#® ROYAL SOCIETY

Sustainable
P OF CHEMISTRY

Energy & Fuels

View Article Online

View Journal | View Issue,

Sustainable oxidation of methane into formic acid
using a polarized bioceramic under mild reaction
conditionst

i ") Check for updates ‘

Cite this: Sustainable Energy Fuels,
2025, 9, 3808

Marc Arnau, ©2° Jordi Sans, @ *2® pau Turon @ *< and Carlos Aleman @ *2Pd

The conversion of methane into useful chemicals has an enormous interest from both economic and social
points of view as it is an important feedstock in chemical industry and is the second most important
greenhouse gas contributor to climate change. In this work, we report the sustainable and selective
conversion of methane into formic acid in batch and continuous-flow conditions using a biocatalyst
made of permanently polarized. Formic acid was the only product identified in absence of UV irradiation,
while a mixture of formic acid and methanol was obtained under UV light. The reaction pathway was
investigated, on the one hand experimentally, by varying the reaction time, temperature and pressure in
a batch reactor, in addition to the analysis of gaseous products, which allowed to understand the role of

UV light in the change of selectivity, and on the other hand theoretically, using Density Functional
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Accepted 22nd May 2025 Theory (DFT) computer calculations. The reaction pathway was experimentally investigated varying the
reaction time, temperature and pressure in a batch reactor, besides gas products analysis, enabling to

DOI: 10.1039/d55e00134j understand the UV light role in selectivity shift. Continuous-flow reactions using non-irradiated catalysts
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Introduction

Methane (CH,) is one of the most abundant and low-cost
available feedstock.” Currently, CH, is mainly employed as
source of energy and its chemical conversion is limited to the
formation of syngas and the following generation of higher
molecular weight compounds.** However, CH, direct oxidation
into valuable oxygenated chemicals is of great significance.***
In particular, direct conversion of CH, to formic acid (HCOOH)
has addressed an on-going attention worldwide, as formic acid
is one of the most promising molecules to develop key
processes oriented to H, storage, fuel cells, industrial chemical
processes, and multiple direct uses (as, for example, leather
tanning, decalcifier and cleaning product, food additive and
textile dyeing).'”>*

Although selective transformation of CH, into HCOOH has
been reported using semiconductors, such as GaN," usually
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were conducted at 120 °C, produced a formic acid yield of 4.2 mmol per gram of catalyst and hour.

metals are employed as catalysts, such as ruthenium,® vana-
dium,®> copper-titanium,” copper,** palladium® or iron.*
Moreover, the photo-induced C-H bond breaking of CH, and
successive C-O bond formation to form other C1 products, such
as CH;0H, have recently been reported,** using for example
gold-copper,* gold-platinum,* and copper.”

In recent studies, we reported a new bioceramic catalyst
obtained by applying the thermal stimulation polarization (TSP)
process to hydroxyapatite, Cas(PO,);OH (HAp).>** The TSP
treatment, in which a constant voltage of 500 V is applied at
1000 °C for 2 h, transformed HAp into permanently polarized
HAp (p-HAp). The unique properties of p-HAp can be summa-
rized as follows: (1) electrical conductivity much above the
intrinsic level of HAp; (2) controlled surface charge accumula-
tion at grain boundaries; and (3) heterogeneous structure at the
surface layer in which brushite (CaHPO,-2H,0) coexists with
HAp due to the TSP.***® The enhanced electrical properties of p-
HAp, which are stable in a wide temperature range without any
external stimuli, conferred enhanced catalytic properties. Thus,
the catalytic activity of p-HAp stable for at least 5 consecutive
reaction cycles (the maximum studied) when the reaction
temperature was lower than 600 °C.> It is worth noting that p-
HAp was able to trigger the reaction of CO,, CH,, N, and water,
under very mild conditions, yielding alanine and glycine
(Scheme 1).**3* More recently, the capacity of the p-HAp catalyst
to convert CO, in contact with water into ethanol and formic
acid**** and N, with water into ammonia,** was demonstrated
(Scheme 1).

This journal is © The Royal Society of Chemistry 2025
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Scheme 1l Processes catalyzed by p-HAp in presence of UV irradiation (amino acids and ammonia production) and without irradiation (methanol

production).

