200–350°C is shown in Figure 1 using Fe powder as

the catalyst. Only very limited formation of products is

observed at 200°C. At 250°C and above however, methanol is

the major product. The concentration of methanol increases

from 0.59 to 2.94 mmol L−1 between 250 and 350°C. Ethanol

and acetone are also observed, although in much lower

quantities than methanol. The concentration of acetone

increases with increasing the reaction temperature, reaching

0.51 mmol L−1 at 350°C.

Considering ≥ C4 products, Figure 1B, heptanal is seen to be

the most abundant species. As per the trends observed with

methanol, the concentration of heptanal significantly increased

from 0.17 mmol L−1 at 250°C to 0.51 mmol L−1 at 300°C with a

more moderate increase to 0.78 mmol L−1 at 350°C. 0.08 mmol L−1

2-octanonewas obtained at 250°C rising to 0.37 mmol L−1 at 350°C.

Cyclic ketones from five to seven carbons were also detected in

trace amounts at this highest temperature. The mechanism of

formation of such longer-chained products has been hypothesized

previously, with the initial step being the formation of either

formate (HCOO) or carboxylate (COOH) species followed by

step wise addition of CO2 to increase chain length (Gomez et al.,

2020).

In addition to liquid-phase products, analysis of the gas

phase demonstrated the presence of products including H2,

formic acid, formaldehyde and acetaldehyde (Table 1). Above

300°C, hydrocarbons such as methane and ethene are also

detected. CO2 dominates the composition of the gas-phase

and hence all other species, with the exception of H2 at the

highest reaction temperatures, are present in only trace

quantities (<1% mole basis). Acetaldehyde is however

FIGURE 1

Distribution of liquid-phase products at different reaction temperatures. (A) ≤ C3 products; (B) ≥ C4 products. Reaction conditions: CO2:H2O

mole ratio = 0.26; reaction time = 4 h; 0.56 g Fe.

TABLE 1 CO2 conversion and gas phase composition at different reaction temperatures. Reaction conditions: CO2:H2O mole ratio = 0.26; reaction

time = 4 h; 0.56 g Fe. “n.d.” indicates that a species was not detected.

Gas phase composition (mmol)

T
(°C)

XCO2

(%)
H2 H2O CO2 CH4 CH2O

(formaldehyde)
CH2O2

(formic
acid)

C2H4

(acetaldehyde)
C2H4

(ethane)

200 3.6 0.6 0.3 96.9 n.d <0.1 <0.1 0.3 n.d

250 3.5 0.6 0.4 97.9 n.d <0.1 <0.1 0.3 n.d

300 4.8 1.7 0.8 96.1 <0.1 <0.1 <0.1 0.3 n.d

350 3.5 1.9 0.6 94.0 <0.1 <0.1 <0.1 0.3 <0.1
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observed to be the most abundant organic product in the gas-

phase at all temperatures.

Influence of reaction time

As with reaction temperature, the reaction time is expected to

effect changes in product distribution, in particular as some of

the species observed are expected to be the products of secondary,

tertiary etc. reactions. Furthermore, observed changes in

selectivity may evidence the relative difference in rates of any

parallel reactions occurring. Previous work has shown product

formation in this reaction after a period of 4 h with different

catalysts, concluding that Fe3O4 showed the highest CO2

conversion (Gomez et al., 2020). Herein reaction times of

1–120 h have been investigated using Fe3O4 as the catalyst.

The reaction temperature was fixed at 300°C; this was shown

in Influence of Reaction Temperature Section to result in

significantly greater product formation than at 250°C and with

reduced formation of minor by-products when compared to

350°C.

Figure 2A shows ≤ C3 products formed at reaction

times ≤18 h, and Figure 2B shows ≥ C4 species synthesised

also at reaction times ≤18 h. Inspection of Figure 2A shows

that methanol was the major compound produced at all reaction

times. The highest methanol concentration reached was greater

than 8 mmol L−1 after 12 h of reaction (Figure 2A). The presence

of acetone was also observed, with an approximately constant

FIGURE 2

Distribution of liquid-phase products at reactions times ≤18 h (A) ≤ C3 products; (B) ≥ C4 products. Reaction conditions: T = 300°C; CO2:H2O

mole ratio = 0.26; 0.56 g Fe3O4.

FIGURE 3

Distribution of liquid-phase products at reaction times ≥24 h (A) ≤ C3 products; (B) ≥ C4 products. Reaction conditions: T = 300°C; CO2:H2O

mole ratio = 0.26; 0.56 g Fe3O4.
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concentration of ~0.5 mmol L−1 during the first 18 h of reaction

(Figure 2A). Ethanol was observed in trace concentrations in a

number of experimental runs. Figure 3A shows that while

methanol remains the predominant species at reaction times

greater than 18 h, acetone concentration increases significantly at

longer reaction times, reaching 1.1 mmol L−1 after 120 h.

