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The hydrothermal reduction of CO; captured in aqueous solutions using metal reductants is a promising novel
approach that achieves high yields of conversion and high selectivity, but it presents the limitation of the high
temperatures needed for the reaction to take place. In this work, experiments combining several reductant metals
(Zn, Al and Fe), catalysts (Pd/C, Ni, Cu, Fe;O3 and Fe304) and temperatures (200, 250 and 300 °C) were per-
formed to optimize the process at milder temperatures. Using Al as reductant and Pd/C as catalyst, yields as high
as 38 % were obtained at 200°C, compared with the highest yield (57 %) observed at 250 °C. Thus a significant
temperature reduction can be achieved using a suitable combination of reductant and catalyst. Using this re-
action system, Pd/C as catalyst and Al as reductant, an extensive set of experiments at different times and
temperatures were performed in order to determine the kinetics of the process and correlate them to a mathe-
matical model of the process. The model correctly reproduces the experimental data with average errors lower
than 5.9 %. These results demonstrate the feasibility of lower the operating temperature while maintaining the
performance, when using an adequate combination of catalyst and reductant.

1. Introduction

Extensive use of fossil fuels along has conducted to a rapid and
continuous increase of CO, concentration in the atmosphere [1], up to
420 ppm in April 2022, while preindustrial levels were of 278 ppm (in
ca. 1750) [2]. Therefore, there is an increasing interest in CO5 capture
and conversion processes that can contribute to revert this trend.

CO4, capture consists of selectively removing the CO2 from ambient
air or industrial process streams to produce a concentrated stream of
CO; that can be transported to the storage site [3]. Among the tech-
nologies developed for CO, capture, chemical and physical absorption
stand out, since they are the most mature and used at commercial scale
[4]. Usually, CO5 is absorbed by aqueous solutions of amines or NaOH
[5,6]. However, CO, capture and storage presents high costs due to the
desorption and compression steps prior to transportation [5]. The uti-
lization of this captured CO2 to produce value-added chemicals may
compensate the costs associated to its capture [7]. Nevertheless, the
industrial use of CO5 as a raw material is still limited due to its high
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chemical stability [8].

There are different alternatives to produce chemicals and fuels from
CO», including hydrogenation [9], electrochemical reactions [10] and
photochemical reactions [11]. However, these technologies still show
low yields and high cost and, therefore, further development is neces-
sary [12]. Hydrogen is the main reductant used in these processes.
Although nowadays most of the hydrogen is still produced by energy
intensive processes, such as the endothermic steam methane reforming
(SMR) [13], it is expected that in the near future abundant green
hydrogen, produced by water hydrolysis, will be available, since pilot to
commercial-scale plants are rapidly developing [14]. In-situ hydrogen
production methods that can yield a more reactive reductant at a lower
cost also are of high interest.

High-temperature water (HTW) has emerged as an alternative
hydrogen donor and reaction media due to the fact that it presents fewer
and weaker hydrogen bonds, lower dielectric constant and a higher
isothermal compressibility than water at room temperature. Moreover,
its use is preferred over organic solvents because it is an environmentally
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friendly solvent [15]. The dissociation of water with a metal under hy-
drothermal conditions is an alternative to direct use of hydrogen in the
reduction of CO,. Studies on the abiotic synthesis of organics indicate
the feasibility of HoO dissociation and production of organics by COy
reduction using metals under hydrothermal conditions [16-18]. The
formation of long-chain hydrocarbons by hydrothermal reduction has
also been recently demonstrated [19]. Moreover, organics, such as CHy
[20] and other hydrocarbons [21] have been found in hydrothermal
oceanic vents which may indicate the leading role that reactions such as
serpentinization of magnesium-and iron-rich rocks to produce Hy may
have had in the origin of life on the Earth.

For the industrial development of this technology, to find an active
catalyst for CO, conversion under mild conditions is crucial for using
CO, as a raw material in the production of chemical and fuels. Among
other types, such as homogeneous and biological catalysts, heteroge-
neous catalysts show some advantages such as high stability and easy
separation from reactants and products. Thus, they are usually preferred
for their use in industrial applications [22].