The high chemical stability of CH,, which is due to the
strength of the C-H bond (first bond dissociation energy of
105 kcal mol™") and its symmetric tetrahedral molecular
geometry, results in difficult activation, low reactivity, weak
acidity and low polarizability. Nevertheless, the growing interest
in the CH, oxidation to formic acid®**™® led us to question
whether p-HAp could catalyze such process using mild reaction
conditions. It should be noted that the use of mild conditions is
a strict requirement in this case, since the use of low-cost, noble
metal-free catalysts, such as p-HAp, is only justified when the
processes involve low or very low energy requirements. In order
to investigate the conversion of CH, into formic acid using p-
HAp, ultraporous catalyst was prepared, characterized and
used in both batch and continuous-flow processes. Reactions
were conducted using mild conditions with and without UV
irradiation, which played a key role in the selectivity. Further-
more, in order to elucidate the mechanism, the batch process
was investigated varying the reaction conditions (i.e. time, the
pressure and the temperature) and computer Density Func-
tional Theory (DFT) calculations were conducted.

Methods

Synthesis of ultraporous p-HAp

Ultraporous p-HAp was prepared using a previously described
method.*® In brief, 60% wt. of Pluronic® F-127 hydrogel was
added to previously synthesized grinded HAp powder in a cold
room at 4 °C. The resulting homogeneous mixture was modeled
using a cold spatula (<4 °C) to obtain 3D ultraporous HAp
scaffolds with the desired shape. Then, the mixture was
calcined at 1000 °C for 2 h to completely remove the Pluronic®
F-127 hydrogel from the modeled structure.

Calcined ultraporous HAp structures were catalytically acti-
vated by applying the TSP treatment. More specifically,
a constant DC voltage of 500 V was applied for 1 h while the
temperature was kept at 1000 °C. Details of HAp synthesis,
preparation of ultraporous calcined structures and catalytic
activation are provided in the ESL

p-HAp catalyst characterization

X-ray diffraction (XRD) diffractograms were obtained using
a Bruker D8 Advance model along with Bragg-Brentano 26
configuration and Cu K, radiation source (A = 0.1542 nm).

This journal is © The Royal Society of Chemistry 2025

Acquisitions within a 26 range of 20°-60° in steps of 0.02° and
scan speed of 2 s, were acquired using a one-dimensional Lynx
Eye detector.

Raman analyses were performed by means of an inVia
Qontor confocal Raman microscope (Renishaw) equipped with
a Renishaw Centrus 2957T2 detector and a 532 nm laser. In
order to obtain representative data, 32 single point spectra were
averaged.

Surface analysis by means of Brunner-Emmett-Teller (BET)
was performed with a Micrometrics ASAP 2000 system using N,
and with sample degasification conditions of 1 hour at 90 °C
followed by 4 hours at 300 °C. Barrett-Joyner-Halenda (BJH)
model, BET model and the desorption isotherm were used for
calculating the surface area and the pore size diameter.

Scanning electron microscopy (SEM) images were obtained
using a Zeiss Neon40 microscope equipped with a SEM GEMINI
column.

Electrochemical impedance spectroscopy (EIS) studies were
performed using a Multi Autolab/M101 from Metrohm con-
nected to a conductivity meter cell by means of two stainless
steel electrodes AISI 304 isolated by a resin holder. Measure-
ments were performed in the 1 MHz to 100 mHz frequency
range and applying a 100 mV sinusoidal voltage. Samples were
placed between the two electrodes and EIS measurements were
performed. Electrical Equivalent Circuits (EECs) were obtained
by fitting the experimental data.

Batch reactions

The reactor consisted of an inert reaction chamber (120 mL)
coated with a perfluorinated polymer where both the catalyst
and water were placed. All surfaces were coated with a thin film
of perfluorinated polymer in order to avoid any contact between
the reactants and catalyst with the stainless steel reactor
surfaces, which allowed us to discard other catalytic effects. The
reactor was equipped with an inlet valve for the entrance of
gases and an outlet valve to recover the gaseous reaction
products.

Both the p-HAp catalyst (30 mg) and de-ionized liquid water
(20 mL) were introduced into the reactor. After exhaustive purge
with CH, (Nippon gases, purity 4.5 (99.995%)), the chamber
pressure was increased up to desired pressure of CH,
(measured at room temperature). Reactions were conducted

Sustainable Energy Fuels, 2025, 9, 3808-3819 | 3809
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considering different CH, pressures (1, 2 and 4 bar), tempera-
tures (70, 85, 100 and 120 °C) and times (6, 12, 18, 24 and 48 h).
All processes were performed in triplicate, demonstrating the
reproducibility and consistency of the results.

Continuous reactions

The continuous CH, conversion into valuable chemicals was
carried out using a commercial stainless steel continuous-flow
reactor novaLight CUBE 100 (Peschl Ultraviolet GmbH, Ger-
many). All reactions were conducted using a constant CH, or
CO, flow of 1.84 mmol s~* and without UV light (i.e. studies
using the batch reactor revealed that the highest selectivity and
yield of formic acid was achieved without irradiation). Reac-
tions were performed introducing 1 mL of liquid water into the
reactor and 95.2 mg of catalyst. All the studied processes were
performed in triplicate, demonstrating the reproducibility and
consistency of the results.

