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Formic acid and formate ions are intermediate compounds in the water gas shift reaction as well as in the abiotic formation of organic molecules from dissolved CO2 and H2 under hydrothermal conditions. The decomposition kinetics of a 0.1M formic acid solution has been investigated using PTFE-lined reactors at 200°C on the liquid-vapour equilibrium of water for calculated in-situ pH comprised between 2.8 and 3.6. Under these conditions, formic acid is the dominant aqueous species. Formic acid aqueous decomposition follows a first-order kinetics with a constant k (s -1 ) such that ln(k) = -13.6 0.6 at 200°C. The addition of gold chips in the reactor is found to promote formic acid decomposition and the kinetics constant of the reaction is a linear function of the exposed gold surface by unit volume of solution (S/V). Consequently, experiments run in gold tubes as those typically used in cold-seal vessels can be by more than two orders of magnitude faster than those performed in PTFE reactors under the same conditions. The addition in the PTFE-lined reactor, of particles of magnetite (Fe3O4) with sizes centred on 300 nm or the presence of aqueous Fe at the millimolal level does not catalyse the hydrothermal decomposition of formic acid at 200°C.

Introduction

Formic acid, HCOOH, and the formate ion, HCOO -, are ubiquitous components of dissolved organics in a variety of aqueous solutions from surficial to deep crustal environments.
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The sum of HCOOH and HCOO-concentration will be called COOH hereafter. COOH in the order of hundreds μmolal are typically found in soils (e.g., [START_REF] Strobel | Influence of vegetation on low molecular weight carboxylic acids in soil solution-a review[END_REF]. In deep subsurface brines and in waters from petroleum reservoirs, short-chain carboxylic acids are also ubiquitous and they are formed by thermal and/or bacterial decomposition of sedimentary organic matter (e.g., [START_REF] Means | Short chain aliphatic acid anions in deep subsurface brines: A review of their origin, occurrence, properties, and importance and new data on their distribution and geochemical implications in the Palo Duro Basin, Texas[END_REF][START_REF] Surdam | Organic Inorganic Interactions and Sandstone Diagenesis[END_REF][START_REF] Barth | Organic acids and inorganic ions in waters from petroleum reservoirs, Norwegian continental shelf: a multivariate statistical analysis and comparison with American reservoir formation waters[END_REF]. With respect to deep crustal fluids, [START_REF] Zeng | Short chain carboxylates in fluid inclusions in minerals[END_REF] analysed the carboxylate content of fluid inclusions entrapped in minerals from a variety of ore-deposits and showed that formic acid (as formate ions) is the dominant short-chain carboxylic acid with concentrations of a few tenths of μmole/L. Under such high-temperature environments, life cannot be directly involved in the production formic acid or formate which are therefore of abiotic origin. Abiotic production of formic acid can also proceed at ambient conditions by photochemical reduction of CO2 on sterilized mineral surfaces [START_REF] Ohta | Abiological formation of formic acid on rocks in nature[END_REF]. [START_REF] Mcdermott | Pathways for abiotic organic synthesis at submarine hydrothermal fields[END_REF] investigated formic acid geochemistry in the Van Damm hydrothermal field (Mid-Cayman rise) where fluids are vented at temperatures between 100 and 250°C. COOH in the 80 -700 μmol/kg range is analysed and the authors concluded to an abiotic production by CO2 reduction upon shallow subsurface mixing of deeper H2 -bearing fluids (ca. 10 mmole H2/L). This result is in line with experimental data which show that, in the 150°C -300°C range, redox equilibration between dissolved single carbon compounds ( CO2, CO, HCOOH) is achieved at laboratory timescales [START_REF] Mccollom | Experimental constraints on the hydrothermal reactivity of organic acids and acid anions: I. Formic acid and formate[END_REF][START_REF] Seewald | Experimental investigation of single carbon compounds under hydrothermal conditions[END_REF].

The kinetics of hydrothermal reactions between formic acid (FA) and dissolved H2 and CO2, has received a renewed interest in the field of clean energy due to the fact that FA nominally stores 52 g H2/litre at ambient conditions [START_REF] Loges | Catalytic Generation of Hydrogen from Formic acid and its Derivatives: Useful Hydrogen Storage Materials[END_REF]. Indeed, HCOOH is considered as a H2-carrier since H2 can potentially be recovered upon formic acid decomposition:

HCOOH (l) H2 (g) + CO2 (g) (1) 
Considering that separation of CO2 and H2 is industrially feasible, two main challenges remain in order to use HCOOH as H2-carrier. The energy input to achieve formic acid decomposition must be minimised and co-production of CO (Reaction 2) should be lowered below 10-100 ppm in order to avoid poisoning the fuel cell Pt-based anode catalysts (e.g., [START_REF] Springer | Model for Polymer Electrolyte Fuel Cell Operation on Reformate Feed: Effects of CO, H;2 Dilution, and High Fuel Utilization[END_REF].