Products of chain length ≥ C4 are shown in Figures 2B, 3B

for reaction times of ≤18 h and >18 h respectively. The species

detected include straight-chained products such as heptanal

and 2-octanone, and also cyclic ketones with rings of five, six

and seven carbons. Heptanal and 2-octanone were only

observed at 2, 4 and 8 h, whereas cyclic ketones appeared

at all reaction times investigated. The highest cyclopentanone

concentration achieved was ~0.15 mmol L−1 after 1 h of

reaction. Cycloheptanone concentration tended to increase

with increasing reaction time, reaching a maximum of

0.31 mmol L−1 after 72 h. At long times-on-stream (≥24 h)

cycohexanone was also observed.

The distribution of the gas-phase products is shown in

Supplementary Table S1. Calculated CO2 conversions based

on initial CO2 concentration showed little variation with

values ranging from 1.0 to 4.3%. These small variations can

be explained by the nature of the reaction. This is a very complex

system encompassing numerous equilibrium reactions.

Therefore, CO2 may react and decompose continuously with

the reaction time. Furthermore, it should be taken into account

that the value of CO2 conversion not only refers to products

formed but also to carbonaceous deposits on the catalyst surface

as discussed in Characterisation of Spent Catalyst Section. In line

with studies at different reaction temperatures (Influence of

Reaction Temperature Section) organic products

comprised <1 mol% of the gas phase, with CO2 dominating

the composition. Acetaldehyde was however detected at all

reaction times investigated.

Influence of CO2:O2 ratio

Studies on the hydrothermal conversion of CO2 are typically

conducted in the absence of oxygen. Oxygen however has the

potential to play a number of roles in the reaction; it may, for

instance, facilitate the oxidation of the employed iron catalyst or

may partake in the reaction directly. Therefore, the addition of

O2 (as air) at different CO2:O2 ratios has been investigated herein

using Fe powder as the catalyst. Furthermore, the effect of

including air in the reaction mixture is to reduce the partial

pressure of CO2. An equilibrium exists between carbon dioxide in

the gas and H2O-phases and hence changing pCO2 will alter the

availability of the reactants and will also alter the pH of the

system, with lower dissolved CO2 concentrations in H2O leading

to decreased carbonic acid formation (Teramura et al., 2017).

CO2:O2mole ratios of 9, 12, 20, 36 and 119 were investigated.

Figure 4 shows that the inclusion of oxygen in the reaction

mixture, and the corresponding reduction in CO2 partial

pressure, is correlated with an increase in the production of ≤

C3 products. The maximum methanol concentration observed

(8.3 mmol L−1) occurs at the lowest CO2:O2 ratio investigated of 9

(corresponding to ~2.1 bar O2). Acetone shows similarly

enhanced production with a concentration ~10-fold higher

than that observed in the absence of O2 at this CO2:O2 ratio.

In contrast, the presence of air, and hence reduced pCO2, results in

a reduction in the formation of ≥ C4 species. For instance,

pentanal, heptanal, cyclohexanone and 2-octanone, all of

which are observed in the absence of O2, were only detected

at the highest CO2:O2 ratio investigated of 119.

As with the other reaction parameters investigated in this

work (influence of the reaction temperature and reaction time),

the gas-phase is dominated by CO2, with the organic products

detected (Supplementary Table S2) representing ≤1 mol%.

Acetaldehyde was however observed at all ratios studied. CO

FIGURE 4

Distribution of liquid-phase ≤C3 products at different CO2:O2

mole ratios. Reaction conditions: T = 300°C; VH2O = 7 ml;

PCO2+air = 25 barg; reaction time = 4 h; 0.56 g Fe.

TABLE 2 Hydrogen and hydrocarbons detected in the gas phase at

different CO2:O2 mole ratios. Reaction conditions: T = 300°C;

VH2O = 7 ml; PCO2+air = 25 barg; reaction time = 4 h; 0.56 g Fe.

CO2:O2 (mol) H2 (mmol) CH4 (μmol) C2H4 (μmol)

9 1.0 16.8 38.1

12 1.3 14.2 33.3

20 1.4 23.2 43.4

36 1.4 27.3 48.9

119 2.5 15.1 20.3

No O2 1.7 9.7 —
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in contrast, was only observed at the lowest CO2:O2 mole ratio of

9, in a relatively low concentration corresponding to ~33 µmol.

