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Abstract

Methane, as an abundant and relatively clean resource, has primarily been converted into
various chemical products via indirect conversion through synthesis gas, a mixture of CO
and Hj. Recently, interest in direct methane conversion technologies with lower energy
consumption has increased. Compared to research on methanol production via selective
oxidation of methane, studies on the direct conversion of methane to acetic acid have been
relatively scarce, but significant research progress has been made recently. This review
classifies reports on the direct conversion of methane into acetic acid according to catalyst
type (homogeneous vs. heterogeneous catalysts) and reaction conditions, and discusses the
advantages and disadvantages of each approach. A relatively high yield of acetic acid can
be achieved using CO as a carbonylating agent. However, the direct conversion of methane
and CO; into acetic acid is more attractive from an environmental perspective. Recent
advances in the field of electrocatalysis for this purpose are noteworthy. Other non-thermal
catalytic methods, including photocatalysis, photoelectrocatalysis, and plasma processes,
are also included. Based on the current state-of-the-art research trends in this field, future
research directions are proposed.
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1. Introduction

Methane is the main component of conventional [1] and unconventional natural gas (e.g.,
shale gas, coalbed methane, associated gases, and gas hydrates) [2] and has been used as a
fuel and chemical feedstock. Methane possesses highly inert chemical properties due to its
exceptionally high C-H bond dissociation energy of 439 k] /mol [3]. Therefore, it is typically
first converted into synthesis gas—a mixture of CO and Hy—via the energy-intensive steam
reforming (CHy + HyO = CO + 3H,, AG gk = 142 kJ /mol, AH9gx = 206 k] /mol) process
before being transformed into various chemical products [3]. To overcome the limitations of
these indirect methane conversion technologies, various approaches have been studied to
directly activate or functionalize methane [4,5]. In particular, numerous studies on the direct
conversion of methane into methanol or methanol derivatives, or into methane oxygenates
(e.g., formaldehyde and formic acid), have been reported [4-19]. Meanwhile, although it is a
completely different pathway from that of producing methanol from methane, research on
directly converting methane into acetic acid has also attracted attention.

Acetic acid is a versatile platform chemical primarily used in the production of poly-
mers and solvents (vinyl acetate monomer, esters, anhydrides), and is also widely utilized
in diverse fields such as food preservation, pharmaceuticals, textiles, detergents, and agri-
culture; its global demand has steadily increased over the past few years, rising from
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approximately 14 million tons in 2015 to about 18 million tons in 2022 [20], and is expected
to continue its upward trend. Acetic acid is currently produced commercially via liquid-
phase carbonylation reactions using Rh- or Ir-based homogeneous catalyst systems in the
Monsanto process, Cativa process, and Acetica process, or via direct oxidation or indirect
carbonylation of dimethyl ether in the gas phase using heterogeneous catalysts such as
zeolites in the BP-SaaBre process [21-24]. BP announced that the BP-SaaBre process offered
advantages over the conventional Monsanto process, Cativa process, and Acetica process
by eliminating the challenge of separating homogeneous precious metal complexes from
corrosive liquid products containing expensive rare halides [23]. Since the current acetic
acid synthesis process begins with methanol and CO, a reaction that directly converts
methane to acetic acid could be competitive with these existing processes if it can be carried
out under mild conditions with relatively high yields.

The chemical processes for directly converting methane into acetic acid can be broadly
classified into thermochemical and non-thermochemical ones (Figure 1) [25]. The ther-
mochemical process utilizes homogeneous or heterogeneous catalysts. In this process,
methane itself is directly converted to acetic acid, or additional CO or CO, may be required
as a carbonylating agent. On the other hand, the non-thermochemical processes include
electrochemical, photochemical, and plasma processes. This review summarizes recent ad-
vances in each process, discusses their advantages and disadvantages, and finally proposes
future research directions.

/ Thermochemical Process Non-thermochemical Process

Methane
to
Acetic

Acid

» Gas- or Liquid-phase Process + PlasmaProcess

v Catalyst type

¥ Kinds of oxidants

* Photochemical Process

\ v Kinds of carbonylating agents + Electrochemical Process

Figure 1. Various chemical processes for the direct conversion of methane into acetic acid.

2. Thermochemical Processes

Reactions directly converting methane to acetic acid can proceed thermochemically
in the presence of homogeneous or heterogeneous catalysts. Two methane molecules
can be converted into a methyl radical and CO, which can then combine to form acetic
acid. To promote acetic acid production in such reactions, CO or CO, can be additionally
supplied as a carbonylating agent. Activating the C—H bond in methane is essential for
these reactions; at relatively low temperatures, strong oxidants (e.g., K»5,0g and H,O»)
are required. To achieve the same goal, utilizing the CO/H,0/0O, system at elevated
temperatures allows for the use of in situ generated H,O,. Additionally, direct activation of
methane’s C-H bond using O, or direct carboxylation of methane using CO, must proceed
at high temperatures.

In this section, the thermochemical processes for the direct conversion of methane
into acetic acid are classified into homogeneous and heterogeneous catalyst systems, and
different reactions using each catalyst type are systematically introduced and discussed.

2.1. Homogeneous Catalyst Systems
2.1.1. Liquid-Phase Direct Conversion of Methane to Acetic Acid

The liquid-phase direct conversion of methane into acetic acid can be described
as follows.
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2CH, + 2H,0 — CH3COOH + 8H* + 8¢~ (1)

Table 1 summarizes some homogeneous catalysts for the liquid-phase direct conver-
sion of methane into acetic acid [26-30].

Periana et al. [26] reported a tandem catalytic reaction (2CHy4 + 4H,S0O4 — CH3COOH
+ 4S50, + 6H,0) to synthesize acetic acid directly from methane in liquid sulfuric acid at
180 °C. This reaction involves the activation of methane’s C-H bond by PdSOj (entry 1 in
Table 1) to form a Pd—CHj3 species, followed by an efficient oxidative carbonylation reaction
with methanol generated in situ from methane to produce acetic acid. Zerella et al. [27]
observed the promoting effect of CO in the synthesis of acetic acid from methane using
PdSOy in sulfuric acid under oxygen-free conditions at very low partial pressure ranges
(entries 2 and 3 in Table 1) and reported that the acetic acid yield (14.2 turnover number
(TON) of Pd?*) and the highest retention of Pd?* in solution (96%) reached maximum values
under a high O, /CH, ratio and high total pressure conditions (entry 4 in Table 1). Although
sulfur-containing compounds (especially methyl bisulfate) and COx were produced as
byproducts, the study reported that lowering the reaction temperature maximized acetic
acid selectivity (82%) (entry 5 in Table 1). Methane is activated by Pd(OSO3H); to form
(CH3)Pd(OSO3H). CO generated from the oxidation of methyl bisulfate inserts into the
Pd—CHj; bond, creating the (CH3CO)Pd(OSO3H) species. This complex then reacts with
H,SO4 to produce acetic acid. In this system, Pd?* is reduced to Pd’ during the oxidation
of methyl bisulfate or CO, and Pd’ is reoxidized to Pd?>* by H,SO4 and O,. Chempath
and Bell [31] utilized density functional theory (DFT) to study the direct oxidation of
methane to acetic acid catalyzed by Pd?* cations in concentrated sulfuric acid. Methane
oxidation initiates when CHy4 adds to one of the Pd-O bonds of the disulfate ligand,
forming PA(HSO4)(CH3)(HSO4),. As shown in Figure 2, this intermediate subsequently
reacts with CO to generate Pd(HSO4)(CH3CO)(H2504);. The most probable pathways
leading to the final products were identified as the oxidation of Pd(HSO4)(CH3)(H2504)2
and Pd(HSO,)(CH3CO)(H,S0y), to yield Pdm2-HSO,)(HSO4),(CH3)(H,S04) and Pd(n?-
HSO4)(HSO4)2(CH3CO)(HS04), respectively. Subsequently, reductive elimination yields
CH3HSO4 or CH3COHSOy, and hydrolysis of CH3COHSO4 forms CH3;COOH.

Table 1. Direct catalytic conversion of methane into acetic acid (AA) using homogeneous catalysts.

Reaction Conditions Turnover Turnover

Selectivity

Entr Catalysts

Y Y Solvent Oxidant Pressure Temperature l\fI::n : [:r f(l;—:elgxe(r}lﬁ};) to AA (%) Ref.
1 PdSO, 2mL 96% H,SO4 - 2.76 MPa 180°C 41 0.59 72 [26]
2 PdSO4 3mL 96% HySO4 2.76 MPa CH, 180°C 3.9 0.98 51 [27]
3 PdSO4 3mL 96% H,SO4 2.76 MPa CHy, 2 x 1073 MPa CO 180°C 5.45 - - [27]
4 PdSO4 3mL 96% H;SO4 O, 2.76 MPa CHy, 1.03 MPa O, 180°C 14.2 3.6 44 [27]
5 PdSO4 3mL 96% HySO4 O, 2.76 MPa CHy, 1.03 MPa O, 160°C 13.3 33 82 [27]
6 PdSO4 + CuCl, 3mL 96% H,S04 O, 2.76 MPa CHy, 0.21 MPa O, 180°C 2.45% 0.612 - [28]
7 K2 PdCly 10 mL CF;COOH O, 3 MPa CHy, 0.5 MPa O, 80°C 1.0 0.13 - [29]
8 H5PMo19 V2049 10 mL CF;COOH O 3MPa CHy, 0.5 MPa O, 80°C 3.2 0.40 - [29]
9 K,PdCly + HsPMo1gV204 10 mL CF3COOH O, 3MPa CHy, 0.5 MPa O,, 80°C 67.6° 8.45° - [29]
10 [VO(N(CH,CH,0)3)] 23mLCF;COOH  K;,5,0s 0.51 MPa CH, 80°C 9.2 4.6 - [30]

2 Turnover number and turnover frequency were calculated only based on the amount of main catalyst (Pd).

Zerella et al. [28] reported that methane could be primarily converted to acetic acid
in concentrated sulfuric acid at 180 °C using a combination of Pd** and Cu?* in the
presence of oxygen. Yuan et al. [29] reported that methane can be oxidized to CH;COOH
and CF3COOCHj; using molecular oxygen as an oxidant in the presence of K,PdCly and
H5PMo19V204 in a trifluoroacetic acid (TFA, CF3COOH) solution at low temperatures.
They proposed that HsPMo1gV,O49 acts as a reversible oxidant, maintaining Pd(Il) in
TFA, enabling the catalytic oxidation of methane to CH3COOH and CF;COOCHj3; by
molecular oxygen.
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Reis et al. [30] reported that vanadium catalysts such as Amavadine (including other
VIV and VV complexes with N,O and O,0 ligands) could catalyze the direct conversion of
methane to acetic acid with high yield under very mild conditions, without requiring CO
in the process.