HCOOH (l) CO (g) + H2O (l)

(2)

Both Reaction (1) and Reaction (2) are exergonic at standard conditions. Therefore catalysts have been developed to drive HCOOH decomposition towards Reaction (1) at nearambient temperature in a variety of solvents. Selective formic acid dehydrogenation has been achieved through both homogeneous and heterogeneous catalysis using noble metals (e.g., Pt, Ru, Rh, Pd, Ir and Au) with good catalytic activity at near-ambient temperature (Grasemann and Laurenczy, 2012 and references therein).

Interestingly, noble metals such as gold and to a lesser extent platinum, are extensively used in experimental petrology and high-temperature geochemistry as encapsulating material since they are considered as inert with respect to most naturally relevant chemical systems.

There is however a few known exceptions, such as chloride or sulphide aqueous solutions which tend to complex gold under hydrothermal conditions (e.g., [START_REF] Henley | Solubility of gold in hydrothermal chloride solutions[END_REF][START_REF] Seward | Thio complexes of gold and the transport of gold in hydrothermal ore solutions[END_REF].

Unexpectedly high catalytic activity is encountered for gold, in particular with respect to CO oxidation, when it is dispersed as particles of a few nanometres [START_REF] Haruta | Size and support dependency in the catalysis of gold[END_REF][START_REF] Bulushev | Highly dispersed gold on activated carbon fibers for low temperature CO oxidation[END_REF]. As far as formic acid decomposition is concerned, [START_REF] Ojeda | Formic Acid Dehydrogenation on Au Based Catalysts at Near Ambient Temperatures[END_REF] tested the catalytic activity of Au nano-clusters (< 5 nm) on oxide supports. They encountered an unexpectedly high activity which did not arise from the initial Au-clusters but from more finely dispersed gold species (clusters or even individual atoms), invisible under the transmission electron microscope. These observations suggest that even if bulk gold has a limited activity over formic acid decomposition, gold dispersion through solubilisation under hydrothermal conditions may generate active sites for FA decomposition. Owing to the general use of gold as a container in high-temperature hydrothermal geochemistry, we investigated the possible catalytic effect of this noble metal on FA decomposition at 200°C on the liquid-vapour curve of water. PTFE-based reactors were used with variable amounts of added gold chips. The possible catalytic effect of magnetite, a mineral product of ultrabasic-rocks serpentinisation, was also investigated using the same experimental setup.

Materials and Methods

Experimental protocol consisted in loading 20 mL of 0.1 mol. [START_REF] Brunet | Bearthite, Ca 2 Al(PO 4 ) 2 OH: stability, thermodynamic properties and phase relations[END_REF] for experimental details).

The gas composition for the samples run in gold capsules was determined by gas chromatography (Clarus 500 GC, Perkin Elmer) with a TCD detector (see [START_REF] Crouzet | Hydrogen production by hydrothermal oxidation of FeO under acidic conditions[END_REF] for analytical details). The determination of the produced H2 and CO2 mass which involves sampling and GC measurement, is believed to be accurate to +/-10%.

HCOOH was determined using a capillary electrophoresis (CE) system (Waters TM ).

The CE apparatus is equipped with a fuse capillary (75 μm internal diameter x 60 cm total length) and a diode detector. CE was operated at 20°C and 20 kV. Electrophoregrams were recorded at 185 nm (Hg lamp). The background electrolyte (BGE) was composed of 10 mmol.L - 1 NaH2PO4 and OFM-OH from Waters TM (pH = 5.5). Prior to each measurement series, the capillary was conditioned by flushing with 1 mol.L -1 NaOH and 0.1 mol.L -1 NaOH (5 min each) followed by a 10 min flush with deionised water and 15 min flush with BGE solution. The capillary was preconditioned prior to each measurement by flushing the BGE for 1 min. All samples were measured in duplicate using hydrostatic injection mode. Prior to its analysis, the solution is diluted by a factor comprised between 5 and 150 in order to fall in the 150 -1200 μmolar range. Three sets of ten measurements were performed on FA solutions with concentrations of 150, 500 and 1200 μM; a precision of 2.5, 5 and 7 % is obtained. Considering other sources of uncertainty (e.g., dilution, calibration), a conservative error of 10 % will be considered here (Table 1). In experiments with iron oxide, iron (II) concentration in the solution was determined by spectrophotometry using o-phenantroline at 510 nm.