Different products can be synthesized from CO; using metal re-
ductants and catalysts in hydrothermal conditions. For example, CHy4
was produced with a yield of 98 % from NaHCO;3; using Raney Ni
nanoparticles as catalyst [23], and acetate was obtained with yields in
the range of 10 % using cobalt-based catalysts [24]. In addition to CHy,
methanol can also be formed using CO; as the raw material [25,26]. The
production of formic acid by the reduction of CO, captured as NaHCO3
under hydrothermal conditions has been previously studied to optimize
the reaction parameters, particularly the reductant:catalyst:NaHCO3
molar ratio, the reaction temperature and time and the amount of water
employed. For instance, using a combination of Ni as catalyst and Fe as
the reductant with a ratio 1:1, a yield to formic acid of 15.6 % was
reached after 2 h of reaction at 300 °C [27,28]. Higher yields to formic
acid of 63.6 % were found when using a combination of Fe and Cu with a
molar ratio 6:6:1 of Fe/Cu/NaHCO3 at the same reaction time and
temperature [29]. The performance of Fe reductant without catalyst was
also investigated, yielding 92 % of formic acid when employing high
proportions of Fe [30]. Zn can also be used as reductant for the hydro-
thermal reduction of NaHCO3, with yields between 64 % and 78 % at
300 and 325 °C respectively [31,32], values that could be increased with
Ni catalysts [33]. In the case of Al, the yield to formic acid obtained after
2 h of reaction at 300 °C was also 64 % [34]. Besides the high yields
obtained in the hydrothermal reduction of CO; using metals, it presents
solutions to two of the challenges of CO, reduction processes presented
above: the reactivity of CO; captured in basic solutions, such as HCO3, is
higher than that of gaseous COo, and the reaction can take place in the
same aqueous media where CO; is captured by NaOH, without inter-
mediate separation or purification processes, thus avoiding the related
energy consumption and processing costs.

The main product obtained in most of these studies is formic acid.
Formic acid can be used as preservative and insecticide, as a reducing
agent, or as carbon source in synthetic chemical industries [35]. The
dehydrogenation of formic acid to produce hydrogen is a fast and easily
controllable process and therefore, in the past years, formic acid has also
gained great attention as a hydrogen storage vector.

The hydrothermal reduction of CO, therefore presents promising
advantages in terms of integration with capture processes, selectivity
and yield, but the harsh pressure and, particularly, temperature condi-
tions required to carry it out still are a concern, since these conditions
have a direct impact on the cost of the process and on the stability of the
base (e.g. amine) used to capture CO2 and, therefore, the possibility to
recycle it. It is therefore of great interest to reduce the required oper-
ating temperature, while maintaining the performance of the process.
With this purpose, in this work a large number of combinations of metal
reductants and catalysts are tested systematically. In comparison with
previous studies, in which tested temperatures were above 250 °C, in
this work operating temperatures are reduced down to 200 °C. More-
over, a kinetic model under the optimum reaction conditions is
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2. Materials and methods
2.1. Materials

NaHCO3 (100 %) was purchased from COFARCAS (Spain). The re-
ductants employed included Zn powder (< 150 pm, 99.995 % metal
basis) and Fe powder (> 99 %), both provided by Sigma Aldrich (Spain),
and granular Al (< 1 mm, 99.7 %) from Panreac (Spain). The catalysts
used encompassed Cu powder (<425 pm, 99.5 % metal basis), Ni
powder (< 150 pm, 99.99 %), Fe304 powder (50-100 nm, 97 % metal
basis) and Pd/C (5 % Pd content) acquired from Sigma Aldrich (Spain),
as well as FepO3 powder (< 5 pm, > 96 %) from Panreac (Spain). A
standard reagent formic acid (puriss. ~98 %) from Sigma Aldrich was
used for obtaining the calibration curves. All reductants and catalysts
were used without further treatment or purification.

2.2. Experimental procedure

Aqueous solutions of NaHCO3 were used as the CO, source. NaHCO3
solutions were prepared with MilliQ water at a concentration of 0.5 M.
Experiments were conducted in batch reactors (length: 16 cm, o.d.: 4”7,
wall thickness: 0.083”) made of SS 316 stainless steel tubing with an
internal volume of 9 mL.

Each reactor was loaded with the selected reductant in a molar ratio
reductant:CO; of 5:1 and the catalyst in a molar ratio catalyst:CO5 of 2:1,
except in the case of Pd/C catalyst, were due to limitations with respect
to the volume of solids that could be loaded in the reactor while main-
taining an efficient stirring, a catalyst:CO, mass ratio of 0.25:1, corre-
sponding to a Pd: CO3 molar ratio of 0.005:1, was used. Thereafter, the
reactor was filled with NaHCOs solution up to approximately 40 % of the
volume of the reactor. The closed reactors were placed in an Al;03 sand
fluidized heating bed preheated at the target temperature (200, 250 or
300 °C) to ensure a rapid heating, which required between 3 and 5 min
at the temperature range of 200-300 °C. After the reaction time was
completed, reactors were introduced in a cold water bath to quench the
reaction. Liquid samples were collected and the solid reductants and
catalysts were separated by vacuum filtration and dried at 105 °C
overnight. To ensure reproducibility, each reaction was conducted at
least twice and the standard deviation between the results of the
repeated experiments was calculated.