X-ray photoelectron spectroscopy (XPS) analyses were con-
ducted to determine the stability of the catalyst using a SPECS
ultra-high vacuum multi-chamber system. The spectrometer was
equipped with a high-intensity twin-anode XR-50 X-ray source of
Mg/Al (1253 €V/1487 eV) operating with the Al anode at 150 W,
positioned perpendicular to the analyzer axis, and utilizing
a Phoibos 150 EP hemispherical energy analyzer with a MCD-9
detector. The stage position was digitally controlled to ensure
consistency throughout the analysis. The pass energy of the
hemispherical analyzer was set at 25 eV, and the energy step for
high-resolution spectra was set at 0.1 eV. The pressure in the
analysis chamber was maintained below 10~7 Pa, and binding
energy (BE) values were referred to the C 1s peak at 284.5 eV. Data
were processed using CasaXPS software (Casa Software Ltd, UK).

Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
tests were performed employing a 7800 ICP-MS from Agilent
Technologies, equipped with a MicroMist Nebulizer sample
introduction system, omega lens, collision reaction cell and
a high frequency quadrupole mass analyzer.

Analysis of the reaction products

The reaction products dissolved in the liquid water (batch
reactions), the reaction products condensed by the cold trap
(continuous reaction), and the reaction products adsorbed on
the catalyst were analyzed by "H NMR spectroscopy. In order to
desorb the reaction products from the catalyst, samples were
dissolved in a solution containing 100 mM of HCl and 50 mM of
NaCl with the final addition of deuterated water. All "H NMR
spectra were acquired with a Bruker Avance III-400 spectrom-
eter operating at 400.1 MHz. The chemical shift was calibrated
using tetramethylsilane as internal standard. 256 scans were
recorded in all cases. In order to compare the different products
obtained from the studied reactions, the areas associated to the
proton contribution were normalized and calibrated through
external references.

For a specific catalysis reaction, gas mixture was stored using
a Tedlar® bag (screw cap valve, 1 liter, 30272-U) and analyzed by
gas chromatography (GC) using a Micro-Chromatograph Agilent
3000 equipped with capillary column and a thermal conductivity

3810 | Sustainable Energy Fuels, 2025, 9, 3808-3819
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detector (TCD). Prior to the measurements, the samples were
transferred from the Tedlar® bags to multi-sorbent bed tubes
(Carbotrap, Carbopack X and Carboxen 569) to ensure proper
storing and manipulation. The injector temperature was set at
100 °C and 250 pL of the sample, with syringe flush time of 30 s,
was transferred onto a 30 m x 0.32 mm X 20 pm HP-Plot/Q
column (split 1:20) with a He flow rate of 1.5 mL min '. The
column oven temperature was 40 °C isotherm.

DFT calculations

DFT studies were performed using Quantum ESPRESSO (QE) v.7.2
package® treating exchange correlation energy through general-
ized gradient approximation (GGA) with the Perdew-Burke-Ern-
zerhoff (PBE) formalism.*” Ultrasoft pseudopotentials (PP) were
acquired from standard solid-state pseudopotentials library (SSSP
Precision v 1.3.0).*® Kinetic energy cutoff for wavefunctions and
charge density were set to 40 Ry and 350 Ry, respectively. Catalytic
reaction temperature was simulated applying smearing through
a Fermi-Dirac function with broadening consisting of 2.5 x 1072
Ry (393 K). All the simulations performed were carried out
implementing a van der Waals Grimme-D3 correction to account
for weak interactions. This functionality is implemented in the
Quantum ESPRESSO v.7.2 package.*

p-HAp models were designed as hexagonal HAp (space group
symmetry P6;/m) with experimental cell parameters a = b = 9.432
A and ¢ = 6.881 A while generating 50% hydroxyl groups vacan-
cies as reported in previous studies*” while correcting total
charge to the number of missing charges. Hydroxyl groups were
re-oriented towards z-axis direction and latter relaxed to mini-
mize steric hindrances, mimicking TSP process effects. Accord-
ing to HR-TEM studies reported in the literature, two slab
supercells 2 x 1 x 2 and 2 x 2 x 1 for crystallographic planes
(101) and (121), respectively, were assembled (168 atoms each)
with 30 A vacuum thickness. It is worth noting that, although this
model is ideal, it is also consistent with X-ray diffractograms and
Raman data (see below), which reflected that HAp was the only
specie detected. Although the synthetic process was thoroughly
optimized to obtain highly pure and crystalline HAp,* in accor-
dance with the requirements for its catalytic activation, we know
that the presence of surface defects and adsorbed atmospheric
contaminants were not considered in this model.