A liquid-phase reaction that directly converts methane to acetic acid without the
use of additional carbonylating agents has been demonstrated in the presence of various
homogeneous catalysts. However, all such reactions require the use of strong acids (e.g.,
H,SO4 and TFA), and the current turnover frequencies (TOFs) are too low to be considered
a promising route for acetic acid synthesis.

+CO
I1) PAMHSO)H:S0.){CHy) p AE= -16.5 ’ IV) Pd(n*-HSONHSO.);
AEq= +15.1 (COCH;)(H:S04);
o
E —l
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Figure 2. Schematic diagram for the overall reaction pathway for the formation of CH3HSO, and
CH3COHSOy from PA(HSO4)(CH3)(H2S04), [31]. Copyright 2006 American Chemical Society.

2.1.2. Liquid-Phase Direct Conversion of Methane and CO (Or CO5) to Acetic Acid

The presence of CO in the direct conversion of methane into acetic acid was reported
to be beneficial for obtaining high yields of acetic acid [27]. Table 2 summarizes some
homogeneous catalyst systems for the liquid-phase direct conversion of methane into acetic
acid in the presence of CO as a carbonylating agent [32—40].

Lin and Sen [41] reported that SO, " generated from S,0g%~ could abstract a hydrogen
atom from methane to form methyl radicals that could be trapped by CO, and that this acyl
radical was finally converted into acetic acid in an aqueous medium at 105-115 °C.

Nishiguchi et al. [32] discovered that Pd(OAc), and/or Cu(OAc); catalyzed the direct
conversion of methane to acetic acid using K,S,0g as an oxidant in the presence of CO
(entries 1-3 in Table 2). Kurioka et al. [33] reported that methane could react with CO
and O, to produce acetic acid in TFA by using the catalyst system composed of CuSOy
and Pd(OCOC;,Hs),, indicating that O, can replace K;5,0g (entries 4 and 5 in Table 2).
Furthermore, they also achieved the direct carboxylation of methane with CO, using
K;5,03 as an oxidant and the same catalyst system in TFA (entry 6 in Table 2).
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Table 2. Direct catalytic conversion of methane and CO into acetic acid (AA) using homogeneous catalysts.

Reaction Conditions Turnover Turnover Selectivity
Entry Catalysts ; Number  Frequency for  aa (o) Ref
Solvent Oxidant Pressure Temperature for AA AA (h—1)
1 CuSOy4 CF3;COCH K55,04 4.1MPa CHy, 2.0 MPa CO 80 °C 39.4 0.88 - [32]
2 Pd(OCOEt), CF;COOH K;S,0g 4.1 MPa CHy, 2.0 MPa CO 80 °C 1.52 3.4 x1072 - [32]
3 Pd(OCOEL); + CuSOy4 CF;COOH K;S,0g 4.1 MPa CHy, 2.0 MPa CO 80 °C 1212 6.1 x10722 - [32]
4 Pd(OAc), + Cu(OAc), CF;COCH O, 2.0 MPa CHy, 1.5 MPa CO, 1.5 MPa O, 80 °C 244 0.122 - [33]
5 Pd(OAc); + Cu(OAc), CF;COOH K;S,0g 2.0 MPa CHy, 1.5 MPa CO 80°C 1.29 0.06 2 - [33]
6 Pd(OAc); + Cu(OAc); CF3;COCH K,S,04 4.1 MPa CHy, 2.0 MPa CO, 80 °C 1652 0.834 - [33]
7 RhCl3 O.lO%ZEI%,HDfO, 0, 6.9 MPa CHy, 1.0 MPa CO, 0.34 MPa O, 95°C 6.4 7.3 x1072 - [34]
8 RhCl; 003551\?11\&,13(1:; 1]\)/[21%10 O, 6.9 MPa CHy, 1.0 MPa CO, 0.34 MPa O, 95°C 7.0 8.0 x10~2 81 [34]
9 RhCl3-NaCl-KI 18 (;I;LIEE ?’}(IjZOOOH’ 0, 6 MPa CHy, 1.84 MPa CO, 0.56 MPa O, 95°C - 9.0 0.6 [35]
10 VO(2,4-pentanedionato); CF;COOH K55,0g 4.1 MPa CHy, 2.0 MPa CO 80 °C 27.5 1.38 — [36]
11 H;PV4MogOy4y-30H,O CF;COOH K;S,0g 4.1 MPa CHy, 2.0 MPa CO 80°C 29.2 1.46 - [36]
12 NaVOs3 CF3;COCH K,S,04 4.1 MPa CHy, 2.0 MPa CO 80 °C 28.2 1.41 - [36]
13 Dioxovanadium complexes CF;COOH K55,0g 0.51 MPa CHy, 0.51 MPa CO 80 °C 22 1.10 — [37]
14 [VO{N(CH,CH;0)3}] CF;COCH K;5,03 0.51 MPa CHy, 0.51 MPa CO 80 °C 13.6 0.68 - [38]
15 Ca(Cl, - 2H,0 CF3;COCH K,S,04 2.0 MPa CHy, 3.0 MPa CO 85°C 2.1 0.14 — [39]
16 Mo + CaCl, CF;COCH K;5,04 2.0 MPa CHy, 5.1 MPa CO 85°C 1.84 0.09 — [40]

2 Turnover number and turnover frequency were calculated only based on the amount of main catalyst (Pd).
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Lin and Sen [34] reported a process that used rhodium trichloride as a catalyst to
produce high-yield acetic acid via the carbonylation reaction of methane in an aqueous
medium at 95 °C (entries 7 and 8 in Table 2). Chepaikin et al. [35] reported that methane,
oxygen, and carbon monoxide react to produce methanol, formic acid, and acetic acid
using the RhCl3-NaCl-KI system as a catalyst. According to their findings, the activity of
this system varied with changes in the reaction medium, increasing when switched from
water to organic acid solutions, with TFA proving most efficient. Furthermore, the yields of
reaction products strongly depended on the molar fraction of water in the solution, CO
pressure, and iodide ion concentration. As the chloride ion concentration increased, the
acetic acid yield passed its maximum point, while the yields of methanol, formic acid, and
methyl trifluoroacetate decreased. They proposed that hypoiodic acid and/or hydrogen
peroxide participated as intermediate oxidizing agents during the reaction process.

Taniguchi et al. [36] confirmed that the VO(acac), (acac = 2,4-pentanedionato) catalyst
efficiently converted methane and CO selectively to acetic acid in the presence of K;S5,0g
and TFA. They demonstrated that reacting methane (5 atm) and CO (20 atm) at 80 °C for
20 h yielded 93% acetic acid based on methane. They also reported that other vanadium
compounds such as V,03, V05, and NaVOj;, as well as various vanadium-containing het-
eropolyacids like HsPV,Mo19O40, HiPYVW11049, and H55iVW11 049, could act as catalysts
(entries 10-12 in Table 2). Silva et al. [37] prepared various vanadium complexes.

These included dioxovanadium(V) complexes (e.g., [VO,(3,5-Me,Hpz);][BF4]
(pz = pyrazolyl), [VO{SO5C(pz)3}] (entry 13 in Table 2), [VO,{HB(3,5-Me;pz);}] and
[VO,{HC(pz)3}][BF4]), bearing pyrazole or scorpionate ligands, and the #2-bis(pyrazolyl)borate
oxovanadium(IV) complex ([VO{HB(pz)3}{H2B(pz),}]). They demonstrated that all these com-
plexes exhibited catalytic activity in the carboxylation of methane in TFA /K;S,0s to acetic
acid (yields up to 40%, TONs up to 157) under mild conditions. Kirillova et al. [38] found
that the most effective catalyst (as Amavadine) contained triethanolaminate or (hydroxy-
imino)dicarboxylates, achieving a CH3COOH yield of over 50% based on CHy or a very high
TON of up to 5.6 x 10° in a single batch, while maintaining activity even after multiple reuses.
As shown in Figure 3, they proposed that carboxylation proceeds via a free radical mechanism,
with theoretical calculations showing that CHze, CH3COe, and CH3COOQe are sequentially
formed from methane, ultimately yielding acetic acid through H-extraction (from TFA or
CHy). The CH3COOe radical is generated when the peroxo-V complex oxidizes CHzCOe via
the V{n!-OOC (O)CH3} intermediate. It is noteworthy that TFA contributes to the formation of
CH3COOH through its role in the carbonylation of CHj3*, its function as a hydrogen donor for
CH;3COOe, and its promotion of protonation of the oxidizing power of a peroxo-VV complex.

Asadullah et al. [39] achieved a 93.8% methane conversion into acetic acid with
100% selectivity in the calcium-catalyzed carboxylation of methane. Here, CaCl, ultimately
converts to CaO while extracting hydrogen atoms from methane. The CHj radical generated
in this process is captured by CO, and CH3COe is ultimately converted to acetic acid in
TFA. Kitamura et al. [40] reported that methane and CO could be converted to acetic acid
by the Mo/CaCl, /K;S,0g catalyst system in TFA. The best result (89.4% acetic acid) was
obtained in a reaction using the catalyst system (methane 20 atm, CO 50 atm) at 85 °C for
20 h.