2.3. Analysis of the products

Liquid samples were analyzed by HPLC (Waters, Alliance separation
module e2695) attached to a RI detector (Waters, 2414 module) using a
Rezex-ROA-Organic Acid (8 %, pore size 300 x7.8 mm) purchased from
Phenomenex. Prior to analysis, all the samples were filtered through a
0.22 um filter. The HPLC method consisted of passing a mobile phase of
25 mM of HySO4 with a flow rate of 0.5 mL/min during 30 min. The
temperatures of the column and the detector were set at 40 and 30 °C,
respectively. Each sample was analyzed twice to ensure reproducibility
of the HPLC operation.

The yield of formate was calculated according to Eq. 1:

Cromates
= formatef . 100 @

YFarmme C
NaHCO3,i

where Crormate £ is the molar concentration of formate obtained at the end
of the reaction calculated by calibration curves in HPLC analysis, and
Cnaticos,i is the initial concentration of the NaHCO3 aqueous solution,
fixed at 0.5 M.
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2.4. Solids characterization

XRD patterns were recorded using a Bruker D8 Discover A25
diffractometer attached to a LynxEye detector operated at a voltage of
40 kV and a current of 30 mA. Data were collected at room temperature
in the 260 range from 5 to 70° with a step size of 0.020° using Cu Ka
radiation (A =1.5418 A). Database PDF-2-ICDD 2020 was used to
analyze the XRD patterns collected.

N, gas adsorption was used to determine the surface area of the fresh
Pd/C catalyst. The catalyst surface area was measured according to BET
method using a ASAP™ 2420 Micromeritics Accelerated Surface Area
and Porosimetry System. 0.1133 g of fresh Pd/C was introduced in the
sampling tube and after degassing it under vacuum overnight, and the
N, isotherms were recorded at — 196 °C.

2.5. Kinetic equations

In a previous work of this research group [35], it was stated that in
this type of reactions the equilibrium formic acid/formate is mostly
shifted to formate due to the reaction pH, which is alkaline. Therefore,
the reactions considered are presented in R1-R4.

2H,0(l) + Al(s)—1.5H, (aq) + AIO(OH)(s) (R1)
NaHCO; + Hy—Na* + HCOO™ + H,0 (R2)
HCOO™ (aq) + H,0(1)=HCO; (aq) + Ha(aq) (R3)
HCOO™ (aq)—CO(g) +OH (aq) (R4)

In this previous work, it was observed that the reaction R1 of pro-
duction of hydrogen was much faster than bicarbonate reduction [35].
Thus, this first step was not considered in the simplified model,
assuming that Hj is instantaneously formed. With R2, bicarbonate is
reduced to formate using hydrogen. This formate is decomposed to COy
(R3) and to CO (R4) [36]. As the conversion of the decomposition of
HCOO™ to CO (R4) is at least an order of magnitude lower than the
conversions of R3, the formation of CO was also not taken into account
for simplification purposes [36]. As equilibrium calculation presented in
a formed work [35] resulted that most CO, was dissolved in aqueous
solutions as bicarbonate, in R3 the product is HCO3 instead of gaseous
COo.

Having into account these simplifications, the global reaction taken
account in the model is R5, presented as a pseudo-equilibrium reaction.

NaHCO; + Hy < Na™ + HCOO™ + H,0 (R5)
Whose kinetics follow Eq. 1:

dCya 1 m n
% 5 (71‘1 ® Cluiico, ® Ciy, +52® Chicoo ) @
cat

Where S is the surface area of the catalyst, k; and k3 are the kinetic
constants of bicarbonate and formate decompositions, direct and inverse
reactions, respectively; m, n and p the order of the reaction respect to
each compound, Cnanco,is the concentration of bicarbonate, Crcoo- is
the concentration of formate and Cy,is the concentration of Hp.