Gamma point calculation was used to reduce computational
time due to slab size. The equation was used for adsorption
energy calculation. Reaction pathway was obtained by calcu-
lating the adsorption energies following the equation E,qs =
Egab+m — Estab — Em where the energies of the sole slab (Egp)
and the adsorbed molecule (Ey,) are subtracted from the energy
of the combined system (Eg.py)- For reaction pathway repre-
sentation, methane energy adsorption was subtracted from all
energies, thus being adsorbed methane positioned at 0.0 eV.

Results and discussion

Ultraporous HAp was prepared according to a previously re-
ported procedure® and, subsequently, catalytically activated by
applying the TSP treatment. Although HAp can be synthesized

This journal is © The Royal Society of Chemistry 2025
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using different procedures, such as the sonochemical and
microwave methods, the hydrothermal method was used since
the reaction parameters (e.g. temperature, solvent and pH) can
be easily controlled.”*** Application of this thermoelectric
polarization method to HAp for producing p-HAp results not
only in significant structural changes (i.e. the crystallinity
increased and a brushite-like domains appeared at the outer
surface layer due to the re-orientation of the OH™ groups*') but
also in an enhancement of the electrical properties, which was
attributed to the controlled generation of vacancies, the specific
orientation of the remaining OH™ groups and the surface
charge accumulation.?® Both structural and electrical changes
were maximum when p-HAp was obtained using a calcination
and polarization temperature of 1000 °C, the material derived
from such conditions showing the best performance as catalyst
in CO, conversion reactions. However, the polarization
temperature was found to depend on the structure of the
material, for example being 150 °C for amorphous silica.** The
TSP has been extensively discussed and compared with other
method in recent reviews and perspective articles.>**

The successful transformation of HAp into p-HAp was
confirmed by, XRD, Raman spectroscopy and electrochemical
impedance spectroscopy (EIS). The diffractogram of p-HAp
(Fig. 1a) presents main characteristic peaks at 26 = 25.9°,

—
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31.7°, 32.8°, 34.0° and 39.8°, which correspond to the (002),
(211), (300), (202) and (310) reflections of HAp, respectively
(JCPDS card number 9-0077). The Raman spectrum of p-HAp
(Fig. 1b) displayed the characteristic active modes of HAp with
v1 = 962 cm~ ! (P-O symmetric stretching), v, = 400-480 cm ™"
(doubly degenerated O-P-O bending), v; = 570-625 cm™* (P-O
triply degenerated asymmetric stretching) and v, = 1020-
1095 cm ™ (triply degenerated O-P-O bending mode).** Besides,
the peaks at 878, 844 and 794 cm ' were attributed to the
formation of brushite (CaHPO,-2H,0) due to the polarization
process, thus proving the correct catalytic activation of HAp."
SEM micrographs of p-HAp (Fig. 1c) did not display significant
morphological differences with respect HAp (Fig. S11).

The results of pore volume and porosity of p-HAp catalyst are
shown in Fig. S2.7 From these results, it was found that the BET
surface areas and pore size were 3.85 + 0.04 m* g~ " and 142 +
13 nm, respectively. EIS measurements, which were conducted
on dry p-HAp and calcined HAp samples using an adapted
electrochemical cell,** evidenced the success of the TSP treat-
ment (Fig. S3at). The resistance obtained by adjusting experi-
mental measures to the corresponding equivalent electrical
circuits®® (Fig. S3bt) was lower for p-HAp than for calcined HAp
(R, = 175 and 1109 MQ cm ?), as is shown in Table 1.1 On the
other hand, SEM micrographs of p-HAp reflected the
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Fig. 1 Characterization of p-HAp: (a) XRD of HAp and p-HAp; (b) Raman spectra of HAp and p-HAp; and (c) SEM micrograph of p-HAp.

This journal is © The Royal Society of Chemistry 2025
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ultraporous structure of the catalyst with average pore size of
156 + 32 nm (Fig. 1c). The porosity, which was estimated
considering five independent SEM images, was 17% =+ 2%.

CH, (4 bar; 12.26 mmol) and water (20 mL) were introduced
together with the p-HAp catalyst in a batch reactor. After
reacting at 120 °C for 24 h with and without UV irradiation, the
reaction products dissolved in liquid water (hereafter named
“supernatant”) and those adsorbed on the catalyst were iden-
tified and quantified by "H NMR using the procedure described
in the Methods section.