PHREEQC (LLNL database, Parkhurst and Appelo, 2013) was used to model FA experiments carried out in Teflon reactors at 200°C on the water liquid-vapour equilibrium with vapour, H2 and CO2 as gas-phase components. Methane and other hydrocarbons were purposely ignored to account for the kinetics hindrance to their formation. Reaction constants for formic acid decomposition are derived from SUPCRT92 (slop07 database; [START_REF] Johnson | SUPCRT92: A software package for calculating the standard molal thermodynamic properties of minerals, gases, aqueous species, and reactions from 1 to 5000 bar and 0 to 1000[END_REF].

Thermochemical modelling shows that equilibrium HCOOH at the run conditions, Ceq, falls in the mg/L range, i.e., three orders of magnitude smaller than HCOOH in the starting solution, C 0 . Ceq will therefore be neglected in the calculation of reaction extent (e.g., Table 1):

Reaction extent (%) (3) 
where C(t) is the HCOOH in the solution recovered at ambient conditions after a run duration of t.

Results

A total of twenty three experiments has been performed at 200°C on the liquid-vapour equilibrium of water (with and without added gold); another has been carried out at 350°C/500 bars in a gold capsule. Analysis of HCOOH in the recovered solution shows that reaction progresses between 14 and 98% are achieved within about three days of experiments. The measured pH of the starting FA solution is centred on 2.5 0.1 and increased to 3.2 0.1 -3.3 0.1 for the most decomposed FA solution (95 -98%). Formate peak on the EC signal is obtained for retention times of 3 -3.5 min. Electrophoregrams collected for retention times up to 15 min did not show the presence of other ionic species such as acetate, lactate or propionate under the analytical conditions used here which, however, were optimized for formate concentrations at the μmolar level and above.

The measured HCOOH for CAPS-6 experiments (Table 1) is about three times higher than the expected equilibrium value predicted by PHREEQC modelling. It can therefore be considered that formic acid decomposition reached completion in this experiments (Fig. 1), i.e., within 24 hours. GC measurements on the gas retrieved from CAPS-6 and CAPS-5 indicated H2 contents of 7.2(7) and 9.9(1.0) μmoles, respectively, and CO2 contents of 8.0(8) and 9.4(9)

μmoles, respectively, consistent with a complete decomposition of HCOOH into H2 + CO2.

PTFE experiments run at the same pressure and temperature for 63h without gold yielded around 1/3 of reaction only. In CAPS-5 and CAPS-6, the inner gold surface reaches 20-25 cm 2 by mL of loaded solution (S/V). In order to test whether, the presence of gold speeds up FA decomposition, a series of PTFE experiments was performed by adding weighed amounts of gold in the starting FA solution. The rate of FA decomposition was found to significantly increase with S/V (Table 1). The kinetics constant (k) of the formic acid decomposition has been calculated for all experiments assuming a first-order kinetics law [START_REF] Mccollom | Experimental constraints on the hydrothermal reactivity of organic acids and acid anions: I. Formic acid and formate[END_REF] and is tabulated as ln(k) with k expressed in s -1 (Table 1). It appears that k is a linear function of S/V (Fig. 1) and the linear regression through all datapoints (Table 1) yielded the following relationship:

k(s -1 ) = 1.3(3) 10 -6 +1.78(8) 10 -5 S/V(cm -2 /mL) (4).
FA decomposition data obtained here for a gold S/V of 0.26(2) cm 2 /mL at various run durations are consistent with the assumption of first-order reaction kinetics (Table 1, Fig. 2) within analytical uncertainty. Decomposition extent for experiments with and without added gold has been plotted (Fig. 3) as a function of reaction time together with a fit to a first-order kinetics law:

(5),

where C0 and Ceq are, respectively, the initial and equilibrium FA aqueous concentrations at 200°C, the latter being considered as equal to zero for simplification (see Materials and Methods); k is the first-order kinetics constant which depends on gold content (S/V) according to Equation (1) and t is the run duration. Extrapolation of the experimental data using Relation (4) indicates that whereas 99 % of FA decomposition is expected to be achieved at 200°C within a couple of hours in a gold capsule, over 1 month is required in the absence of gold.

Experiments with magnetite (PTFE-15, although they could represent a few mole percents of the whole formate species (Table 2). The grain size distribution in the magnetite product is heterogeneous. Grains larger than a few μm, are encountered whereas the dominant size fraction is below 500 nm (Fig. 4). FA decomposition in the presence of Fe-oxide seems to have reached larger extent (+ 10%) when FeO is used as starting material. Calculated pH is higher in PTFE-16 likely due to the combination of higher FA decomposition and higher aqueous Fe content (Table 1).