To study the kinetics of the reaction, experiments were conducted at
different times, specifically 15, 30, 60, 90 and 120 min. At these times,
the concentration of NaHCO3 and HCOO™ were quantified by HPLC
analysis. It is important to highlight that the concentration of Hy (Cg,) is
considered constant due to the fact that it is assumed that the metal
reductant is completely oxidized and H, is released very quickly, ac-
cording to the results obtained in a previous work [35]. As the mole ratio
of reductant to NaHCO3 employed is 5:1, the amount of Hy formed is
highly in excess in comparison to NaHCO3. Moreover, Hj is present in
both gas and liquid phase. The concentration of Hy in the liquid phase is
determined by its solubility at the pressure and temperature of the
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reaction media. To calculate the solubility of Hy the next steps were
followed:

(1) As aforementioned, it is assumed that the reductant is completely
oxidized. Therefore, the amount of Hy formed depends on the
redox reaction of the reductant and water. In the case of Al
reductant, 1.5 mol of Hy is formed per each mol of Al, according
to Reaction R1. Considering this, it can be assumed that the
concentration of Hy remains constant during the reaction since
the molar ratio Hp:CO, is 7.5, and therefore, NaHCO3 is the
limiting reactant.

(2) The volume that the Hy occupies is 5.4 mL, this is, the total vol-
ume of the reactor (9 mL) minus the volume of the solution of
NaHCO3 added (3.6 mL).

(3) Using the ideal gas equation, the pressure of Hj is calculated in
that volume at the reaction temperature.

(4) Using data generated with the Predictive Soave Redlich Kwong
(PSRK) equation [37], a model to calculate the molar fraction of
H, dissolved in H,O is developed. The model is valid from pres-
sures from 50 to 150 atm. For simplification of the calculations,
the results of this thermodynamic model were correlated ac-
cording to Egs. 2-4 for 200, 250 and 300 °C respectively. Model
fit showed a R? = 1.00,R? = 0.998 and R? = 0.988 for the tem-
peratures 200, 250 and 300 °C respectively.

X2 = 5.834 0 1078P2 +2.004 @ 107°P —3.0689  107* @)
Xp =2.37501077P —1.084 0 107°P+1.154 0 1073 3)
Xep = 5.748  1077P? —7.5346 ¢ 10°P +2.906 ¢ 1073 (@)

where x5 is the molar fraction of Hy in HoO and P the pressure in

atm.

The number of mole of H20 at reaction conditions is calculated

taken into the account its density at the reaction temperature and

pressure. The density of the HyO was calculated with the MS

Excel Add-In Water97v13.xla [38].

(6) The solubility of Ho, and thus, the amount of H in water, can be
calculated using the model developed in step 4 and the amount of
H50 calculated in step 5.

(7) Once the amount of Hy in H20 is known, the Hy remaining in the
gas phase is recalculated.

(8) With this new value of the Hj in gas phase, its pressure is calcu-
lated according to step 3. Steps 4, 5, 6 and 7 are iterated until the
pressure calculated in step 7 converges to the one used in step 3.

(9) Once the values of the Hj pressure calculated in steps 3 and 7 are
equal, the amount of Hy in H,0O is given by steps 4 and 5.

5

-

Once the initial concentrations of NaHCOs3, H, and HCOO™ are
known, the system is modeled considered it as a discontinuous stirred
tank reactor, solving the mass balances to formic acid, hydrogen and
bicarbonate. In addition to Eq. 1, Egs. 5 and 6 were also solved, using the
Euler numerical method:

dCyancos(t — 1)

& o dt 5)

Chatico3(t) = Crancos(t — 1) +

_ dCHCOO’ (l — 1) o

7 dt (6)

Crcoo-(t) = Crcoo-(t— 1)

(1) The differential equations are solved using the Euler method with
a time step of 10 s. The values of the orders of the reaction, this is
m, n and p simulated were 1, 2 and 0.5. All the combinations of
these values were simulated in order to optimize.

(2) With the fixed reactions orders, the values k; and ky were opti-
mized in order to minimize the objective Eq. 7 using the function
Solver of Excel:
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Fig. 1. Formate yields with different reductants at temperatures from 200-300 °C. a) without catalyst; b) Pd/C catalyst; c) Ni catalyst; d) Cu catalyst; e) Fe;O3
catalyst and f) Fe304 catalyst. Reaction conditions: reactor filling: 40 %, reductant:CO, mole ratio: 5, catalyst:CO, mole ratio: 2 except in Pd/C where 0.018 g of

catalyst were used and reaction time: 120 min.

1=120min
Cha — Chaticos_
AVERAGE Z ABS( NaHCO3_MODEL NaHCO3 EXPERIMENTAL) -0

r=15min CNaHCOS_EXPERIMENTAL

)

where Cnarcos. is the concentrration of NaHCO3 obtained
with the model and Cngrcos_ is the value of NaHCO3
experimentally obtained.