'H NMR spectra of the supernatant for the reactions without
and with UV illumination are shown in Fig. 2 (complete spectra
are shown in Fig. S41), while those of the dissolved catalyst are
displayed in Fig. S5.1 Formic acid, with a singlet at 8.45 ppm,
was identified as the only reaction product for the process
without UV illumination (Fig. 2a), while both formic acid and
methanol (with the singlet at 3.36 ppm) were identified for the
reaction under UV irradiation (Fig. 2b). The singlet at 0.16 ppm,
which was observed regardless of the illumination, was attrib-
uted to the solubilization of CH, in the supernatant.

For quantification of the reaction products, thermally- and
UV-induced methane decompositions need to be considered. It
is well-known that the methyl radical can be produced by the
reaction of methane with hydroxyl radical, as indeed occurs in
the troposphere:*®

CH, + OH' - CH; + H,0 (1)

Although hydroxyl radicals can be generated by the thermal
decomposition of water,*” UV irradiation is known to signifi-
cantly enhance their production.*® Accordingly, in order to
correctly quantify the catalytic yield of formic acid and meth-
anol from such decompositions, blank reactions without cata-
lyst and with non-polarized HAp were performed considering 4
bar of CH, and 20 mL of water at 120 °C with and without UV
irradiation. Results were very similar for both blanks.

'H-NMR spectra of the supernatant after 24 h under such
conditions (Fig. S6 and S77 for the blanks without catalyst and
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with non-polarized HAp as catalyst, respectively), evidenced
a small amount of formic acid (i.e. around 0.7 pmol) for the
reactions without illumination and of both formic acid and
methanol (i.e. around 1.6 and 0.4 pmol, respectively) for the
reactions with UV irradiation, regardless of the blank.
Furthermore, the solubilisation of CH, was observed for both
blanks, which was consistent with the results obtained for the
reactions with p-HAp as catalyst.

The yields of formic acid and methanol in the supernatant
and in the catalyst (Table S21), which were obtained by cali-
brating the "H-NMR signals using known concentrations of
such products, were expressed in terms of umol per gram of
catalyst (umol g, '). It is worth mentioning that yields in the
supernatant were corrected by subtracting the area of formic
acid and methanol peaks obtained in the corresponding blank
reaction (i.e. with or without UV irradiation). The total yield for
a given product has been defined as the sum of the yield of
product adsorbed in the catalyst and the yield in the superna-
tant once corrected with the corresponding blank.

The total yields, which are listed in Table 1, show that the
highest yield of formic acid was achieved for the reaction con-
ducted without UV irradiation (by a factor x2.6), suggesting
that the adsorption of CH, on the catalyst is disfavoured when
an excess of energy is provided by UV illumination. Further-
more, while the reaction without UV was 100% selective towards
formic acid in the identified products, the ratio between the
yields of formic acid and methanol was 1.8 for the reaction with
UV. The conversion efficiency (in %, mmol of product with
respect to the initial 12.26 mmol of CH,) was around 1.1% +
0.1% for the reaction without UV and around 0.7% =+ 0.1% for
the reaction with UV (Table 1). On the other hand, it is worth
mentioning that control reactions in which the p-HAp catalyst
was replaced by non-polarized HAp led to results very similar to
those described above for the blank reactions (i.e. the yields of
reaction products were lower than 4 pmol g. ' due to the
(photo)thermal decomposition of CH,).

Inspection of values listed in Table S27 shows that the yield
of products was around twenty times higher in the supernatant

Formic acid
8.45 ppm Methane
0.16 ppm
(a) Mw Methanol
/3.36 ppm -~ p-Hap (UV)
9.0 8.5 8.0 3.0 2.0 1.0 0.0

8 (ppm)

Fig. 2 H NMR spectra of the supernatant for the reactions catalyzed by p-HAp (a) without and (b) with UV irradiation at 120 °C. The singlets at
8.45, 3.36 and 0.16 ppm correspond to formic acid, methanol and methane.
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Table 1 Total yields of formic acid and methanol obtained from the oxidation of CH,4 catalysed by p-HAp without and with UV irradiation. The
conversion efficiencies, expressed in % as mmol of each product with respect to the initial mmol of CH,4, are displayed in parenthesis. The total
yield of each product corresponds to the sum of the yields in the catalyst and the supernatant minus the yield of the corresponding blank

Formic acid

Methanol

Without UV
With UV

than in the dissolved catalyst. This observation has important
implications, such as facilitating removal of reaction products
from the reactor and avoiding catalyst poisoning from excess
adsorption of products. Additionally, the confirmation of the
formic acid origin by isotopic labeling experiment was per-
formed using a 4 bar gas mixture of ">*CH, and "CH,, (1 and 3
bar respectively). Batch reaction with p-HAp catalyst for 48
hours without UV allowed direct observation of the double peak
for labeled formic acid (H'>*COOH), due to the coupling between
3C and 'H, at 7.92 and 8.45 ppm (Fig. 3), with the latter peak
being overlapped with the non-labelled formic acid (H'>*COOH)
peak displayed by its different intensity.*