A liquid-phase reaction for the direct conversion of methane to acetic acid in the
presence of CO (or CO,) as a carbonylating agent has been achieved in the presence of
various homogeneous catalysts at relatively low temperatures below 100 °C. However,
most of these reactions were carried out in strong acids (e.g., TFA) and required the use of
strong oxidizing agents (e.g., K,5,0g), and the reported TOFs were too low to be considered
a competitive route for acetic acid synthesis.
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Figure 3. Schematic diagram for the proposed mechanisms for radical formation and carboxylation
of methane to acetic acid [route (A)] and side reactions (dotted lines) [38]. Copyright 2007 American
Chemical Society.

2.2. Heterogeneous Catalyst Systems
2.2.1. Liquid-Phase Direct Conversion of Methane to Acetic Acid

Table 3 summarizes some heterogeneous catalysts for the liquid-phase direct conver-
sion of methane into acetic acid [42—45].

Table 3. Direct catalytic conversion of methane into acetic acid (AA) using heterogeneous catalysts.

Reaction Conditions Turnover . .
Entry Catalysts Number of PrOdUCtK)X Rate of iel;c:‘(r;/t %, Ref.
Solvent  Oxidant Pressure Temperature AA 0 °
Vanadium-based 5 1 a .
1 MOFs(MOF—48,/MIL-47) CF;COOH  K;5,03 1.0 MPa CH,4 80°C 175 8.75h 91 [42]
2 Rus-graphdiyne (GDY) H,0 H,0, 1.5 MPa CH, 60°C ; Ag'? mf{“ﬁ,l 120 [43]
‘Heat.
3 Ce-UiO-Cu(OH) H,O O, 3.0 MPa CHy, 0.6 MPa O, 115°C 400 10h~! 96 [44]
B 0.28 mol 6.98 umol =
4 Au-ZSM-5 H,O O, 2.1 MPa CHy, 0.35 MPa O, 240°C AA/mol Au AA-geat 11 25 [45]

2 The selectivity to AA was calculated only based on the liquid products.

Phan et al. [42] reported that MIL-47 and MOF-48, metal-organic frameworks (MOFs)
containing vanadium, selectively converted methane to acetic acid using K,5S,0g as an
oxidant, achieving a 70% yield (490 TON) (entry 1 in Table 3). These catalysts demonstrated
multiple reusability while maintaining their crystal structure and catalytic activity. Bu
et al. [43] selectively immobilized one, two, and three zero-valent ruthenium atoms at
the electron-rich 18-carbon cavity of graphdiyne (GDY), synthesizing C, liquid oxygen
compounds from methane via C-C coupling (entry 2 in Table 3). They demonstrated
that using HyO, as an oxidant, Ru atoms within the GDY selectively activate CHy to
generate key intermediates eCHj; and ¢CH,OH, thereby enabling the formation of C,—
liquid oxygen compounds.

Antil et al. [44] achieved a direct single-step conversion of methane to acetic acid
using molecular oxygen (O,) as the oxidant over a mono-copper hydroxyl site confined in
a porous cerium MOF, Ce-UiO-Cu(OH) (entry 3 in Table 3). They proposed the reaction
mechanism in which methane was first activated at the copper hydroxyl site via o-bond
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metathesis to form Cu—methyl species, followed by carbonylation with in situ-generated
CO and subsequent hydrolysis by water.

Qi et al. [45] demonstrated the oxidation of methane into methanol and acetic acid
in water at temperatures between 120 and 240 °C using molecular oxygen in the absence
of any added co-reductant in the presence of gold nanoparticles supported on the zeolite
ZSM-5 (entry 4 in Table 3).

A liquid-phase reaction that directly converts methane to acetic acid without the
use of additional carbonylating agents has been demonstrated in the presence of various
heterogeneous catalysts. It is noteworthy that some of these were carried out without the
use of strong acids and strong oxidizing agents. However, the current reaction rates are too
low to be considered a promising route for acetic acid synthesis.

2.2.2. Liquid-Phase Direct Conversion of Methane and CO to Acetic Acid

Table 4 summarizes some heterogeneous catalysts for the liquid-phase direct conver-
sion of methane and CO into acetic acid [42,46—60].

Phan et al. [42] reported the promotional effect of CO on the direct conversion of
methane into acetic acid using K,5,0g as an oxidant and MIL-47 and MOEF-48 as catalysts
(entry 1 in Table 3 vs. entry 1 in Table 4).

Liu et al. [46] investigated the conversion of methane to acetic acid and other methyl
oxygenates in the presence of CO over the Ir/ZSM-5 catalyst (entry 2 in Table 4) using HyO,
as an oxidant. The influence of CO on methane conversion was investigated across various
transition metals. Ir, Fe, Rh, and Pd showed promotion towards oxygenated compound
formation, while Cu and Cr exhibited inhibition. Sequential charging of CH; and CO
experiments revealed the critical role of CO in acetic acid production. Xu et al. [47] reported
that in situ decoration of the Pd;—ZSM-5 single-atom catalyst (SAC) (entry 3 in Table 4)
by CO significantly enhanced the direct carboxylation reaction of methane, achieving a
turnover frequency of 207 h~! at ambient temperature when using H,O, as the oxidant
along with approximately 100% oxygenate selectivity. According to DFT calculations, the
C atom of CO preferentially coordinates with Pd;, which donates electrons to the Pd;—-O
active site (L-Pd;-O, L=CO) formed by H,O, oxidation. This enhances the electron density
on the Pd-O pair, favoring C-H bond isomerization with a low energy barrier of 0.48 eV.
They reported that applying CO decoration strategies to M1—ZSM-5 (M=Pd, Rh, Ru, Fe)
could enhance oxygenate productivity by 3.2 to 11.3 times.

Zhao et al. [50] reported that Fe/Na(H)-ZSM-5 (entry 7 in Table 4) with abundant Si-
ONa-Al moieties outperformed Fe/ZSM-5 (rich in Brensted acid sites) (entry 6 in Table 4)
in the conversion of methane to acetic acid using H,O, in the presence of CO. This was
explained by the Si-ONa-Al moiety within Fe/Na(H)-ZSM-5 promoting electron donation to
iron species, forming electron-rich active sites on iron. This facilitated CO insertion, enhancing
the production of acetic acid through the carbon—carbon bond formation between methane
and CO. On the other hand, Wu et al. [48] succeeded in converting methane to CH;COOH
with 100% selectivity from oxygen-containing products via direct coupling of CHy, CO, and
H,O; on the Fe-based dual-site reaction center supported on ZSM-5 (entry 4 in Table 4) at
30 °C. Isotope labeling experiments and DFT calculations revealed that the radical mediator
(#CHj3) favorably binds to adsorbed CO* and OH* species with a low energy barrier, leading to
the highly selective formation of CH3COOH. Wang et al. [49] studied the direct simultaneous
conversion of methane, carbon monoxide, and hydrogen peroxide to acetic acid over Fe/ZSM-
5 (0.25) zeolite (entry 5 in Table 4) under mild conditions, achieving a maximum acetic acid
space-time yield of approximately 12.01 mmol-gc,; ~'-h~! with an optimal selectivity of 63.2%
at 50 °C. This was attributed to the monomeric Fe3* species. It was confirmed that the
methyl and carbonyl groups of acetic acid originated from methane and carbon monoxide,
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respectively. ¢OH and eCHj radicals were found to participate in the reaction, and the
—Fe—-OCHj3; species was proposed as a possible intermediate.

Cheng et al. [51] reported that a Cu/Fe-H-ZSM-5 catalyst (entry 9 in Table 4) com-
prising mononuclear Fe and Cu anchored in the ZSM-5 channels could accomplish the
conversion of methane into acetic acid. They claimed that homogeneous mononuclear
Fe sites were responsible for methane activation and oxidation, while adjacent Cu sites
played a key role in delaying the oxidation process and promoting C-C bond formation
for effective acetic acid synthesis. Furthermore, they confirmed that the methyl carbon
in acetic acid originated exclusively from methane, while the carbonyl carbon derived
solely from CO, not from the conversion of other C1 oxygen compounds. Liu et al. [52]
reported that 1.2Ni-ZSM-5 (entry 10 in Table 4) with 88.9% isolated Ni sites achieved a high
acetic acid yield of 2.92 mmol-gcat. ~1 and a maximum selectivity of 82.3% in the methane
oxidative carbonylation reaction. Isolated Ni species with Ni-Og moieties immobilized in
ZSM-5 micropores were proposed as the active sites, and CH3COOH was confirmed to be
generated through direct coupling of methyl radicals and carbon monoxide molecules.

Shan et al. [53] directly converted methane to acetic acid using O, and CO under mild
conditions, employing a monomeric rhodium species immobilized on a zeolite (entry 11 in
Table 4) or titanium dioxide support in an aqueous solution. At 150 °C, they achieved an acetic
acid production rate of 7.33 mol-ger. ~'-h~! with a selectivity of 60-100%. Tang et al. [54]
also performed the same reaction on a single Rh;Os site immobilized on a microporous
aluminosilicate (entry 12 in Table 4) in solution at <150 °C. The TOF of this single-dispersed
noble metal site reached approximately 0.10 s~! at 150 °C, with an acetic acid production
selectivity of about 70%. This is over 1000 times higher than the activity of free Rh cations.
Computational studies indicated that the first C-H bond of CHy is activated by Rh;Os
immobilized on the micropore walls of ZSM-5, and the resulting ¢CH3 combines with CO and
oOH to form acetic acid via a low activation barrier. Golubev et al. [56] studied the oxidation
conversion of methane to acetic acid using rhodium-modified ZSM-5 zeolite (entry 14 in
Table 4) in the presence of carbon monoxide at 150 °C and 6.5 MPa pressure. They observed a
2.7-fold increase in acetic acid yield as the SiO, / Al,Oj3 ratio decreased from 300 to 30. They
reported that the behavior of this catalyst system correlates with increased acidity, particularly
an increase in the density of Brensted acid sites on the zeolite surface. The introduction of
0.1-0.5 wt% rhodium into the zeolite increased the acetic acid yield by more than threefold,
with the highest acetic acid yield (0.53 mmol-gcat. ~1) achieved when 0.5 wt% Rh was modified
onto the zeolite with SiO,/AlL,O3 = 33. Oda et al. [57] synthesized a highly active Rh-
containing zeolite (entry 15 in Table 4) using a RhCl3 molten salt. This encapsulated RhCl
species was efficiently dispersed, forming the active site Rhl single-atom species in the catalytic
reaction, achieving a record conversion frequency (0.164 s 1), yield (14.6 mmol-ge,; ~'-h~1),
and high selectivity (76.9%) in the direct conversion of methane to acetic acid.