Discussion

Formic acid decomposition kinetics and catalytic effect of gold surface

PTFE experiments were performed in a range of in-situ pH (2.8 -3.6) where the HCOOH acid form is by 1.5 to 2 orders of magnitude more abundant than formate ions. We will therefore consider that the reaction kinetics studied here is mostly controlled by aqueous HCOOH decomposition. Experiments in gold capsules at 200°C and 350°C (Table 1) which reached completion yielded H2 and CO2 as main gas species in stoichiometric amount with no detectable methane. This result is consistent with a negligible contribution of Fischer-Tropsch type reactions, if any, under the experimental conditions investigated here [START_REF] Mccollom | Laboratory Simulations of Abiotic Hydrocarbon Formation in Earth's Deep Subsurface[END_REF].

Previous high-temperature experimental studies performed in the one-phase water domain [START_REF] Mccollom | Experimental constraints on the hydrothermal reactivity of organic acids and acid anions: I. Formic acid and formate[END_REF][START_REF] Maiella | Spectroscopy of Hydrothermal Reactions. 10. Evidence of Wall Effects in Decarboxylation Kinetics of 1.00 m HCO2X (X = H, Na) at 280 330 °C and 275 bar[END_REF][START_REF] Yu | Decomposition of Formic Acid under Hydrothermal Conditions[END_REF] emphasised that formic acid decomposition follows a first-order kinetics law. The decomposition rate of gaseous formic acid (dehydrogenation and dehydration) on Cu and Ni catalysts was considered to follow a zero-order kinetics [START_REF] Iglesia | Decomposition of formic acid on copper, nickel, and copper nickel alloys: I. Preparation and characterization of catalysts[END_REF]. Our experimental dataset on aqueous FA decomposition obtained with a gaseous headspace at 200°C on the liquid-vapour pressure of water (Psat), is consistent with a first-order rate law (Fig. 2). The prominent result of this study is that aqueous FA decomposition is promoted by the presence of gold. More precisely, we show here that the first-order kinetics constant, k, is a linear function of gold content expressed as S/V. The S/V parameter represents the available gold surface for the catalysis of FA decomposition by volume unit of aqueous solution. The linear relationship

between k and S/V at given pressure and temperature conditions suggests heterogeneous catalysis rather than homogeneous catalysis by dissolved gold or aqueous gold clusters. Indeed, it can still be argued that, at the timescale of our experiments, attainment of aqueous gold saturation is limited kinetically so that aqueous gold concentration increases with the exposed gold surface. Hence, the possibility of homogeneous catalysis of FA decomposition by gold cannot be entirely ruled out.

The surfaces of numerous compounds have been shown to catalyse the decomposition of formic acid. The catalytic activity of Ni and NiB2 surfaces on formic acid decomposition is known for long (e.g., [START_REF] Giner | The catalytic activity of nickel and nickel boride for formic acid decomposition[END_REF][START_REF] Mccarty | Decomposition of formic acid on Ni(110): I. Flash decomposition from the clean surface and flash desorption of reaction products[END_REF][START_REF] Falconer | The kinetics and mechanism of the autocatalytic decomposition of HCOOH on clean Ni(110)[END_REF] based on the decomposition study of adsorbed HCOOH molecules onto the metal surface.