(3) The combination of reaction orders selected was the one where
the sum of the average absolute error for the concentration of
NaHCOs plus the average absolute error of the concentration of
formate was smaller.

The kinetic constants were correlated at three different tempera-
tures: 200, 250 and 300 °C. The values of the constant were adjusted to

Arrhenius equation to easily calculate the effect of the temperature (Eq.
8).

K(T)=Aee ®)
where k(T) is the rate constant as a function of the temperature, A is the
pre-exponential factor, E, the activation energy, R is the gas constant
and T is the absolute the reaction temperature.

3. Results and discussion

3.1. Production of formate

This work studied the influence of different combinations of
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Table 1
Formate yields with different metal reductants, catalysts and reaction
temperatures.

Temperature

Reductant Catalyst 200°C 250°C 300°C

Zn - 5.4 +0.9 12.0 £ 0.7 51.9+1.9
Pd/C 24.4+1.9 34.8 £ 0.2 36.2+0.8
Ni 7.7+1.1 27.4+£0.7 33.0+£0.1
Cu 89+1.6 21.5+0.3 51.3+1.1
Fe203 0.5+0.1 2.8+0.8 48.9+0.8
Fe304 0.28 £ 0.01 49+04 39.5+0.1

Al - 0.4+0.2 5.6+0.3 35+5
Pd/C 30+1 56.8 + 1.1 54.5+2.3
Ni 22.4+1.4 45+ 3 39.3+0.1
Cu 2.512 + 0.004 20.6 £0.3 552
Fe203 0.223 + 0.002 52+0.4 48 + 3
Fe304 0.07 + 0.06 6+ 2 457 £1.2

Fe - 0.5+0.2 1+0.2 452+ 1.1
Pd/C 23+4 23+3 19.1+0.8
Ni 79+1 17 +£2 21.3+0.4
Cu 2.4+0.3 15.50 + 0.14 41.0+17
Fe203 3.230 3.68 +0.01 24.4 £ 3.6
Fe304 0.200 0.78 + 0.07 30.2+0.5

reductants and catalysts to reduce CO; to formate under hydrothermal
conditions. As aforementioned, NaHCO3; was used as the carbon source,
being it the product resulting from the capture of CO5 with basic NaOH
solutions. The reductants employed included Zn, Al, and Fe and the
catalysts were Cu, Ni, Fe3Os3, Fe3O4 and Pd/C. Three different reaction
temperatures were also explored, specifically 200, 250 and 300 °C.
Temperatures above 300 °C were not tested since the decomposition of
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formic acid into CO; and H; at high temperatures under hydrothermal
conditions is high [36].

When using Al or Zn as reductants, the selectivity of liquid-phase
products towards formate was 100 %. In the case of using iron as
reductant, a peak corresponding to another unidentified product was
found apart form the peak of formate. Sample chromatograms are pro-
vided as Supplementary Information (Fig. S1). Formate yields are
plotted in Fig. 1 together with the error bars calculated from the results
of repeated experiments. The standard deviation of the two replicates
was lower than 1.5 % in most of the cases and, therefore, some of the
error bars cannot be appreciated in Fig. 1 due to the axis scale. Table 1
compiles the yields obtained with the different combinations of metal
reductants, catalysts and temperature.

It is clear from Fig. 1 that the temperature has a positive effect on the
yield to formate. The higher the temperature, the higher the yield and, in
general, the change observed in the yield is greater from 250 to 300 °C
than from 200 to 250 °C, except in the case of Pd/C and Ni catalysts
(Fig. 1b a 1c respectively), where the yield at 300 °C was only slightly
higher than that at 250 °C when using Zn as the reductant. In contrast,
with Al and Fe reductants, the yield to formate decreased moderately
from 250 to 300 °C.