At this ratio, formic acid was not detected, therefore CO could be

formed via the decomposition of formic acid into CO, CO2 and

H2 as formic acid is known to be unstable under hydrothermal

conditions (Yu and Savage, 1998). Additionally, formic acid may

also be an intermediate in the formation of CH4 (Zhong et al.,

2019b). Under aerobic conditions, the quantity of H2 in the gas

phase gradually increased with increasing CO2:O2 mole ratios

(Table 2). Notably, in the absence of air the concentration of H2

was lower when compared to the highest investigated CO2:O2

mole ratio of 119, equivalent to 0.21 bar O2. This observation

correlates well with previous research on utilizing NaHCO3 as

the CO2 source in hydrothermal reactions employing Fe a

reductant, where increased NaHCO3 concentrations resulted

in higher H2 yields. (Duo et al., 2016; Jiang et al., 2017).

Those works hypothesised that Fe was converted to FeCO3,

which in turn reacted to FeO, with the evolution of CO2. FeO

can then react with water to form Fe3O4, generating H2 as a co-

product. The formed CO2 can react with additional FeCO3

ultimately generating more H2 from water.

Characterisation of spent catalyst

Spent Fe3O4 was characterised after different times-on-

stream by temperature-programmed oxidation (TPO),

scanning electron microscopy (SEM) and X-ray diffraction

(XRD). To investigate the evolution of the catalyst during the

first 24 h of reaction, TPO analysis was conducted for spent

catalysts after 1, 4 and 24 h of reaction to investigate if significant

quantities of carbon deposits are present on the catalyst and if so,

how these change with time-on-stream. The TPO profiles for the

three reaction times evaluated show very similar characteristics

with a single symmetric peak centred at ~260°C (Figure 5A). This

low temperature peak is in the region expected for amorphous

carbon species (Bayraktar and Kugler, 2002; Gomez Sanz et al.,

2015; Gomez Sanz et al., 2016). However, complementary TGA

measurements of fresh Fe3O4 carried out under oxidative

conditions and employing the same temperature profile as

TPO experiments indicate that this peak coincides with the

temperature at which Fe3O4 is oxidized to Fe2O3. The first

derivative of the TGA plot (i.e. differential thermogravimetric

analysis (DTG)) is shown in Figure 5B. The oxidation of Fe3O4

during TPO measurements therefore obscures the identification

of any carbon deposits that may be present. There is a slight shift

in peak position towards lower temperatures with increasing

times-on-stream and a reduction in peak intensity for the sample

from the 24 h reaction. This may indicate that some surface

oxidation of the catalyst has taken place during reaction.

Morphological changes in the catalyst during reaction were

investigated by SEM (Figure 6). Both fresh and spent catalysts

existed as agglomerates of small grains. The micrographs are

suggestive of an increase in particle density with increasing

reaction time. Indeed, at the longest reaction times (Figures

6E,F), the particles appeared more compacted. These changes in

the catalysts may have been caused by the deposition of

carbonaceous material and the hydrothermal reaction conditions.

Based on the observations from SEM studies and in order to

evaluate if the reaction time promoted transformations in the

catalyst crystalline phase, the XRD pattern of spent Fe3O4 after

120 h of reaction time was recorded and is shown in Figure 7. This

pattern was analysed with PDF-4+ 2016 software. The observed

peaks after 120 h corresponded to the typical XRD peaks of Fe3O4,

as confirmed by comparison to a reference XRD pattern of Fe3O4

obtained from the RRUFF database (RRUFF, 2022). Reaction

therefore does not appear to promote changes in the crystalline

phase of the catalyst even at extended reaction times.

FIGURE 5

(A) TPO profile of spent Fe3O4 catalyst after different reaction times. Reaction conditions: T = 300°C; CO2:H2Omole ratio = 0.26; 0.56 g Fe3O4.

Mass of spent catalyst employed in TPO analysis = 30–40 mg. (B) DTG analysis of the oxidation of fresh Fe3O4 employing an intial mass of 10.4 mg

Fe3O4.
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FIGURE 6

Fresh and post-reaction SEM images of catalysts employed in the hydrothermal reduction of CO2 at different reaction times: (A) fresh catalyst;

(B) 1 h; (C) 4 h; (D) 8 h; (E) 18 h; (F) 120 h.