With respect to the decomposition of aqueous HCOOH solutions, the catalytic effect of the reaction vessel has also been invoked [START_REF] Bjerre | Thermal decomposition of dilute aqueous formic acid solutions[END_REF][START_REF] Yu | Decomposition of Formic Acid under Hydrothermal Conditions[END_REF]. [START_REF] Yu | Decomposition of Formic Acid under Hydrothermal Conditions[END_REF] showed only limited effect of the S/V of the autoclave on formic acid decomposition at 380°C and 250 atm. On the other hand, using Raman spectroscopy, Maiella and Brill (1998) specifically studied the autoclave wall effects on FA decomposition kinetics (Fig. 5). They showed that the rate of decomposition into CO2 + H2 at around 300°C and 275 bar, and for a S/V of the order of 20 50 cm 2 /mL, follows a first-order decomposition kinetics and can vary by about 1 order of magnitude depending on the wall metal. The pH of the studied solution (1 mole/kg) under the investigated conditions is expected to be comprised between 2.5 and 3, i.e, close to the pH conditions investigated here. Extrapolation of the derived FA decomposition kinetic constants down to 200°C using the activation energies (Ea) derived by [START_REF] Maiella | Spectroscopy of Hydrothermal Reactions. 10. Evidence of Wall Effects in Decarboxylation Kinetics of 1.00 m HCO2X (X = H, Na) at 280 330 °C and 275 bar[END_REF] [START_REF] Mccollom | Experimental constraints on the hydrothermal reactivity of organic acids and acid anions: I. Formic acid and formate[END_REF]. Considering the cumulative sources of errors in both studies (analytics, kinetic models, extrapolation), it is difficult to argue about the significance of such apparent discrepancy in k-values. There are possible experimental differences which could partly account for this discrepancy such as the presence of a headspace gas phase in our experiments which were run at lower pressure. However, the fact that gold which is immerged in the unstirred PTFE-lined autoclave clearly catalysed FA decomposition suggests that this decomposition mostly occurred in solution, i.e., irrespective of the presence of a gas phase. Insitu pH are not strictly identical in the two studies. In addition of changing the relative proportions of formic acid and formate ion which decompose at a different rate [START_REF] Mccollom | Experimental constraints on the hydrothermal reactivity of organic acids and acid anions: I. Formic acid and formate[END_REF], pH may also potentially change the decomposition rate of formic acid itself. [START_REF] Yasaka | Kinetic and Equilibrium Study on Formic Acid Decomposition in Relation to the Water Gas Shift Reaction[END_REF] showed that for pH < 4, FA decarbonation (Reaction 2) dominates with a kinetics which is pH sensitive. Finally, possible difference in the roughness of the gold surfaces (e.g., [START_REF] Boronat | Mechanism of selective alcohol oxidation to aldehydes on gold catalysts: Influence of surface roughness on reactivity[END_REF] could also play a role.

Absence of catalytic activity of magnetite (and hematite) over FA decomposition

Whereas gold is definitely shown to catalyse FA decomposition at 200°C, the addition of iron oxide has no significant catalytic effect. For the sake of relevance to mafic and ultramafic natural environments, magnetite was the targeted iron oxide. So magnetite composed of particles of a few hundreds of nanometres was used as starting material for its large specific surface area. However, the partial oxidation of magnetite into hematite observed in PTFE-15 may have affected magnetite surfaces, altering thereby their catalytic properties. This was the incentive to run PTFE-16 experiments which imposed lower pe and yielded newly formed submicrometric magnetite. It must be noted that hydrothermal oxidation of FeO into magnetite should have increased the amount of H2 in the experiment, which, in turn, should have stabilized FA relatively. However, the resulting effect in terms of departure from equilibrium, remains small. It can be calculated for PTFE16 that although the Q/K ratio for HCOOH H2,aq + CO2,aq reaction is increased by a factor of 5, Q/K remains below 10 -5 . Accordingly, it can be safely considered that the addition of FeO must not have intrinsically affected the decomposition reaction kinetics in the sense that FA decomposition still proceeded under far-from-equilibrium conditions. In both PTFE-15 and PTFE-16 experiments, decomposition extent remained similar or even lower than that encountered under the same conditions (temperature, pressure, time, Magnetite hosts octahedrally coordinated iron under both Fe 2+ and Fe 3+ valence state which can act locally as a redox couple. The anticipated catalytic activity of magnetite over FA decomposition arose from the role played by magnetite over the water gas shift (WGS) reaction (Rhodes et al., 1995, and references therein), CO + H2O = CO2 + H2 which proceeds in the gas state. For instance, [START_REF] Boreskov | Mechanism of the conversion of carbon monoxide on iron chromium catalyst[END_REF] showed that Fe 2+ can be oxidized by water to produce H2

and that the oxidized iron can be reduced through CO oxidation towards CO2, thereby regenerating the catalyst. Considering that HCOOH is an intermediate in the WGS reaction (e.g., [START_REF] Yasaka | Kinetic and Equilibrium Study on Formic Acid Decomposition in Relation to the Water Gas Shift Reaction[END_REF], magnetite may appear as a good candidate for FA decomposition catalysis as well. The lack of significant catalytic activity of magnetite immerged in the aqueous FA solution may indicate that magnetite catalyst is only active in the gas phase. Actually, catalysts that have recently been developed to promote the decarboxylation of liquid FA (Reaction 1) are not magnetite based [START_REF] Aresta | Catalysis for the Valorization of Exhaust Carbon: from CO 2 to Chemicals, Materials, and Fuels[END_REF]. The catalytic activity of magnetite with respect to organic molecules in aqueous medium is rather known in oxidizing conditions where magnetite is able to adsorb and degrade organic molecules in the presence of H2O2 (or O2) through the formation of OH radicals according to a Fenton-like process (e.g., [START_REF] Xue | Adsorption and oxidation of PCP on the surface of magnetite: Kinetic experiments and spectroscopic investigations[END_REF][START_REF] Usman | Remediation of PAH contaminated soils by magnetite catalyzed Fenton like oxidation[END_REF][START_REF] Pereira | Iron oxide catalysts: Fenton and Fentonlike reactions a review[END_REF][START_REF] Ardo | Oxidative Degradation of Nalidixic Acid by Nano magnetite via Fe 2+ /O 2 Mediated Reactions[END_REF].