The fact that formic acid is the only reaction product in the
process without UV indicates that p-HAp promotes the oxida-
tion of CH,4, which is mediated through hydroxyl radicals
supplied by p-HAp. However, in the process with UV light, the
appearance of two reaction products, formic acid and meth-
anol, opens up three possibilities: (1) competition between two
oxidation mechanisms for CHy, one leading to the formation of
formic acid and the other leading to obtain methanol; (2)
oxidation of CH, to methanol, which in turn is subsequently
oxidized to formic acid; and (3) the oxidation of CH, to formic
acid that is, subsequently, reduced to methanol.

12

H2COOH — "CH,
13

_ —"cH,

-

<

2

= ‘//H"’COOH

90 85 80 75 70 65

6 (ppm)

Fig. 3 'H NMR spectra of the supernatant after the reaction for the
isotope labelling experiment without UV irradiation.

This journal is © The Royal Society of Chemistry 2025

136.9 + 8.6 pmol g. ! (1.12% =+ 0.07%) —
51.9 4 8.3 umol g. ' (0.42% =+ 0.06%)

28.2 4 3.3 umol g. ' (0.23% =+ 0.03%)

The influence of the reaction time, temperature and pressure
were examined in order to gather more information about those
processes and, also, to clarify what is the reaction mechanism
when UV light is used. Results are summarized in Fig. 4. As
expected, for those reactions without UV, the yield of formic
acid increased rapidly with both time and temperature (Fig. 4a
and b). Conversely, the effect of pressure was moderate, indi-
cating that the adsorption of CH, on the catalyst stabilized at 2
bar (Fig. 4c). On the other hand, acetic acid was observed
through CHj; singlet at 2.05 ppm (Fig. S8t) at long times (48 h)
for the reaction with UV irradiation (Fig. 4d). Thus, under such
conditions, the energy required for C-C bonds formation was
reached, giving place to C2 product synthesis. Furthermore, UV
illumination resulted in a reduction of formic acid yield when
time, temperature and pressure were increased, while incre-
ment of methanol yield was observed in all three cases (Fig. 4d-
f). Thus, the yield curves for methanol and formic acid allowed
to discard the oxidation of CH, to methanol and of the latter to
formic acid as a possible reaction mechanism.

In order to get more information about the mechanism, the
gas mixture obtained after 48 h using CH, (4 bar) and H,O (20 mL)
at 120 °C without UV irradiation and p-HAp as catalyst was
analyzed by gas chromatography, with the results being displayed
in Table 2. It should be emphasized that, before performing this
reaction, intensive gas purge of both the reaction chamber and
the gas transport tubes was carried out using a vacuum pump to
ensure almost no presence of other contaminants such as CO,. In
addition, the CH, gas containers used in this work presented
a 99.995% purity and, therefore, CO, contamination from the
precursor gas was insignificant (if any). Unfortunately, N,
contamination was unavoidable since commercial Tedlar® bags
used for gas storage were cleaned with dinitrogen.

Gas chromatography revealed a significant yield of CO, in
the gas products (150 + 38 umol g. ") for the 48 h reaction with
UV light, suggesting the oxidation of methane to "COOH radi-
cals. Those species are adsorbed on the catalyst, later enabling
their evolution into formic acid or CO,. Therefore, the note-
worthy presence of CO, and the preferential oxidation towards
carboxylic radicals allow discarding the competing CH, oxida-
tion towards formic acid and methanol. Following this
reasoning, UV light acts as an additional energy source, facili-
tating formic acid reduction to methanol (in addition,
promoting C-C bond formation). Also, the proposed mecha-
nism is consistent with the time-increasing yield observed for
methanol in Fig. 4d. Despite such consistency, the existence of
other possible competing reaction pathways cannot be dis-
carded. It is also worth mentioning that H, released by CH,
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pressure.

Table 2 Gas mixture analyzed by gas chromatography after 48 h
reaction with 4 bar CH,4 120 °C, 20 mL H,O, without UV irradiation,
and p-HAp as catalyst. Average values and standard deviations are
displayed

Gas mixture (%) CH, CO, N, 0,

92.92 £ 0.04 0.12 £ 0.03 5.69 £ 0.06 1.27 £ 0.02

oxidation was not detected, which was mainly attributed to its
high volatility and logistic storage limitations due to Tedlar®
bags usage.