Li et al. [58] also performed the same reaction in aqueous solution using a Cu species-
promoted Rh mononuclear complex catalyst immobilized on a porous organic polymer
(Rh1—Cu/POPs) (entry 16 in Table 4), where the (CH3)RhX(CO)(PPh3), mononuclear com-
plex was considered the stable species, with X representing Cl or I. The iodine species
participated in the coordination of the Rh mononuclear carbonyl complex, promoting the
conversion of CHj3 and accelerating the production of more oxygenated products, partic-
ularly acetic acid. The production rate of total oxygenated products, including CH3OH,
HCOOH, HOCH,OH, and CH3COOH, reached 0.289 g~gcat,_1 -h~! on the Rh;—-Cu/POPs
catalyst with the iodine species as a promoter and was maintained without significant
decay even after five recycling cycles.
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Table 4. Direct liquid-phase catalytic conversion of methane and CO into acetic acid (AA) using heterogeneous catalysts.
Reaction Conditions Selectivity
Entry Catalysts - Production Rate of AA o Ref.
Solvent Oxidant Pressure Temperature to AA (%)
1 MOIYS ‘}ﬁgﬁi‘;}i}‘}ﬁ_ o) CF;COOH K,S,0s 1.0 MPa CHy, 1.0 MPa CO 80 °C 245h-1 100 [42]
2 Ir/ZSM-5 H,0 H,0, 2.5 MPa CHy, 2.5 MPa CO 80 °C 7.4 mmol AA-gea ~1-h! 52 [46]
3 Pd;-ZSM-5 H,0 H,0, 3.0 MPa CHy, 2.0 MPa CO 25°C 964 mmol AA g -h ™! 78 [47]
4 Fe/ZSM-5 H,0 H,0, 0.5 MPa 97% CO/Nj, 2.5 MPa 95% CH,/Ar 50 °C 0.13 mmol AA-ge,. ~1-h™! 34 [48]
5 Fe/ZSM-5 H,0 H,0, 4.0 MPa CHy, 4.0 MPa CO 50 °C 12.0 mmol AA-gear ~1-h~! 63.6 2 [49]
6 Fe/ZSM-5 H,0 H,0, 2.0 MPa CHy, 2.0 MPa CO 50 °C 1.28 mmol AA-gear ~1-h~! 58.42 [50]
7 Fe/ZSM-5-0.25Na H,0O H,0, 2.0 MPa CHy, 2.0 MPa CO 50 °C 1.97 mmol AA-geat. ~1-h~! 81.82 [50]
8 Fe-HZSM-5 H,O H,0, 4.0 MPa CHy, 4.0 MPa CO 50 °C 26.4 mmol AA-ge ~1-h™! 39 [51]
9 0.1Cu/Fe-HZSM-5 H,0 H,0, 4.0 MPa CHy, 4.0 MPa CO 50 °C 40.5 mmol AA-gear ~-h™! 43 [51]
10 1.2Ni-ZSM-5 H,0 H,0, 2.5 MPa CHy, 0.5 MPa CO 50 °C 0.29 mmol AA-ge,. ~1-h~! 822 [52]
11 Rh-ZSM-5 H,0 0, 2.0 MPa CHy, 0.5 MPa CO, 0.2 MPa O, 150 °C 7.1 mmol AA-gear ~1-h™! 60 [53]
12 Rh/ZSM-5 H,O 0, 5.0 MPa CHy, 1.0 MPa CO, 0.8 MPa O, 150 °C ~2.5 mmol AA-geat ~1-h™! ~412 [54]
13 Rh/ZSM-5 H,O 0, 2.0 MPa CHy, 0.5 MPa CO, 0.2 MPa O, 150 °C ~1.65 mmol AA-gear ~H-h7! - [55]
14 Rh/ZSM-5 H,O 0O, 4.23MPa CH‘*’Ol_ 9093 1\1\2111:;520 026 MPa O, 150 °C 0.019 mmol AA-gea;, ~*-h~! - [56]
-1
15 RhCl;@H*-MFI H,O 0, 5.0 MPa CHy, 0.5 MPa CO, 0.2 MPa O, 150 °C (146 mmjgjggcat,l ) 7692 [57]
16 Rh;—Cu/POPs H,0 0, 3.0 MPa CHy, 1.0 MPa CO, 0.5 MPa O, 150 °C 0.103 mmol AA-geat. ~'-h~! 42 [58]
17 Heterogenized iridium catalyst H,0 0, 1.9 MPa CHy, 0.40 MPa O,, 0.50 MPa CO 150 °C 3.39 mmol AA-ge, ~-h™! 662 [59]
18 Au-ZSM-5 H,0O 0, 2.1 MPa CHy, 0.10 MPa O, 0.25 MPa CO 240 °C 0.020 mmol AA-gear ~1-h™1 - [45]
19 Au-Fe/ZSM-5 H,O 0, 2.8 MPa CHy, 0.60 MPa O, 2.8 MPa CO 120 °C 1.9 mmol AA-geat ~1-h~! 92 [60]

2 The selectivity to AA was calculated only based on the liquid products.
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Li et al. [59] immobilized Ir complexes on oxide supports (entry 17 in Table 4) to
convert methane into acetic acid via oxidative carbonylation. They demonstrated that
methyl migration, the key step forming the C—C bond, is sensitive to the electrophilicity
of the carbonyl group, which can be controlled through mild reduction of the Ir center.
The as-prepared catalyst characterized primarily by Ir(IV) favored CH3COOH production,
whereas the reduced catalyst characterized primarily by Ir(Ill) significantly increased
CH3OH production instead of decreasing the CH3;COOH yield.

Qi et al. [45] reported the promotional effect of CO for the oxidation of methane
into methanol and acetic acid in water using molecular oxygen in the presence of gold
nanoparticles supported on the zeolite ZSM-5 (entry 18 in Table 4) compared with the case
without CO. However, the TOF was very low even at high temperatures. On the other hand,
Wau et al. [60] reported that Au-Fe/ZSM-5 (entry 19 in Table 4) could convert methane to
acetic acid with molecular oxygen as an oxidant in the presence of CO. They proposed that
gold nanoparticles promoted the formation of hydroxyl species from the reaction of CO,
O,, and H,O, and that atomically dispersed Fe species on the ZSM-5 support combined
CH4 and CO via hydroxyl mediation to produce acetic acid.

A liquid-phase reaction for the direct conversion of methane to acetic acid using CO
as a carbonylating agent was successfully carried out using a heterogeneous catalyst. In
particular, it was demonstrated that acetic acid can be produced in an aqueous solution at
low temperatures below 100 °C using H,O,. Furthermore, it was shown that acetic acid can
be produced by utilizing hydrogen peroxide generated in situ from a CO/H;O/O; system
instead of using pre-prepared hydrogen peroxide. This method can be considered the
most competitive approach among liquid-phase reactions using thermochemical catalysts
reported to date. However, for commercial application, it is necessary not only to improve
the acetic acid production rate but also to enhance the selectivity of acetic acid and to
ensure the efficient utilization of CO, which serves as a carbonylating agent, as well as in
situ generation of HyO;.

2.2.3. Gas-Phase Direct Conversion of Methane and CO (Or CO,) to Acetic Acid

Similar to the direct conversion of methane to acetic acid in the liquid phase, both CO
and CO; can be used as carbonylating agents in the gas phase. However, most research
has focused on the carboxylation reactions of methane and carbon dioxide [61,62]. This
is because the significant difference in chemical reactivity between CO and CH4 makes
it difficult to activate both molecules under identical or similar reaction conditions and
convert them into acetic acid. Table 5 summarizes some examples of gas-phase direct
conversion of methane into acetic acid using CO or CO; as a carbonylating agent [63-76].