FIGURE 7

(A) XRD pattern for spent Fe3O4 after 120 h of reaction time; (B) Reference XRD pattern for Fe3O4 from RRUFF database, RRUFF id R061111.2

(RRUFF, 2022).
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Reaction mechanism

As described in Reaction testing, reactions were carried out

in a Hastelloy C reactor. Hastelloy C contains 58.6% Ni and

the conversion of CO2 into oxygenates over Ni powders has

been previously reported (Takahashi et al., 2006; Wu et al.,

2009). Therefore, the influence of the reactor walls on reaction

was investigated. CO2 and H2O in a mole ratio of 0.26 were

reacted at 300°C for 4 h in the absence of a catalyst.

Approximately 1 mmol/L of methanol and trace amounts of

acetone were detected. It cannot however be unambiguously

concluded from this result that the reactor wall plays a

catalytic role in the reaction as the formation of organics

could also be ascribed to the elevated reaction temperature

and pressure. The quantities of organic products obtained are

however significantly lower than those observed in the

presence of iron materials at these conditions (Influence of

Reaction Temperature Section), confirming the positive role

played by iron in enhancing CO2 conversion.

Figure 1 demonstrated that increasing reaction temperature

led to an increase in the quantity of liquid-phase products

produced. Furthermore, a broader range of products was

detected as the temperature increased, with cyclic ketones

ranging from five to seven carbons detected in trace amounts

at 350°C. The variation in product distribution with time over

Fe3O4 is greater still than the variation with reaction temperature

observed over Fe. In all cases however it is apparent that

methanol is the major liquid-phase product identified.

While the synthesis of methanol via CO2 hydrogenation in

gas/solid reactions is well studied and the mechanism widely

investigated (Bowker, 2019; Murthy et al., 2021; Numpilai et al.,

2021), the mechanism of methanol production from CO2 and

H2O under hydrothermal conditions is much less well

understood. Huo et al. (Huo et al., 2012) proposed that H+

concentration in the reaction media plays a key role in

determining the yield of methanol obtained, observing that

high H+ concentrations and hence high acidity correlated with

higher methanol yields. In the present work, high reaction

temperatures are associated with increased methanol

production. In addition to providing increased energy to

facilitate CO2 activation and conversion, higher temperatures

also increase the extent of H2O dissociation, thereby increasing

the availability of H+ in the reaction medium. This may therefore

also play a role in explaining the increase in methanol

production.

Considering the influence of reaction time on the product

distribution observed over Fe3O4, Figures 2, 3 show that the rise

in methanol concentration before 12 h on-stream and the decline

in methanol concentration after 12 h on-stream is not

monotonic. This may therefore suggest that methanol

continuously forms and decomposes or further reacts over the

timescale of the hydrothermal reaction. In addition to methanol,

longer-chained linear organic products were also produced.

Among these, 2-butanone, heptanal and 2-octanone were the

major species detected. At shorter reaction times, 2-butanone

was detected only at 2 h of reaction time and in very low

concentrations, specifically 0.08 mmol L−1. Higher

concentrations were observed at longer times-on-stream with

0.17 mmol L−1 and 0.14 mmol L−1 detected at 72 and 120 h

respectively. Heptanal was observed only at reaction times of

8 h or below, reaching its highest concentration of 0.18 mmol L−1

at 4 h. The presence or absence of 2-octanone varies at different

reaction times. This and other fluctuations in the concentration

of products observed reinforces the hypothesis that the

conversion of CO2 under hydrothermal conditions is a

complex system with numerous competing reactions, where

different species form and decompose in series and parallel

reactions.

The same conclusion can be reached by observing the

concentration of gas phase products, specifically H2, methane

and ethene, at different reaction times as shown in

Supplementary Table S1. There is no clear trend in the quantity

of H2 detected after reaction; this ranges from <0.1 to 0.7 mmol.

Note that the quantity of hydrogen observed is less than the total

amount produced during reaction as H2 has also been consumed

in the hydrogenation of CO2 to organic product molecules,

specifically hydrocarbons and oxygenates. Methane and ethene

were both observed at shorter reaction times, however neither were

observed at times on stream in excess of 48 h. Methane production

persists for longer times-on-stream as compared to ethene

production.

A closer look to the formation of short-chained liquid phase

products with temperature provides clearer insights into aspects

of the reaction mechanism and which products are formed

through the same, or different, mechanistic pathways.

Notably, not only does the absolute concentration of acetone

increase with increasing temperature, but it also comprises an

ever greater fraction of > C1 species formed. This increases from

14% at 250°C, to 19% at 300°C and 25% at 350°C. In contrast, the

percentage of methanol among the detected products shows little

variance with reaction temperature, decreasing from 67% of the

detected liquid-phase species at 250°C, to 65% at 300°C and 59%

at 350°C. Therefore, the acetone:methanol ratio increases ~2.6-

fold over this temperature range. A much closer relationship is

observed between the concentrations of acetone and ethanol

produced. In the temperature range 300–350°C, the increase in

acetone production is mirrored by a decrease in the synthesis of

ethanol. A similar trend is observed in studies investigating the

influence of CO2:O2 ratio where the reaction shifts in favour of

ethanol (vs. acetone) as the CO2:O2 ratio increases. Specifically,

the acetone:ethanol ratio decreases monotonically from 18.2 at a

CO2:O2 ratio of 9 to 4.4 at a CO2:O2 ratio of 119 and 1.0 in the

absence of air.