Relationship between water-gas shift and FA decomposition reactions

A key reaction in the CO2-H2 system is the water gas shift reaction, the kinetics of which has been investigated by [START_REF] Seewald | Experimental investigation of single carbon compounds under hydrothermal conditions[END_REF] for the purpose of understanding the chemistry of sub-seafloor hydrothermal systems. At 200°C, the temperature of our experiments, the firstorder kinetics constant of the WGS reaction is close to 7.3 10 -6 s -1 , ln(k, s -1 ) = -11.8. This kvalue is close to the k-value of FA decomposition in presence of little gold per volume unit of solution (S/V = 0.3 cm 2 /mL). As a consequence, in the presence of larger amount of gold (S/V = 25 cm 2 /mL), the k-value of FA decomposition will exceed by two orders of magnitude that of the WGS as determined by [START_REF] Seewald | Experimental investigation of single carbon compounds under hydrothermal conditions[END_REF]. According to the FA decomposition study by [START_REF] Yasaka | Kinetic and Equilibrium Study on Formic Acid Decomposition in Relation to the Water Gas Shift Reaction[END_REF], performed in sealed glass tubes at Psat, decarboxylation reaction (Reaction 1) only becomes dominant over decarbonation (Reaction 2) for pH > 4.

Consequently, (1) decarbonation must dominate in our experiments and (2), for high gold S/V ratio, CO produced by FA decomposition must first accumulate before it is slowly consumed by the WGS reaction. In CAPS-6 experiments run for only 24 h, CO was not detected by GC and H2 + CO2 concentration were found to be consistent, within analytical error, with the HCOOH => H2 + CO2 reaction having reached completion (Table 1). It can therefore be inferred that large amounts CO cannot have formed and that, possibly, the WGS reaction was itself catalysed by gold. This assumption is supported by the recognized activity of gold-based catalysts over the WGS reaction (e.g., [START_REF] Andreeva | Low temperature water gas shift over gold catalysts[END_REF][START_REF] Burch | Gold catalysts for pure hydrogen production in the water-gas shift reaction: activity, structure and reaction mechanism[END_REF].

Conclusions

The fact that gold is not chemically inert with respect to the decomposition of a simple dissolved organic molecule such as formic acid is of primary interest for experimental geochemistry which often uses gold containers to study chemical reaction under hydrothermal conditions. Indeed, gold exhibits relatively good retention properties with respect to H2 at temperatures below 350°C [START_REF] Malvoisin | High purity hydrogen gas from the reaction between BOF steel slag and water in the 473-673 K range[END_REF] and is therefore well-suited for the study of reaction kinetics in CO2 -H2 bearing systems under hydrothermal conditions below that temperature (e.g., [START_REF] Milesi | Formation of CO 2 , H 2 and condensed carbon from siderite dissolution in the 200-300°C range and at 50MPa[END_REF]. However, we show here that for setups such as cold-seal vessels which use gold tube with a relatively high S/V, the encapsulation metal may influence reaction kinetics as far as formic acid decomposition is concerned. The kinetics of abiotic reactions among organic molecules in hot CO2-H2 bearing hydrothermal-fluids are obviously of high relevance to the origin of life and to the abiotic synthesis of hydrocarbons. Gold remains the best suited encapsulation material to study these kinetics experimentally. However, additional hydrothermal experiments are needed (1) to unravel the processes by which FA decomposition is catalysed by gold at temperatures that are highly relevant to natural hydrothermal systems and (2) to determine whether gold surface could also influence the reaction kinetics with CO2 and H2, at the same temperatures, of other single carbon species involved in abiotic methane synthesis (e.g., methanol; [START_REF] Seewald | Experimental investigation of single carbon compounds under hydrothermal conditions[END_REF]. 
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  leads to similar k-values for all the different wall metals. These kvalues are consistent with the calculated k-value for gold with an S/V in the same range (Fig.5) considering the uncertainty on the Ea provided by the authors. Compared to the kinetics constant of FA decomposition in PTFE-lined vessels (this study), extrapolated k-values from[START_REF] Maiella | Spectroscopy of Hydrothermal Reactions. 10. Evidence of Wall Effects in Decarboxylation Kinetics of 1.00 m HCO2X (X = H, Na) at 280 330 °C and 275 bar[END_REF] at 200°C are about 2 orders of magnitude larger (Fig.5), suggesting that Ti, stainless steel, Pt/Ir and gold have similar catalytic properties with respect to FA decomposition at 200°C. The very good consistency (Fig.5) between our PTFE dataset and the kinetics dataset derived by[START_REF] Mccollom | Experimental constraints on the hydrothermal reactivity of organic acids and acid anions: I. Formic acid and formate[END_REF] is unexpected since the latter authors used a gold bag as container which, according to the present study, should have promoted FA decomposition. Based on the technical description given inSeyfried et al. (1987, Fig. 2), an S/V of ca. 1 cm 2 /mL can be estimated for the setup used by[START_REF] Mccollom | Experimental constraints on the hydrothermal reactivity of organic acids and acid anions: I. Formic acid and formate[END_REF]. The calculated k-value at 200°C using Relation (4) with an S/V of 1 cm 2 /mL is about 10 times larger than the k-value at 200°C inferred from the interpolation of the dataset byMcCollom and 