Yuan et al. [63] studied the production of methyl acetate during the conversion of CHy,
N>O, and CO on a heterogeneous catalyst containing both rhodium and iron phosphate
(entry 1 in Table 5), demonstrating that the optimal Rh/Fe atomic ratio for methyl acetate
production is 1:600-1:400. The Rh-FePOy catalyst prepared from a mixed aqueous solution
exhibited higher methyl acetate production rates than Rh/FePO, prepared by impregnation.
This was interpreted as the Rh** ions being primarily incorporated into the FePOy lattice
in the former case, whereas the Rh(III) species existed on the FePO, surface in the latter.
Interestingly, while the Rh(III) species supported on MCM-41 via the co-impregnation
method and the FePO, support significantly increased the production rate of methyl
acetate, the two-step impregnation method produced a catalyst that did not generate
methyl acetate. This suggests that a dual site where the Rh(III) species and FePO;, are in
close proximity explains the methyl acetate production.
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Table 5. Direct gas-phase catalytic conversion of methane and CO (or CO,) into acetic acid (AA) using heterogeneous catalysts.
Reaction Conditions P
Entry Catalysts - Production Rate of AA Selectlv:ty to Ref.
Oxidant Co-Reactant Total Pressure ~ Temperature Comments AA (%)
12 011%Rh-9.1% FePO;/MCM-41  N,O co 0.1 MPa 450 °C Continuous co-feeding of all reactants and 696 pmol-gegr ~1-h "1 54 [63]
on-line analysis of products
B . o Step-wise feeding of each reactant and 141 }
2 Cu-Co/ZrO; (Cu/Co =5) CO, 0.1 MPa 250 °C collection of all products in a cold trap ~45 umol-geat. ~-h [64]
3 5% Pt/alumina H,0 CO, 0.1 MPa 400 °C Continuous co-feeding of CHjy and CO; - - [65]
and IR measurement of surface species
B o Continuously co-feeding of all reactants 1 B
4 V,05-PdCl, /Al O3 0,/H,O CO, 0.1 MPa 250 °C and collection of all products in a cold trap 0.52 pmol AA-geat ~*°h [66]
o . B o Step-wise feeding of each reactant and -1 B
5 2% Rh/SiO; €O 70c collection of all products in a cold trap 4 pmol AA-gear.™h (671
o . o Step-wise feeding of each reactant and 11 B
6 2% Pd/Si0; ) €O 170°C collection of all products in a cold trap ~38 umol AA-gear.~-h [67]
7 CoPd-TiO, - COy,Hy,H0  20MPa 150 °C Step-wise feeding of each reactant and 1.28 mmol AA-geyr, ~1-h7L 47 [68]
on-line analysis of products
Cu-H-MOR o Continuous co-feeding of all reactants and 1
8 (Cu/Al=0.17,Na/Al = 0.02) 0Oz co 1.0 MPa 200°C extraction of all products after a reaction 22.6 pmol AA-geat. 46.5 [69]
Cu-Na-MOR o Continuous co-feeding of all reactants and 1
? (Cu/Al=0.22,Na/Al = 0.55) 0Oz co 1.0 MPa 200°C extraction of all products after a reaction 5.0 umol AA-geat. 322 [69]
10 Cu—K-ZSM-5 B co, 500 °C Cont1nuou§ co-feedmg of all reactants and 395 pmol AA-gear 1! ~100 [70]
on-line analysis of products
Step-wise feeding of each reactant in a
11 Ce0,-ZnO/montmorillonite CO, 0.2 MPa 300 °C batch reactor and extraction of all products 0.625 mmol AA- gcatfl h! - [71]
after a reaction
12 Sulfated zirconia co 0.1 MPa 500 °C Continuous co-feeding of all reactants and o 75, 1031101 AA-geyy 10! ~81 [72]
2 ’ collection of all products in a cold trap ’ Hmo Beat.
o o Continuous co-feeding of all reactants and 5.8 x107¢ mol
13 2% Pd/ZrO; €O, 0.1 MPa 300°C collection of all products in a cold trap AA-MOlgyrface pg T ~68 73]
. o o Step-wise feeding of each reactant and 1
14 nCo304,@mSiO, CO, 2MPa/2MPa 250 °C/250 °C collection of all products in a cold trap 0.71 umol AA-gco304 - [74]
. o o Step-wise feeding of each reactant and 1
15 nCo30,@mSiO, CO, 2MPa/2MPa 200 °C/250 °C extraction of all products after a reaction 25.1 umol AA-gco304 99.9 [75]
16 NiO/Fe,Os co, 0.1 MPa 150 °C Continuous co-feeding of all reactants and 1.4 pmol AA-ge ~1-h~1 45 [76]

collection of all products in a cold trap

2 Productivity of AA and selectivity to AA refers to those of CH;COOCH;.
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Wilcox et al. [65] demonstrated the formation of adsorbed acetate on both 5% Pd/carbon
and 5% Pt/alumina (entry 3 in Table 5) using diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) when the catalysts were exposed to a methane and carbon dioxide
mixture at approximately 400 °C. Furthermore, temperature-programmed reaction (TPR)
experiments confirmed the generation of gas-phase acetic acid from CO; and CHy on the
5% Pt/alumina catalyst at approximately 400 °C. Huang et al. [66] reported the formation of
acetic acid during the temperature-programmed desorption (TPD) of H,O (H,O-TPD) process
after exposing the V,O5-PdCl, /Al,O;5 catalyst (entry 4 in Table 5) to a feed gas composed of
CHy, CO,, and O, within the temperature range of 250450 °C.

Ding et al. [67] directly converted CH4 and CO; into acetic acid via an isothermal
stepwise pathway using Rh/SiO; (entry 5 in Table 5) and Pd/SiO, (entry 6 in Table 5),
considering methyl radical generation from CH4 decomposition and CO, insertion into
the intermediate as the two rate-limiting steps. The stepwise pathway can circumvent
the thermodynamic limitations of this direct synthesis at low temperatures. The Pd cat-
alyst exhibited higher activity than the Rh catalyst at 170 °C and 200 °C. No significant
deactivation due to carbon deposition on the catalyst was observed during consecutive
reaction cycles. Huang et al. [68] reported the synthesis of C;-oxygenates such as ethanol
and acetic acid through CHy decomposition and subsequent CO, insertion into methyl
radicals, naming this a stepwise reaction technology. They described a dual-reactor system
that ensures both feed gases flow continuously into the reactors without interruption and
remain unmixed after the reaction. According to their proposed mechanism, acetic acid is
formed by CO, insertion into M—CHy.

Narsimhan et al. [69] compared Cu-MOR and Cu-ZSM-5 for the production of acetic
acid via the oxidative carbonylation of methane and found that Cu-MOR produced sig-
nificantly higher amounts of acetic acid compared to Cu-ZSM-5 (22 vs. 4 pmol-geat. ).
Selective titration with sodium demonstrated a direct correlation between the number of
acidic sites within the 8MR pocket of MOR and the acetic acid yield (entries 8 and 9 in
Table 5), suggesting that the methoxy species present in the MOR side pocket undergoes
carbonylation. Furthermore, it was discovered that the Cul'-O-Cu'! sites associated with
methane oxidation in both Cu-MOR and Cu-ZSM-5 were oxidation active but inactive
for carbonylation. Conversely, under Cu/Al < 0.2 conditions in MOR, new Cu?* sites
formed, and these sites were reported to oxidize methane and promote the migration of the
product to a Brensted acid site within the 8MR for carbonylation. Rabie et al. [70] achieved
acetic acid formation under a continuous flow microreactor system by simultaneously
supplying methane and carbon dioxide onto Cu-loaded M*-ZSM-5 catalysts (M = Li*, Na*,
K* and Ca?") within a temperature range of 425-525 °C. Compared to Cu’~H-ZSM-5, the
M*-ZSM-5 catalyst exhibited a significantly increased acetic acid production rate, with
catalytic efficiency following the order K > Na > Ca > Li. The results suggest that M* aids
in concentrating surface-active CO, in carbonate form, which subsequently reacts with the
Cu’-H-ZSM-5-activated C-H bond. The Cu’~K-ZSM-5 catalyst (entry 10 in Table 5), com-
bining Cu® and M*, exhibited the highest acetic acid production rate (395 pmol- gcat,_l h™1)
at 500 °C under steady-state conditions.

Wang et al. [77] studied the catalytic conversion of carbon dioxide and methane to acetic
acid using Cu-modified BEA, MFL, MOR, and TON zeolites via periodic DFT calculations. The
results indicated that the catalytic activity of Cu-modified zeolites is closely related to both the
active copper species and the zeolite pore channel structure. The dinuclear copper-oxo cluster
([CuOCu]?**) within three-dimensional BEA and MFI zeolites and the trinuclear copper-oxo
cluster ([Cus(1-O)3]**) in one-dimensional MOR and TON zeolites exhibit catalytic activity in
the direct conversion of carbon dioxide and methane to acetic acid compared to mononuclear
copper ([Cu]**) species. In particular, MOR zeolite containing the [Cug(u-O)3]** clusters
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([Cuz(p-0O)3]-MOR) exhibits excellent catalytic activity for acetic acid production with a low
apparent activation energy (57 kJ-mol!).

Wau et al. [78] discovered that methane and carbon dioxide can undergo co-conversion
on zinc-modified H-ZSM-5 zeolite (denoted as Zn/H-ZSM-5) to form acetic acid within
the low-temperature range of 250-500 °C. Zinc sites efficiently activate CHy to form a zinc
methyl species (-Zn—CHj3). This Zn—C bond subsequently accepts CO, insertion to generate
a surface acetic acid species (-Zn—-OOCCH3). Brensted acid sites were reported to play a
crucial role in the final acetic acid formation through proton transfer to the surface acetic
acid species. Zhao et al. [79] demonstrated that C—C coupling reactions readily occurred
on zinc-doped ceria catalysts. As shown in Figure 4, the DFT calculations revealed that
the Zn dopant stabilized the methyl group by forming a Zn—C bond, thereby hindering
the subsequent dehydrogenation of CH,. CO, can be inserted into the Zn—C bond via an
activated bent configuration, with the transition state being a three-center Zn-C-C moiety
([Zn-C-C]¥) with an activation barrier of 0.51 eV. The C-C coupling reaction produced
acetate species, which could desorb as acetic acid by binding to surface protons. Zhang
et al. [80] investigated the influence of the local structure of active sites on the conversion
of CH4 and CO; over Zn-modified H-ZSM-5 zeolite using DFT calculations, and proposed
that the Zn?* cations located in the five-membered rings of sinusoidal and linear channels
exhibited superior catalytic activity compared to other isolated Zn?* sites and small ZnO
clusters due to favorable adsorption characteristics and activation energy of the reactants.
For isolated five-atom Zn?* in sinusoidal channels, the rate-determining step for the entire
process is CO; insertion into the Zn—-CHj; bond, whereas for isolated five-atom Zn?* in
linear channels, acetate desorption is the rate-determining step.

(N°
Y
CH,COOH % Zn-doped Ceria M

CH3‘+:|(\COZ
§

CH,COOH* [ Zn q

°{

4

H-t f L
rans er\ A /Metastable state
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Figure 4. Schematic diagram of the catalytic cycle of production of CH3COOH from CH4 and CO,
through Zn-doped ceria-catalyzed C—C coupling [79]. Copyright 2016 American Chemical Society.