The highest formate yield reached a value of 57 %. It was observed at
250 °C when the reductant was Al and the catalyst Pd/C. A similar yield
of 55 % was obtained at 300 °C with Cu catalyst, again with Al reductant.
Interestingly, a comparable yield of 52 % was detected at 300 °C with Zn
reductant in the absence of catalyst. Indeed, in the absence of catalyst,
Zn showed the best performance at the three temperatures evaluated,
yielding 5.4 % and 12 % of formate at 200 and 250°C respectively. In
contrast, at 200 °C, the yields obtained with Al and Fe and without

Fig. 2. SEM micrographs of solid samples after reaction experiments. (a) Al as reductant, (b) Al as reductant and Pd/C as catalyst, (c) Fe as reductant, (d) Fe as
reductant and Fe304 as catalyst, (e) Fe as reductant and Fe,O3 as catalyst, (f) Zn as reductant.
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Fig. 3. XRD patterns obtained for the three reductants employed in the absence of catalyst after the hydrothermal reaction of NaHCO3. Reaction conditions: reactor
filling: 40 %, reductant:CO, mole ratio: 5, temperature: 300 °C and reaction time: 120 min a) Al reductant; b) Fe reductant and c) Zn reductant.

catalyst were negligible and at 250 °C the yield with Al was of 5.6 %
while in the case of Fe was only 1 %. The feasibility of using Zn reductant
to produce formic acid from NaHCO3 under hydrothermal conditions
was previously demonstrated [32], where the intermediate Zn-H, ob-
tained by the oxidation of Zn by HTW, may have a leading role by acting
as the active hydrogen source in CO hydrogenation [39].

With Fe reductant, the performance of Fe;O3 catalyst at 200 and 250
°C is practically constant, yielding 3 % and 4 % of formate, respectively.
The same trend can be observed with Fe3O4 catalyst, where the yield at
both temperatures was lower than 1 %. However, at 300 °C, Fe3O4
showed a better performance than Fey;Oj3 catalyst for Fe reductant

a)

[ |
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2
R= Fe304

AFe

EFe203
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yielding 30 % of formate, while the yield with Fe,O3 was 24 %. In
general, in the temperature range studied, Fe reductant showed the
lowest yields, while Al reductant exhibited the best performance.
However, in the absence of catalyst with Fe reductant at 300 °C, the yield
obtained was higher than in the case of Al powder reductant, reaching a
value of 45 %. This yield is comparable to that observed by Duo et al.
[30], who determined a yield of approximately 50 % with Fe, although
they used a low NaHCOj3 concentration of 2 mmol/L. Duo et al. [30]
significantly increased the yield of formic acid to more than 90 % by
increasing the amount of Fe powder employed. The best performance of
Fe reductant detected by Duo et al. [30] can be explained by the particle

b)

2
=
Q
E
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Fig. 4. XRD patterns obtained for Fe reductant and different catalysts in the hydrothermal reaction of NaHCOs3. Reaction conditions: reactor filling: 40 %, reductant:
CO, mole ratio: 5, catalyst:CO5 mole ratio: 2, temperature: 300 °C and reaction time: 120 min a) Fe;O3 catalyst and b) Fe3O4 catalyst.
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Fig. 5. XRD patterns obtained after the hydrothermal reaction of NaHCO3 using Al as reductant and Pd/C as catalyst at different times. Reaction conditions: reactor
filling: 40 %, reductant:CO, mole ratio: 5, catalyst:CO, mole ratio: 2 and temperature: 300 °C. a) 15 min, b) 30 min, ¢) 60 min, d) 90 min and e) 120 min.

size of the reductant and the more diluted reaction conditions, along
with the horizontally shaken of the reactor which may have enhanced
mixing and heat transfer, favoring the reaction. However, for practical
applications, higher reactant concentrations are desirable to increase
throughput.

It is very well-known that Cu catalyst is very selective to methanol
when reacting with CO, [25]. However, methanol was not observed in
this work, probably due to the alkaline pH of the reaction media, since
Huo et al. [25] used HCl to acidify the media to produce methanol.

3.2. Catalyst characterization

Fig. 2 presents SEM micrographs of selected solid samples after re-
action experiments, while Figs. 3-5 presents the corresponding XRD
patterns. XRD was employed to investigate changes in the phases pre-
sent in both the reductants and selected catalysts after reaction. Fig. 3
shows the changes in the phases of the three reductants employed after

120 min of reaction at 300 °C. Reference diffractograms of the original,
unoxidized metals can be retrieved from [40].

As itis clear from Fig. 3, the only reductant completely oxidized after
reacting during 120 min at 300 °C was Zn. This result is in agreement
with the works of Jin et al. and Roman-Gonzalez et al. [32,34] who
demonstrated that under hydrothermal conditions, Zn was almost
completely oxidized to ZnO after 10 min of reaction time. In the case of
Al reductant, both crystal phases are present, Al and AIO(OH). However,
Yao et al. [33] concluded that the oxidation of Al under hydrothermal
conditions in the presence on NaHCO3; was completed after 30 and
90 min of reaction time. This disagreement in the results may be
explained by the different particle size of Al powder employed. In Fig. 2b
it is shown that Fe was oxidized to Fe3O4 under the reaction conditions,
but not completely, since typical peaks of Fe crystal phases, specifically
at 20 of 44.8 and 65°, are still present.