These trends observed at different temperatures and for

different CO2:O2 mole ratios provide evidence to suggest that

ethanol and acetone production are to some extent inversely
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correlated. The production of these is not coupled to the

synthesis of methanol, suggesting that ethanol and acetone

may be competitively produced in one reaction pathway,

while methanol is produced in an independent, parallel,

pathway. The synthesis of ethanol directly from CO2 and

H2O without passing through methanol as an intermediate

has been proposed previously (Chen et al., 2017). Moreover, in

previous studies of gas-solid reactions (i.e. not under

hydrothermal conditions) (Rodrigues et al., 2013; de Lima

et al., 2017; Rodrigues et al., 2017; Silva-Calpa et al., 2017) it

was proposed that acetone was produced from the catalytic

conversion of ethanol via acetaldehyde as an intermediate.

Specifically, acetaldehyde is formed from the dehydrogenation

of ethanol which has previously been shown to be promoted

by zero-valent metal sites (Rodrigues et al., 2013). Acetaldehyde

then generates acetate species which condense to form acetone.

Notably, zero-valent metal sites can also adsorb and

dissociate water (Hardy and Gillham, 1996). In all reaction

systems investigated in the present work, acetaldehyde was

detected in the gas-phase which may support the hypothesis

that it is an intermediate in acetone production. The relative

decrease in acetone production as compared to ethanol

production with increasing CO2:O2 ratio may be a consequence

of factors such as a lower overall extent of reaction, changes in

pH or by equilibrium effects as CO2 is a by-product from acetate

condensation (Rodrigues et al., 2013).

The formation of acetaldehyde under hydrothermal

conditions along with oxygenates such as ethanol and acetic

acid by the reduction of CO2 with Fe3O4 has also been reported

by Chen and Bhanemann (Chen and Bahnemann, 2000) in the

temperature range 100 to 350°C. They observed an inverse

relationship between the production of ethanol and acetic

acid. Acetic acid can be produced by the oxidation of

acetaldehyde over heterogeneous catalysts via an acetate

pathway or by the formation of an acetyl and a hydroxyl on

the catalyst surface, the former route being more energetically

favourable (Han et al., 2019).

The observations from the studies in the present work have

therefore yielded a number of insights into the hydrothermal

conversion of CO2. The hypotheses formed provide a framework

within which to conduct future mechanistic investigations, for

example spiking the reaction with key hypothesized reaction

intermediates. This will provide a fuller understanding of this

complex reaction system and thereby to facilitate the

optimisation of both reaction conditions and catalyst design.

Conclusion

The influence of reaction conditions on the hydrothermal

conversion of CO2 in the absence of gas-phase H2 has been

demonstrated, focusing on the influence of reaction

temperature, reaction time and CO2:O2 mole ratio.

Methanol is shown to be the major product formed, with a

concentration of 8 mmol L−1 after 12 h of reaction. Other

species up to C8, including C5-C7 cyclic ketones are also

observed. Increasing temperature increases the yield of

methanol, correlated with increased energy in the system

and hence increased activity, but also with greater

availability of H+ through enhanced H2O dissociation. The

presence of oxygen also increases methanol production.

Acetone production is also enhanced by the presence of O2,

increasing 10-fold at a CO2:O2 ratio of 9 as compared to that

observed in the absence of O2. Acetone is proposed to be

formed as a result of ethanol dehydrogenation via an

acetaldehyde intermediate. Further optimization of the

reaction system, and tailoring to specific desired products, is

possible through, e.g., improvements in catalysts/reductants

and further insights into the complex reaction mechanisms.
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SUPPLEMENTARY TABLE S1

CO2 conversion and gas phase composition at different reaction times.

Reaction conditions: T=300°C; CO2:H2O=0.26; 0.56 g Fe3O4. “n.d.”

indicates that a species was not detected.

SUPPLEMENTARY TABLE S2

CO2 conversion and gas phase composition at different CO2:air mole

ratios. Reaction conditions: T=300°C; VH2O=7 mL; PCO2+air=25 barg;

reaction time = 4 h; 0.56 g Fe. “n.d.” indicates that a species was not

detected.
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