Shavi et al. [71] synthesized single- and dual-component catalysts using various com-
binations of ZnO-, CeO;-, and MnO,-supported montmorillonite (MMT). They discovered
that the dual active sites of ZnO and CeO; selectively adsorb CHy and CO,, respectively,
thereby avoiding surface adsorption competition. The acetic acid production rate was maxi-
mized when these active sites were present at appropriate concentrations (Ce: 0.44 wt%, Zn:
2.20 wt%) (entry 11 in Table 5). DFT calculations revealed that acetic acid production was
significantly enhanced on the ZnO catalyst, where the transfer of CO, adsorbed from CeO,
to the ZnO side was facilitated. Li et al. [72] reported that enhancing the Lewis acidity of
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ZrO;-containing catalysts enables increased production of acetic acid from CHy and COs.
They explained the reaction mechanism through DFT calculations: CHy is activated at the
Lewis acid active site to form Zr-CHj and O-H species. Subsequently, the O-H species
readily hydrogenates the CO;3 species generated from CO; activation at the Lewis acid
active site to produce HCOj3. This is followed by an easy coupling with Zr-CHj to form
acetic acid via a low energy barrier. Li et al. [73] reported that the Pd-ZrO; catalyst (entry
13 in Table 5) demonstrated approximately five times higher performance than pure ZrO,
in acetic acid production. They elucidated a synergistic catalytic mechanism between Pd
and hydrogen-reduced ZrO;, which not only promotes CO, adsorption and activation by
generating more oxygen vacancies (Oy), but also facilitates CHy activation by resulting
in larger Pd metal particles. DFT calculations revealed that the C—C bond formation be-
tween CHj3* and COOH* exhibits a lower barrier, indicating a favorable pathway for acetic
acid formation.

Na’s group [74] applied sequential CO,/CHjy activation to produce CH3;COOH with
nearly 100% selectivity. Notably, Co3O4 nanoparticles encapsulated within a mesoporous
silica shell (entry 14 in Table 5) exhibited the highest CH3COOH productivity of 0.7 umol
CH3COOH gco304 ! at 250 °C, enabling sustained and progressive CH3COOH produc-
tion without productivity decline over 15 repeated cycles. Later, they elucidated the
activation process in Co3O4 nanoparticles encapsulated within a mesoporous silica shell
(nCo304@mSi0Oy) [75]. In standalone activation experiments, CO, adsorbs onto the metal
oxide to form a carbonate structure, which desorbs reversibly with temperature. Further-
more, nCo304@mSiO, activates CHy via C-H bond cleavage, stabilizing it as the Co—-CH3*
species alongside the O-H* species on the oxide framework. The sequential activation
process using nCoz04@mSiO, induces the carboxylation or carbonylation of CHy with
CO; or CO released from the metal carbonate surface, yielding CH;COOH or CH3CHO,
respectively. After extraction, adsorbed oxygenated products can be collected, allowing
reuse of nCo304@mSiO; without altering product yield. Tian et al. [76] developed a reac-
tion that directly combines CHy and CO, with H,O via a NiO/FepOj3 catalyst (entry 16 in
Table 5) at 150 °C and atmospheric pressure to produce C; oxygen compounds (acetic acid
and ethanol). Performance results showed the highest production rate of C; oxygenated
compounds (3.1 umol-geat. ~1-h ! at 150 °C) on the NiO/Fe,O5 catalyst compared to pure
NiO and Fe;Oj catalysts. The active acid-base sites in NiFe,O4 and the oxygen vacancies in
the NiO/FepOs catalyst ensured the activation of CHy and CO,, enabling the coupling rate
of intermediates to reach its maximum. In situ diffuse reflectance FTIR analysis revealed
that *OH and *H derived from H,O activated the cleavage of C-H and C=0 bonds. Bonds
between *CH;OH and *COOH and *CHjz produced C; oxygenated compounds acetic acid
and ethanol.

Al-Shafei et al. [81] demonstrated that the Langmuir-Hinshelwood mechanism best
describes the direct reaction between carbon dioxide and methane on a 5% Zr/Ti oxide-
impregnated catalyst. In the absence of carbon dioxide, methyl species dimerized from
methane to produce ethane gas. However, when carbon dioxide was present in the reaction,
adsorbed CO; inserted into the methyl surface species, favoring the hydrogenation reaction
over the dimerization reaction that produces ethane and ethylene, resulting in the formation
of more acetic acid.

Zhao et al. [82] investigated three oxide-oxide model catalysts capable of realizing
direct C-C bond formation based on the simultaneous activation of CH4 and CO; using DFT
calculations. The formation of oxide-oxide interface sites between the substrate (In,O3) and
dispersed oxides [(ZnO)3, (ZrO,)s3, or Ga;O3] enables CO, activation at defect sites in In,O3
and CHy activation at supported metal oxide M-O pairs. In contrast to the Eley—Rideal
mechanism in Zn-doped ceria, where CO; stabilization is followed by C—C bond formation
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with CHj, the formation of a Zn—-C—C-O transition state at the active site originates from the
Langmuir-Hinshelwood mechanism, where activated CO; also enhances the dissociative
adsorption of CHy. Microkinetic analysis indicates that dissociative adsorption of CH, on
the C—C bond plays a dominant role, while adsorption and activation of CO, are relatively
less significant. DFT calculations of the conversion of CHy and CO, to acetic acid on
the (ZnO)3/InyO;5 catalyst surface indicate that the C—C bond-forming step is the most
kinetically critical step. Compared to Ga;Os3/InyO3 and (ZrO,)3 /Iny O3 catalyst surfaces,
(Zn0O)3 /InyO3(110) is more active for acetic acid production.

Ban et al. [83] designed a “single-atom”-“frustrated Lewis pair” (SA-FLP) dual active
site catalyst for the co-conversion of CHy and CO, into acetic acid based on DFT calculations.
The SA site was introduced by doping transition metal (TM) atoms (TM = Fe, Co, Ni, Cu; Ru,
Rh, Pd, Ag; Os, Ir, Pt, Au) onto the CeO,(1 1 0) surface, while the FLP site was constructed
by controlling surface oxygen vacancies. They demonstrated that introducing SA onto the
CeO, surface promotes the formation of oxygen vacancies, thereby facilitating the formation
of FLP sites. The SA-FLP dual active site can simultaneously activate CH4 and CO,, with CHy
preferentially activated at the SA site and CO, preferentially activated at the FLP site. Among
the 12 SA-FLP catalysts, the Ag;-FLP catalyst exhibited the best performance in the reaction
converting CHy and CO; to acetic acid at 573 K and 2 bar, showing a rate-determining barrier
of 1.12 eV and a conversion frequency of 2.52 x 1073 s~ 1.

Yang et al. [84] achieved the sequential C—C bond formation of CH4 and CO, using
the heteronuclear metal cation CuTa*, confirming that Cu can regulate charge distribution
and reduce the energy difference between key orbitals involved in the C—C bond formation
of the CHj, and CO units derived from the activation of CH4 and CO, respectively.

Research on heterogeneous catalysts for the production of acetic acid via the reaction
between CHy4 and CO; in the gas phase is actively underway, and studies are also being
conducted on the effects of operating conditions—such as stepwise reactions—to improve
the efficiency of acetic acid production. Since the catalysts and reaction conditions required
to activate CHy and CO; differ, further research is needed to optimize these parameters. In
particular, it is crucial to select catalyst combinations that allow the reaction to proceed at
low temperatures with minimal energy consumption and where the activation conditions
for CH4 and CO; are closely aligned. Since this reaction involves repeated cyclic operation
under varying operating conditions, it is essential to conduct long-term stability studies on
the developed catalyst.

3. Non-Thermochemical Conversion of Methane into Acetic Acid

Thermochemical processes generally require external heat generated by fuel combus-
tion or electricity, as they proceed only at elevated temperatures except when using strong
oxidizing agents (e.g., K»S,Og and H;O;). In contrast, non-thermochemical processes
(e.g., electrochemical, photochemical, photoelectrochemical, and plasma processes) directly
utilize electricity and mostly proceed at room temperature.

3.1. Electrochemical Process

As Spinner and Mustain [85] mentioned previously, electrochemical processes can
offer distinct advantages over thermochemical processes: (i) reduced activation energy
barriers; (ii) precise control of product formation through surface free energy regulation via
electrode potential; (iii) separation of oxidation and reduction processes and the possibility
of independent catalyst design. Therefore, electrochemical methane conversion can be
considered an attractive alternative for low-temperature CHy activation, and the concept
that these methane oxygenates and other hydrocarbon products can be synthesized at
low temperatures using electrochemical techniques was first reported by them. They
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electrochemically activated methane at room temperature on a NiO-ZrO, bifunctional
electrocatalyst, using CO32~ as an oxygen donor species to generate low-molecular-weight
oxygen compounds such as CH;0H, HCHO, CO and HCOO™ [85]. O, and CO, were
also observed as products resulting from carbonate electrolysis and/or oxygen evolution
reactions. Methane was adsorbed and activated on NiO, while CO32~ was adsorbed on the
non-conductive ZrO,. Subsequently, oxygen was extracted from CO32~ and transferred to
the electrocatalyst active site, where it formed new C-O or O-H bonds. Table 6 summarizes
some electrocatalyst systems for the direct conversion of methane into acetic acid [86-89].

Ma et al. [86] employed a ZrO,:NiCo,O4 quasi-solid solution catalyst (entry 1 in
Table 6) as the electrochemical anode for partial methane oxidation into propionic acid,
acetic acid and acetone via 1-propanol, acetaldehyde and 2-propanol, respectively.

Ponticorvo et al. [87] designed an electrocatalyst featuring Rh and Cu single atoms
dispersed on Al,O3; nanoparticles modified with NH4BF, (entries 2 and 3 in Table 6),
which contain abundant Brensted acid sites. Here, the Bronsted acid sites play a crucial
role in the final formation process by enabling direct insertion of CO into the reaction
intermediate. The Rh-based electrocatalyst (entry 2 in Table 6) achieved a high acetic acid
production rate of 34 pumol AA-cm~2-h~!. In contrast, the copper-based catalyst (entry 3 in
Table 6) attained a selective ethanol production rate of 37 pmol AA-cm~2-h~!, owing to the
tendency for acetyl species formation over the copper single atoms. Catalytic activity was
stably maintained at 2 V and room temperature for at least 120 min.