XRD analysis of Fe reductant combined with Fe;O3 and Fe3O4 cata-
lysts was also conducted. The XRD patterns obtained are shown in Fig. 4.
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Table 2
Average and maximum error between the experimental data and the model
prediction for both bicarbonate and formate.

T (°C) Average/max. error NaHCO3 Average/max. error formate
200 1.5%/3.7% 5.9%/85%
250 23%/58% 51%/9.1%
300 3.6%/35% 4.9 % /6.4%

It can be seen in Fig. 4 that Fe;Os is only present when it was used as
catalyst (Fig. 4a) and therefore, under reaction conditions Fe reductant
is only oxidized to Fe3O4 (Fig. 4b). The same conclusion can be reached
by looking at Fig. 2b. Duo et al. [30] also stated that under hydrothermal
conditions, Fe may oxidized to Fe3O4 rather than Fe;Os. Interestingly, it
seems that the presence of Fe3O4 in the media promotes in some extent
the oxidation of Fe, because after reaction only one a small characteristic
peak of Fe phase appeared at 44.5° (Fig. 4b), while in the case of using
Fe,03 as catalyst (Fig. 4a) or just Fe as reductant (Fig. 3b), two char-
acteristic phase peaks of Fe are detected, specifically at 44.5° and 65°
and with high intensities.

The evolution of the crystal phases of Pd/C catalyst and Al reductant
at different reaction times was also investigated. The results are shown
in Fig. 4. The XRD patterns at different times shown no apparent dif-
ferences, as can be seen from Fig. 5. No matter long or short reaction
times, Al reductant was not completely oxidized and typical Al crystal
phase at 26 of 38°, 44° and 65° are still detected after 120 min of reaction
time at 300 °C. On the other hand, Pd crystal phase could not be detected
in the diffractogram, as a consequence of the low concentration of Pd in
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the Pd/C catalyst (5 %wt) and the low proportion of the catalyst in the
total sample (0.018 g of catalyst vs 0.24 g of Al).

3.3. Kinetics

The kinetic behavior of the reaction was investigated at three
different temperatures according to the method explained in Section 2.5.
The best adjustment to the experimental data at 250 °C and 300 °C was
for a first order reaction respect to all components. Therefore, the units
of the kinetic constants obtained are expressed in m~2s~!. Figures from 5
to 7 show the model for a pseudo-first order reaction respect to all
components and the experimental data for temperatures of 200, 250 and
300 °C respectively, while Table 2 presents the average and maximum
deviations between experiments and calculations (Eq. 7) obtained at
each temperature.

As it can be seen from Figs. 6 to 8, the model correctly describes the
experimental results at the three tested temperatures, with average de-
viations in the concentration of NaHCO3 ranging from 1.5 % to 3.6 %,
slightly increasing with temperature. At 250 °C it appears that the
experimental point at 120 min differs significantly from the model
prediction. Errors in the calculation of the concentration of formate are
slightly higher, ranging from 4.9 % to 5.9 %. Again, the experimental
point at 120 min is the one which shows more variation respect to the
model. These deviations of the model with respect to experiments are
satisfactory since they are comparable to uncertainties in experimental
results, reported in section3.1; indeed, inspection of Figs. 6 to 8 indicate
that deviations can be attributed to a large extent to scatter of some
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Fig. 6. Experimental data and modelization of the reaction kinetics at 200 °C. Reaction conditions: reactor filling: 40 %, reductant:CO5 mole ratio: 5, Al powder as
reductant and 0.018 g of Pd/C catalyst. a) NaHCO3; decomposition kinetics and b) formate formation kinetics.
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Fig. 7. Experimental data and modelization of the reaction kinetics at 250 °C. Reaction conditions: reactor filling: 40 %, reductant:CO5 mole ratio: 5, Al powder as
reductant and 0.018 g of Pd/C catalyst. a) NaHCO3; decomposition kinetics and b) formate formation kinetics.
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Fig. 8. Experimental data and modelization of the reaction kinetics at 300 °C. Reaction conditions: reactor filling: 40 %, reductant:CO5 mole ratio: 5, Al powder as
reductant and 0.018 g of Pd/C catalyst. a) NaHCO3; decomposition kinetics and b) formate formation kinetics.