DFT calculations confirmed the proposed mechanism.
While the surface binding sites of p-HAp are displayed in
Fig. 5a, the reaction pathways calculated considering both the
(101) and (121) crystallographic planes are shown in Fig. 5b and
c. Besides, Fig. S97 provides a simpler scheme with improved
annotations clarifying all the steps depicted in Fig. 5b and c in
terms of chemical species. Thus, the calculated adsorption
energies showed that the pathway associated to the oxidation of
methane to “COOH is the preferred one. The adsorption of such
radical is more favored for the (101) plane for the (121) one by
3.8 kcal mol . The proposed intermedium specie can evolve
towards formic acid, methanol and CO,. While the adsorption
of formic acid is the preferred for the (101) plane, the

3814 | Sustainable Energy Fuels, 2025, 9, 3808-3819

adsorption is the most favored for the (121) plane. In both cases,
the adsorption of CO, was the least favored.

Although only 0.12% of CO, was detected in the reaction
without UV light (Table 2), p-HAp has been reported capable of
catalyzing the reduction reaction of CO, into formic acid.”
Therefore, to discard CO, conversion to formic acid in reactions
without UV light, continuous-flow reaction studies were
deemed necessary to corroborate the sole oxidation of CH,.

Although only 0.12% of CO, was detected in the reaction
without UV light (Table 2), p-HAp has been reported capable of
catalyzing the reduction reaction of CO, into formic acid.*
Therefore, to discard CO, conversion to formic acid in reactions
without UV light, continuous-flow reaction studies were
deemed necessary to corroborate the sole oxidation of CH,.

On the other hand, although the stability of the catalyst
against the temperature and the number of catalytic cycles was
explicitly afforded in a recent study,” in this work we re-
examined the effect of the number of cycles on the structure
of p-HAp catalyst. The Raman spectra of the p-HAp catalyst as
prepared and after five reaction cycles, which are compared in
Fig. 6a, show that no lattice structural distortion occurred
during the reactions. The morphological changes observed after
five reaction cycles, which are displayed in Fig. 6b and c, are
consistent with previous studies on the stability of p-HAp.*
Accordingly, the porous structure of as prepared p-HAp (Fig. 6b)
transformed into a field of nanorods of micrometric length

This journal is © The Royal Society of Chemistry 2025
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(Fig. 6¢) able to maintain the catalytic activity because of the
high surface area of such nanostructures. Thus, the yield of
formic in the reaction without UV was preserved after five cycles
(i.e. 136.9 + 8.6 and 132.8 % 3.2 pmol g, * for the first and fifth
cycle, respectively).

XPS analyses of the p-HAp catalyst before and after the
reaction were performed to ascertain any surface modification
resulting from methane oxidation. High resolution Ca 2p, P 2p

This journal is © The Royal Society of Chemistry 2025

and O 1s spectra are displayed in Fig. 6d. While no shift was
observed for Ca 2p and P 2p peaks, which is consistent with the
above discussed stability of the catalyst, O-C=O0 carbon species
were detected post reaction attributed to adsorbed carboxylic
group from formic acid/acetic acid. This hypothesis was
corroborated by the C 1s high resolution spectra, which are
displayed in Fig. S10.1 To further confirm the stability of the
catalyst, the possible leaching of Ca®>" was measured using ICP-

Sustainable Energy Fuels, 2025, 9, 3808-3819 | 3815
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HAp catalyst before and after batch reaction at 120 °C for 24 h with 4 bar of CH,4. The C 1s spectra are displayed in Fig. S10.7

MS after a batch reaction at 120 °C for 48 h using CH, (4 bar)
and H,0 (20 mL) without UV irradiation. The amount of Ca*>" in
the supernatant was found to be as low as 4.18 ppm (+1.84%).

The reactor used to explore the continuous-flow trans-
formation of CH, into formic acid using p-HAp as catalyst is
described in Fig. S11.1 The reactor was filled with 1 mL of de-
ionized water, which was homogeneously distributed, and
four specimens of the p-HAp catalyst. The reaction products in

3816 | Sustainable Energy Fuels, 2025, 9, 3808-3819

the gas phase were condensed in a cold trap that was connected
to the outlet valve. The inlet valve was connected to a CH,
cylinder to achieve a constant flow of 1.84 mmol s™* controlled
by a back-pressure regulator. In order to have available enough
water, wet CH, was produced by bubbling the gas in liquid
water through a bubbler arranged between the gas cylinder and
the inlet valve. The reaction was conducted at 120 °C without UV
illumination, and products were analysed by 'H NMR at

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Evolution of the non-accumulated yield of formic acid, which
was identified by 'H NMR as the only reaction product, against the
reaction time for the continuous process at 120 °C conducted using
CH,4 or CO; as reagent (1.84 mmol s and introducing 1 mL of liquid
water and the p-HAp catalyst in the reactor. The yields were derived
from the 'H NMR spectra of the liquids collected in the cold trap at the
displayed time intervals.

selected time intervals. Furthermore, in order to stablish a reli-
able comparison between the conversion of CH, and CO, gases,
the same reaction was performed under identical experimental
conditions using CO, as sole reagent.