Luo et al. [88] reported the electrocatalytic conversion of CHs to CH3COOH in an
electrolyte containing HCO3; ™. By optimizing the active sites through defect engineering,
the optimal catalyst (ZnO nanosheets rich in atomic defects, entry 4 in Table 6) achieved a
high CH;COOH yield of 0.35 mol AA- g, ~!-h~! at 85.4% CH3COOH selectivity versus
RHE at 1.3 V. This study emphasized the importance of abundant surface Zn/O defects.

Liu et al. [89] developed a CuOx—ZrO,-TiOy composite catalyst (entry 5 in Table 6)
for the selective electrooxidation of CH4 to CH3COOH. The fabricated electrode achieved
a Faradaic efficiency (FE) of 60.1% for CH3COOH at a current density of 10.8 mA cm ™2,
corresponding to a production rate of 3.3 mmol AA-gc,t. ~1-h~1. Mechanistic studies con-
firmed that the synergistic effect at the CuOx/ZrO,-TiOy interface enhanced the catalytic
efficiency. CuOy oxidizes H,O to generate hydroxyl radicals (*OH), while the ZrO,—TiOx
interface, possessing strong Lewis acid activity, adsorbs and activates CHy. The CuO
and ZrO,-TiOy interfaces synergistically oxidize CHy to generate a series of intermediates
(*CHs, *CH30, *CH,0, *COOH) and promote C-C bond formation to produce CH;COOH.

Yuan et al. [90] proposed an integrated pathway enabling acetic acid synthesis from
CHy and CO,. First, CO; is reduced to CO via electrochemical CO; reduction and to oxygen
via water oxidation. Subsequently, the oxidative carbonylation of methane, catalyzed by a
rhodium single-atom catalyst supported on zeolite, proceeds. As a result, CH;COOH is
obtained with high selectivity (>80%) and excellent yield (approximately 3.2 mol AA-gca;, ~*
within 3 h).

Al-Attas et al. [91] studied «-Fe;O3 as a model catalyst to gain mechanistic under-
standing of the electrochemical CHy4 oxidation reaction. During chronoamperometric
experiments, liquid products (formic acid, acetic acid, acetone) were obtained at approxi-
mately 6.5% total Faradaic efficiency at 2.3 V vs. a reversible hydrogen electrode (Vryg).
As shown in Figure 5, non-Faradaic CHy adsorption occurred at potentials below 2.0 VRyg.
CH,4 oxidation initiates via ¢OCHj3 species formation through H extraction, followed by
additional oxidation steps to produce formate. The coupling of «¢OCH3 and formate gener-
ates ¢ OCOCHj3; species. Furthermore, C—C bond formation between -COCHj3 and -CHj3
led to acetone formation.
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Table 6. Electrocatalyst systems for the direct conversion of methane into acetic acid (AA).
Ent Catalyst Reaction Conditions Production Rate of AA Selectivity E?f? r'rent Ref
atalysts 0 .
v y Working Electrode Counter Electrode Electrolyte Applied Potential ~ Temperature roduction Rate to AA (%) (c(;:)ncy ¢
Zr0,:NiCo,04 quasi-solid . . . ° ) 1 -1 B

1 sclution catalyst graphite foil Pt foil 0.5 M Nay,CO3 2.0V vs. Pt 25°C 27 pmol AA-geat.~h 14 [86]
graphite foil Pt foil ° 21 100 a

2 Rh/Al,O;@NH,BE, (oea = 10 con?) (area = 10 em?) 0.5 M KHCO; 2.0 Vvs. Pt 25°C 34 pmol AA-cm~2-h 100 95 [87]
graphite foil Pt foil ° 21 _2ga

3 Cu/AlLO;@NH,BE, (oea = 10 con?) (area = 10 em?) 0.5 M KHCO; 2.0 Vvs. Pt 25°C 21 pmol AA-cm~2-h 38 38 [87]

0.5cm x 0.5 cm . NaHCOj solution ° 141 5
4 Defected ZnO carbon cloth graphite (pH=9) 1.3 Vvs. RHE 25°C 0.35mol AA-gcat. ~-h 85.4 72 [88]
uOx—2ZrO,-TiOy 1 substrate t foi . ap 3 . VS. .3 mmo ‘geat. ch™ ~
5 CuOx—ZrO,-TiO Ti sub Pt foil 0.5 M Na,CO 27V RHE 25°C 3.3 1 AA-g Lh-1 842 60 [89]

2 The selectivity to AA was calculated only based on the liquid products.
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Figure 5. Schematic diagram of the proposed reaction pathways of the electrochemical methane
oxidation reaction [91]. Copyright 2024 American Chemical Society.

Various electrode catalysts for the direct electrochemical production of acetic acid
from methane in electrolytes containing CO3%~ or HCO;~ at room temperature have
been reported, including cases demonstrating high current efficiency and selectivity for
acetic acid. However, there is a need to develop low-cost, non-precious metal electrode
catalysts that offer both high current efficiency and high selectivity for acetic acid, as well
as electrochemical reaction systems capable of directly utilizing CO, while increasing
methane conversion.

3.2. Photochemical and Photoelectrochemical Processes

The photochemical conversion of methane to acetic acid requires efficient activation of
the methane C-H bond alongside balanced regulation of the adsorption and desorption of
various free radicals and C; intermediates to promote efficient C—C bond formation. To
this end, the effects of catalyst design—including active site assembly, crystal surface, and
atomic rearrangement—and auxiliary reactants such as CO and CO, on this reaction were
examined [92]. Table 7 summarizes some photocatalyst systems for the direct conversion
of methane into acetic acid [93-99].

Li et al. [93] utilized a MOF built with porphyrin as the linker (entry 1 in Table 7) to
provide high concentrations of binding sites to support atomically dispersed rhodium and
achieved up to 5 wt% rhodium loading. Interestingly, this catalyst exhibited a unique sensitivity
to light, producing acetic acid with a maximum selectivity of 66.4% under the same reaction
conditions when illuminated, and methanol with a maximum selectivity of 65.0% in the dark.

Dong et al. [94] demonstrated a photocatalytic synthesis of acetic acid from CHy, CO,
and water at room temperature by using TiO,-supported ammonium phosphotungstic poly-
oxometalate (NPW) clusters anchored with isolated Pt single atoms (Pt;) (entry 2 in Table 7).
They proposed that acetic acid synthesis proceeds via photocatalytic oxidative carbonylation of
methane on the Pt; sites, with methane activation being promoted by water-derived hydroxyl
radicals during this process (Figure 6). This enabled the synthesis of a stable 5.7 mmol-L~!
acetic acid solution within 60 h with a selectivity of 90% for liquid and 66% for carbon standards,
yielding 99 moles of acetic acid per mole of platinum.

Liu et al. [97] successfully catalyzed the conversion of CH4 and CO; into acetic acid at
room temperature using a Cu/ZnO catalyst (entry 5 in Table 7) activated by photons. Under
optimal conditions (irradiance 100 mWem~2,25 4+ 2 °C, pressure 2 MPa, CH4:CO, volume
ratio 1:1), the acetic acid yield reached 41 pmol AA.- gcat,_l'h_l, with a selectivity of 89.5%.
Improved CHy4 dissolution in water under increased pressure and temperature was observed,
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leading to enhanced acetic acid production. Furthermore, surface chemical adsorption of CHy
and CO; promoted by ZnO and Cu within the catalyst was involved in the catalytic mechanism,
enabling photogenerated charge transfer to form C—C bonds and subsequently acetic acid. Fei
et al. [98] achieved the synthesis of acetone (CH3COCH3) through the direct coupling of two
CH4 and one CO using a combined photothermocatalytic approach by using TiO; as a light
absorber and Pd nanoparticles as a cocatalyst. They proposed that the suitable binding strength
between Pd and the reactive intermediates was responsible for the high selectivity toward
C3 products.

Zhang et al. [96] achieved the direct synthesis of CH3COOH from CHy alone via pho-
tochemical conversion without additional reagents. This was made possible by constructing
a PdO/Pd-WOs heterointerfacial nanocomposite (entry 4 in Table 7) containing active sites
for CHy activation and C—C bond reaction. It was revealed that while CH, decomposed into
methyl groups at the Pd site, the oxygen in PdO served as the carbonyl-forming agent. A
chain reaction between the methyl and carbonyl groups generates an acetyl precursor, which
subsequently converts to acetic acid. Notably, a production rate of 1.5 mmol-gpg '-h~! and a
selectivity of 91.6% for acetic acid were achieved in a photochemical flow reactor.
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Figure 6. Schematic of photocatalytic conversion of methane to acetic acid using isolated plat-
inum single atoms (Pt;) anchored on TiO,-supported ammonium polyoxometalate (NPW) clusters.
(a) Process of photoexcited charge carrier generation at the 4-fold oxygen-coordinated Pt; site and
proposed photocatalytic acetic acid generation mechanism. * symbol indicates the reduced state
of NPW after accepting a photoexcited electron from TiO, during the transition from state B to E.
(b) Stepwise reaction energies (eV) for the gas-phase reaction for acetic acid synthesis over Pt; /NPW
moiety [94]. Copyright 2023 American Chemical Society.
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Wang et al. [95] constructed a composite photocatalyst (Ag/AgCl-WO;_y) (entry 3
in Table 7) and successfully achieved a single-step photocatalytic conversion of CHy to
CH;3COOH without adding carbonyl species. Under irradiation on the Ag/AgCl surface,
chlorine radicals and hydroxyl radicals could be generated simultaneously. Specifically,
CHy can generate methyl species through a transition reaction with chlorine radicals and
hydrogen atoms, while hydroxyl radicals can photodecompose CHy to produce carbonyl
species. Subsequently, the addition of WO;3_, enables a carbon—carbon bond reaction
between the carbonyl species and the methyl species, effectively generating acetic acid
(188.5 pmol~gcat,_1'h_1).