Table 3
Value of the kinetic constants of bicarbonate decomposition and formate for-
mation at different reaction temperatures.

Temperature (°C) k, (m~2s7Y) ko (m~2s7Y)

200 0.034 5.61.1073
250 0.162 6.731073
300 1.352 4.69-1072

experimental data, with the model correctly reproducing the global
trends of variation of the results. Figs. 6 to 8 indicate that at least 95 % of
the equilibrium concentration for both bicarbonate conversion and
formate production are reached in the first 30 min of the reaction.
Therefore, the reaction can be stopped after 30 min, reaching compa-
rable yields with respect to 120 min reaction for this specific set of re-
action parameters, this is, Pd/C catalyst and Al reductant at 250 °C.

Table 3 summarizes the values of the kinetic constants, both for bi-
carbonate decomposition (k;) and formate formation (kp) at 200, 250
and 300 °C. As one might expect, both kinetic constants increased at
higher temperatures. The improvement observed from 250 to 300 °C was
more significant than from 200 to 250 °C. Fig. 9.

The values of the activation energy (E,/R) and the pre-exponential
factor (A) calculated by Eq. 3 using the data obtained in Fig. 8 are
shown in Table 4. The value of R? are also included.

The E, for the formation of HCOO™ from NaHCOj3 in hydrothermal
media is 49.8 kJ/mol. The activation energy of the hydrogenation of
CO4, into formic acid over a Cu/Zn0O/Al,03 catalyst has been previously
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calculated resulting in a value of 21.4 kJ/mol [41]. Higher values of the
activation energy indicate that the formation of the formate requires
more energy input. Therefore, the formation of formate from NaHCOg
under hydrothermal conditions needs more energy than when the pro-
duction takes place by the hydrogenation of COj;. The isothermal
decomposition of NaHCOj3 into Na;CO3, CO and Hy0 presented an E, of
94.3 kJ/mol [42] under nitrogen atmosphere which is a higher value in
comparison to the decomposition of NaHCO3 under hydrothermal
calculated in this work which was 82.6 kJ/mol.

4. Conclusions

In this work, the hydrothermal conversion of CO» dissolved in
aqueous solutions as NaHCO3; was optimized at lower temperatures,
with imply lower costs and milder conditions for the reuse of bases used
for CO, capture, considering a number of combinations of reductants
and catalysts, demonstrating the possibility of enhancing the yield to
formate at lower temperatures by selecting the appropriate combination
of reductant and catalyst. Moreover, the reductants and catalysts tested

Table 4
Values of E, /R and pre-exponential factor (A) for the decomposition of NaHCO3
and the formation of formate in the temperature range 200-300 °C.

E./R A@m™2s7Y R?
Kk, 9937 3.9.107 0.9805
ko 5992 5.7.10% 0.7691
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Fig. 9. Arrhenius plot for the hydrothermal reduction of NaHCOj3 into formate in the temperature range 200-300 °C. Reaction conditions: reactor filling: 40 %,
reductant:CO, mole ratio: 5, Al powder as reductant and 0.018 g of Pd/C catalyst. a) NaHCO3 decomposition and b) formate formation.
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are in general abundant and commercially available materials. The
highest yield to formate observed was 57 % using Al as the reductant and
Pd/C as the catalyst at 250 °C. Using Al as reductant allowed to reach
yields to formate higher than 50 % at 250 °C. In the case of the other
reductants tested (Zn and Fe), yields higher than 50 % were only
observed when the temperature was 300 °C. This improvement caused
by the temperature was greater in the case of Fe reductant and Fe oxides
catalysts, where the yields increased from 4 % at 250 °C to 24 % and 31
% at 300 °C for FeoO3 and Fe3O4 respectively. Pd/C catalyst also showed
higher yields to formate in comparison with the other catalysts tested at
low temperatures with both Al and Zn reductants. In the case of Fe
reductant, the yield with Pd/C was practically constant in the temper-
ature range investigated.

Furthermore, a kinetic model was developed to describe the reduc-
tion of bicarbonate using Al as reductant and Pd as Catalyst. The
simplified model model presents the system as a pseudo-equilibrium
between formate formation and destruction. The model is able to
reproduce the resulting concentrations, with average deviations with
respect to experimental data ranging from 1.5 % to 5.9 %, and a
maximum deviation lower than 10 %, and correctly predicts the varia-
tion of the performance of the reaction with the operating temperature.

The present study shows not only the potential of reducing COy
emissions by using it as a Cl building block, but also a sustainable
alternative to produce value-added chemicals such as formic acid.
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