  autoclave wall) without catalyst. Neither the presence of aqueous iron at the millimolal level in both experiments nor the presence of nanometre-sized iron oxides, magnetite and/or hematite enhanced the decomposition of formic acid at 200°C. The absence of catalytic activity of both magnetite and hematite concurs with the conclusion of McCollom and Seewald (2003) based an experiment performed at 250°C and 350 bars with magnetite and hematite in the reaction vessel.

Figure 1 :

 1 Figure 1: Linear relationship between first-order kinetics constant and gold surface by solution volume unit. All experiment are run under the same P-T conditions in PTFE reactors. Run duration and gold content may differ. The dotted line corresponds to Eq(3) in the text body.

Figure 2 :

 2 Figure 2: Kinetics data of the FA decomposition plotted in a log(concentration) -time diagram (S-V = 0.26 cm 2 /mL). Linear regression indicates a kinetic behaviour that is consistent with a first-order rate law although a few data points fall out the regression considering the uncertainty on ln(C/C0) of +/-0.2.

Figure 3 :

 3 Figure 3: Extent (%) of the decomposition reaction of formic acid (0.1 M) as a function of run duration. Both experimental data and first-order kinetics regression are displayed. From bottomto top, the kinetics curves correspond to increasing gold content with S/V equals 0, 0.26(1), 0.76(2) and 25 (gold capsule), respectively. For each S/V value, the related dataset is plotted with a specific symbol, plain circles, plain squares, empty squares and empty circle, respectively.

Figure 4 :

 4 Figure 4: Secondary electron image of the PTFE-16b run product which mostly consist in magnetite grains formed from the FeO starting material. Whereas grains with sizes around 10 μm are visible, magnetite nanoparticles with sizes below 500 nm seem to represent the dominant fraction.

Figure 5 :

 5 Figure 5: Comparison of the first-order kinetics constant (k) of FA decomposition derived here at 200°C with those, from the literature, obtained in reaction vessels with inner walls made of different metals (316 stainless steel, grade 2 Ti; 90/10 Pt/Ir and Au-TiO2). Literature data are extrapolated to 200°C using the regression provided by their authors, the data are also displayed to emphasize the extent of the extrapolation. The vertical black plain line corresponds to the kvalues calculated with Relation (4) for gold S/V comprised between 20 and 50 cm 2 /mL. The vertical gray line encompasses the k-values and their uncertainty, derived from experiments in PTFE-lined reactors without gold. M&B (92) = Maiella and Brill (1992); McC&S(03) = McCollom and Seewald (2003).
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  Estimates errors are given in parentheses, e.g., 3.4(4) means 3.4 0.4. dl: below detection limit; Experiments labelled a and b with the same run number are duplicates; Caps: gold capsule;(1) Uncertainty is likely to be higher due to the presence of a few percent of iron-formate species that were not analysed;(2) Initial molar content of formic acid in the capsule for comparison with GC data for H 2 and CO 2 .(3) Reaction progress assumed to be 100% (see text body); (4) Experiment performed at 350°C/500 bar in cold-seal vessel.

  in a 45 ml reactor; FA decomp. = progress of the HCOOH decomposition reaction; FA% = [HCOOH]/([HCOOH] + [HCOO-]); Fe-Fo = % of Fe-formate species among FA and formate species.