Results, which are displayed in Fig. 7, led to the formation of
formic acid with complete selectivity. Table 3 compares the
selectivity obtained in the batch and continuous flow reaction.
The reaction exhibited the maximum yield of formic acid
(expressed as pmol of product per gram of catalyst and min),
95.9 + 11.1 umol g. ' min~", after 10 min. Then, the yield of
formic acid decreased and stabilized at around 70 pmol
g. " min . This observation was attributed to the evaporation
of liquid water inside of the reactor that occurred in the first
minutes of the reaction, which resulted in an increment of the
yield. However, after 10 min the availability of water molecules
decreased to only those supplied by continuous feeding of wet
CH, and the yield stabilized. Table S31 compares the formic
acid yield recently reported for noble-metal free catalysts with
that obtained for p-HAp, considering both batch and contin-
uous reactions. As it can be seen, in spite of its simplicity, the
level of efficiency of the latter catalyst is very significant.

A similar reaction profile was obtained for CO,, even though
in this case the production of formic acid at 10 min was of 814 +
90 pumol g. ' min~" (Fig. 3, inset) and the yield stabilized at
around 70 pmol g. ! min~".*° These values indicate the yield of
formic acid from CO, and CH, fixation catalysed by p-HAp in

Table 3 Selectivity (in %) obtained using batch (120 °C, 4 bar and
120 °C) and continuous flow reactions

Reaction Irradiation Formic acid (%)  Methanol (%)
Batch With UV 64.8 35.2

Without UV 100 0
Continuous flow ~ Without UV~ 100 0

This journal is © The Royal Society of Chemistry 2025

View Article Online

Sustainable Energy & Fuels

reactors able to supply liquid water continuously can reach 49
and 5.7 mmol g.~" h™', respectively, at the conditions studied in
this work (120 °C and a gas flux of 1.84 mmol s ), these values
decreasing to 4.8 and 4.2 mmol g. * h™*, respectively, when wet
gases are used.

Overall, this study demonstrates the potential of p-HAp to
convert CH, in valuable chemical products. However, before
industrialization several issues related with the p-HAp catalyst,
such as the stability, scalability and long-term usage, need to be
considered. It should be noted that in an early study we
demonstrated that the electrical and structural properties of p-
HAp were maintained for, at least, a period of 3 months,** while
in a very recent one we proposed a process to regenerate the
catalyst after CO, fixation processes.” Furthermore, this work
included 5-cycle batch studies to study the p-HAp stability.
However, these studies do not guarantee long-term catalytic
activity, and it is necessary to investigate the conversion of CH,
to formic acid over long or very long periods of time to evaluate
this point. These studies would allow us to accurately determine
the economic viability of the catalyst since, although it is a low-
cost bioceramic, it must have a useful life greater than a certain
threshold for the process to be profitable. This threshold will be
defined by the degree of conversion when the process is carried
out on a pilot scale. It is important to emphasize that the
continuous process presented in this article cannot yet be
considered a pre-pilot scale since the characteristics of the
reactor (Fig. S11t) do not allow us to control the pressure drop
across the catalyst. In this sense, our next step will be to repeat
this study on a pre-pilot scale using continuous tubular reactors
with a length of 30 cm and a diameter of 1-3 cm.

Conclusions

In summary, we report the conversion of inert methane to for-
mic acid using p-HAp under mild conditions. While formic acid
was the only product identified in absence of UV irradiation
with a yield of 4.2 mmol g.”* h™" in continuous flow without
continuous water supply (5.7 mmol g.~* h™" with continuous
water supply), a mixture of formic acid and methanol is ob-
tained in the process with UV illumination. Although formic
acid is only obtained in the first steps of the reaction, its yield
decreases over time, evolving towards the formation of meth-
anol, whose yield increases over time. Results suggest a mech-
anism based on methane oxidation to carboxylic radicals, which
evolve to formic acid and, in the process with UV light, to CO,.
Future efforts will focus on improving the selectivity towards
methanol in reactions with UV by promoting the reduction of
formic acid. Thus, the selective production of formic acid or
methanol depending on the presence or absence of UV light
would enrich the field of C1 chemistry, while it would play
a significant role in the renewable production of formic acid
and methanol.
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