  

  

  Xa and PTFE-Xb in Table 1 where X is the experiment number. Besides its geochemical relevance, the temperature of 200°C was chosen for practical reasons. It implies characteristic reaction time in the order of one day, what is convenient for laboratory experiments. Furthermore, the contribution to reaction progress of transient heating

	and cooling stages which have characteristic time of an hour, can be neglected. Consequently,
	run duration are taken here as the duration of the isothermal 200°C step. At 200°C, a pressure
	of 15-20 bars is achieved as imposed by the liquid-vapour equilibrium of water. The filled
	reactor is weighed before and after experiments to ensure that no leakage has occurred during
	the experiment. Gold catalyst (99.99%) was introduced in the form of mm-sized chips with a
	geometrical surface area of 5.3(2) cm 2 /gram. The solution was not steered during the
	experiments so that the gold chips always remained settled at the bottom of the reactor. Iron
	oxide catalyst was either FeO (Aldrich, 99.7%) grinded one minute twice in a ball mill or
	magnetite powder (Bayoxide®-E8706, 98%) with dominant particle size around 300 nm.
	Two additional experiments were launched by loading about 0.1 mL of 0.1 M formic
	acid solution into a gold tube (4.6 mm outer diameter, 0.2 mm wall thickness, purity 99.99%)
	welded shut. The gold tube is annealed with a propane flame close to the gold melting point
	(gold chips for catalysis experiments are cut from the same thermally annealed tubes). The
	corresponding sample was either loaded in the Parr Teflon reactor or in a cold-sealed vessel
	(see

L -1 formic acid (Acros Organics, 99%) solution along with a catalyst, if any, into a 45 ml reactor (model 4744 Parr) with a thick-walled PTFE liner. Two reactors are run in parallel at 200 3°C in an oven to produce duplicates named PTFE-

Table 1

 1 Table2). Partial oxidation of magnetite into hematite is expected to impose a moderate pe of -0.9. In contrast, in PTFE-16 where wüstite was used, a lower pe (-2.5) and single-phase magnetite are expected. Presence of minor hematite (below 10 wt.%) is however observed on the XRPD pattern of PTFE-16, which could represent a late precipitate from the Fe-rich solution which hosts 20 mol.% of the initial iron content according to computation shown in Table2. Despite aqueous iron loss due to late ferric iron oxide precipitation, the recovered solutions of PTFE-16a and b were reacted with o-phenantroline for a colorimetric analyses of dissolved iron. Another part was kept in the refrigerator and analysed five weeks later using the same protocol. Total iron concentrations of 4.02 and 4.41 mM, respectively, were found for PTFE-16a. Slightly higher concentrations were obtained for PTFE-

) yielded a reddish suspension containing hematite. Residual magnetite is identified by approaching a magnet close to the suspension. PHREEQC simulation of PTFE-15 considering 15% decomposition of the initial 0.1 M formic acid solution into CO2 + H2 (Table

1

) yielded a solid product composed of 17% hematite and 83% magnetite (16b, of 4.95 and 4.85 mM, respectively. The remarkable stability of the total Fe concentration over time may indicate that aqueous iron was stabilized as Fe-formate complexes in the residual solution. This notion is supported by thermochemical modelling which predicts a concentration of Fe-formate complexes around 6 mM in PTFE-16 at 200°C (Table

2

), i.e., concentration which is close to measured values taking into account uncertainties and assumptions on the thermochemical modelling. It must be noted that Fe-formates were not analysed with EC

Table 1 :

 1 Experimental results obtained at 200°C at the liquid-vapour equilibrium pressure

	Catalyst		-	-	-	-
	Duration	(hour)	63	63	63	63
	pH		_	_	2.5(1)	2.5(1)
	log (k)	with k (1/s)	-13.7(1)	-13.1(1)	-13.3(1)	-13.3(1)
	Reaction	progress	(%)	23(5)	38(8)	32(7)	32(7)
	V sol /V vessel		0.44	0.45	0.44	0.46
	HCOOH	end	(g/L)	2.8(3)	2.3(2)	2.8(3)	2.8(3)
	HCOOH°	start	(g/L)	3.6(4)	3.6(4)	4.1(4)	4.1(4)
	S/V gold	(cm 2 /mL)	0	0	0	0
	Sample		PTFE-1a	PTFE-2a	PTFE-3a	PTFE-3b	PTFE-4a

Table : Table 1.docx

 : 

	PTFE-14a

Table 2 :

 2 Calculated chemical characteristics of the recovered solution after run PTFE-15 and -16.

Table : Table 2 .docx

 :2 
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