Liet al. [99] achieved highly efficient photo-driven carbonylation of CH4 to CH;COOH
by reacting CH, with CO and O, over Rh—Zn atom pairs confined to MoS, coupled with
TiO; (entry 11 in Table 7). They discovered the synergistic effect between Rh—Zn and photo-
excited electrons from TiO, in CH3COOH formation. Specifically, they explained that the
active OH species generated via the O, photo-reduction reaction through proton-coupled
electron transfer at the Zn site promoted the decomposition of CHy to produce CHjs species.
This CHj species readily combines with CO adsorbed on the adjacent Rh site to form
CH3CO, the key intermediate for CH3COOH formation.

Various photocatalysts have been reported that use CO as a carbonylating agent to
produce acetic acid from methane at room temperature or at low temperatures below
200 °C, and cases with high selectivity for acetic acid have also been reported. However,
there is a need to develop low-cost, non-precious-metal photocatalysts that offer high
photoconversion efficiency, high selectivity for acetic acid, high acetic acid production rates,
and high CO utilization efficiency, as well as photocatalytic reactors capable of increasing
the acetic acid yield per unit volume of the reactor.

Table 8 summarizes reported photoelectrochemical systems for the direct conversion
of methane into acetic acid [100,101]. Compared with the photocatalyst systems, a rather
limited number of examples can be found for the photoelectrochemical systems. Silva
et al. [100] investigated a thin-film TiO,:5nO;, semiconductor heterojunction catalyst for
methane oxidation via the photoelectrocatalytic process. When using the TiO,:5nO; het-
erojunction (entry 1 in Table 8), the production rates of methanol and acetic acid were 30
and 8 pmol-cm~2-h 1, respectively. The superior performance of the TiO,:5nO; heterojunc-
tion compared to single materials stems from the formation of a type-II heterostructure,
which enhances interband transition efficiency and facilitates the separation of e~ /h* pairs
generated under UV-visible irradiation. Nie et al. [101] reported that high-entropy LaMnO3z—
polyoxometalate subnanowires (entry 2 in Table 8) exhibited high catalytic activity (up
to 445 mmol AA-geat. ~1-h~! with >99% selectivity) for the photocatalytic conversion of
methane to acetic acid under mild conditions (1 bar, 25 °C). They explained that this is
due to the continuous active sites of high-entropy LaMnOj3 and polyoxometalate within
the heterogeneous structure, which efficiently activate the C-H bond and stabilize the
generated *COOH intermediate. This allows *CHj3 and *COOH to act favorably for the
in situ coupling to form acetic acid, driven by the electron delocalization effect at the
subnanometer scale.
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Table 7. Photocatalyst systems for the direct conversion of methane into acetic acid (AA).
Reaction conditions -
Entry Catalysts - ; Production Rate of AA Sel;ilr‘:/t{ to Ref.
Solvent Oxidant Light Source Pressure Temperature °
1 5%Rh; /pMOF H,O 0O, 100 mW-cm 2 1.5 MPa CHy, 0.4 MPa O,, 0.5 MPa CO 150°C 23.62mmol AA-ge, 1h! 862, 66.4 [93]
2 (0.2%Pt/NPW)/TiO,(3:10) H,0 - 400 W Hg—Xe lamp 1.0 MPa CHy, 0.1 MPa CO, 20°C 1.65mol AA-molp,1-h~! 902,66 [94]
3 Ag/AgCI-WO;5_x H,0 0, 500 W Xe lamp 0.1 MPa (CH;:N,:0, = 1:9:1) RT 0.1885 mmol AA-gg, ~1-h! 62.7 [95]
4 PAO/Pd-WO3 H,O - 300 W Xe lamp 0.1 MPa CH, RT 0.063 mmol AA-ge, ~1-h~! ~60 [96]
5 Cu/ZnO H,0 100 mW-cm™2 (400 < A <800 nm) 1MPa CHy4, 1 MPa CO, RT 0.041 mmol AA-geye 1-h! 89.52 [97]
6 TiO» H,O 100 W UV LED (365 nm) 0.9 MPa CHy, 0.1 MPa CO 150°C ~0.25 mmol AA-gey, 1h ! ~902 [98]
7 Pt/TiO, H,O 100 W UV LED (365 nm) 0.9 MPa CHy, 0.1 MPa CO 150°C ~0.25 mmol AA-ges. ~1-h™! ~752 [98]
8 Rh/TiO, H,O 100 W UV LED (365 nm) 0.9 MPa CHy, 0.1 MPa CO 150°C 0.30 mmol AA-gey. 1-h~! ~732 [98]
9 Au/TiO; H,O 100 W UV LED (365 nm) 0.9 MPa CHy, 0.1 MPa CO 150°C ~0.080 mmol AA-ge, ~1-h7! ~412 [98]
10 Pd/TiO, H,O 100 W UV LED (365 nm) 0.9 MPa CHy, 0.1 MPa CO 150°C ~0.14 mmol AA gy ~1-h! ~172 [98]
g ) 300 W Xe lamp (1500 mW-cm ™2, o 11 a
11 RhZn-MoS, /TiO, H,O O, 200 < A < 800 nm) 3.0 MPa CHy, 0.2 MPa O, 2.5 MPa CO 130°C 0.24 mol AA-gry~"-h 88 [99]
2 The selectivity to AA was calculated based only on the liquid products.
Table 8. Photoelectrocatalyst systems for the direct conversion of methane into acetic acid (AA).
Electrodes Reaction Conditions Selectivity
Entry - - Production Rate of AA to AA Ref.
Working Electrode Reference Electrode Counter Electrode Light Electrolyte Pressure Voltage  Temperature (%)
1 TiO,:5nO, Ag/AgCl3.0MKCl SAE 304 stainless steel 100 W halogen lamp 0.5M NayCO3 0.1 MPa CHy 1.3V RT 8 umol AA-cm~2-h~! 212 [100]
high-entropy 300 W Xenon lamp
2 LaMnOj3;—polyoxometalate Ag/AgClelectrode Pt foil (320-780 nm, 0.5M Nay,COs3 0.1 MPa CHy 1.2V RT 4.45mmol AA-gc,. “Lh! >99 [101]
subnanowires 100 mW cm—2)

2 The selectivity to AA was calculated only based on the liquid products.
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Although there have been relatively few reports on the production of acetic acid from
methane using photoelectrochemical catalysts compared to electrochemical or photocat-
alysts, studies have shown that the reaction rate and selectivity for acetic acid are often
higher. For photoelectrochemical catalysts, research is needed on methods to enhance the
stability of the photoelectrode and increase methane conversion, as well as on approaches to
implement continuous reactions by directly utilizing CO, and maintaining high selectivity
for acetic acid even at high methane conversion.

3.3. Plasma Process

The plasma process enables the selective activation of target chemicals directly using
electricity even at room temperature, thereby providing an energy-efficient process that
does not require heating all raw materials. While this process can proceed without a
catalyst, an appropriate catalyst can be selected and used to enhance the conversion of
reactants and the selectivity of target products, and the temperature can also be controlled
for the same purpose [102-104]. Table 9 summarizes some plasma processes for the direct
conversion of methane and CO, into acetic acid [105-113]. When compared to the reaction
activity data in the preceding sections, it can be confirmed that significantly higher methane
conversions have been reported in the plasma processes. However, examining the acetic
acid selectivities in Table 9 also reveals that these values are considerably lower than those
for the catalyst systems discussed in the preceding sections. This is because the plasma
process fundamentally operates as a radical-based process [114]. In radical reactions, when
different radicals combine and multiple products are possible, selectivity for a specific
product inevitably becomes low.

Table 9. Plasma systems for the direct conversion of methane and CO, into acetic acid.

Reaction Conditions

Methane

Entry Catalysts Voltage or Conversion ?el‘:i\hrs/t ¥ Ref.
Discharge Frequency Feed Rate Feed Composition Temperature (%) ° °
Power
1 - 100W 25kHz 40 mL/min 67.4% CHy +32.6% CO, 65°C ~53 5.3 [105]
2 - 10kV, 100 W 25kHz 60 mL/min 66.8% CHj +33.2% CO, RT ~63 52 [106]
3 - 10W 40 mL/min 50% CHy + 50% CO, 20°C ~24 ~24 [107]
4 - 3.6kV 77 mL/min 8.4% CHy +28% CO; + 63.6% Ar 100°C -2 67 [108]
5 10%Co/SiO, 55kV 3kHz 30 mL/min CO,/CHy =2 RT ~50 17.9 [109]
6 10%Fe/SiO, 55kV 3kHz 30 mL/min CO,/CHy =2 RT ~46 12.4 [109]
7 10%Fe/5A 13kV 7kHz 30 mL/min CO,/CH4/Ar=1/1/1 RT ~51 7.9 [110]
8 - 30kV,10W 9kHz 40 mL/min CO,/CHy =1 30°C ~18 33.7 [111]
9 15%Cu/v-Al,O3 30kV,10W 9kHz 40 mL/min CO,/CHy =1 30°C ~16 40.2 [111]
10 - 12W 9kHz 40 mL/min CO,/CHy =1:1 60°C ~16 ~6 [112]
11 H-ZSM-5 12W 9kHz 40mL/min CO,/CH, =1:1 60°C ~18 ~16 [112]
12 Cu/H-ZSM-5 12W 9kHz 40mL/min CO,/CHy =1:1 60°C ~18 ~11 [112]
13 nickel foam 13kV 4kHz 30 mL/min CO,/CHy =1 RT ~17 13.4 [113]
14 NiO/nickel foam 13kV 4kHz 30 mL/min CO,/CHy =1 RT ~18 9.6 [113]
15 Ni/nickel foam 13kV 4kHz 30 mL/min CO,/CHy =1 RT ~16 15.1 [113]
16 NiGa/nickel foam 13kV 4kHz 30 mL/min CO,/CHy =1 RT ~16 17.8 [113]

2 Productivity of acetic acid was reported to be 5.0 mmol AA-h~1.

4. Summary and Outlook

This review broadly categorizes direct chemical conversion technologies from methane
to acetic acid into thermochemical and non-thermochemical approaches. The former
generally requires homogeneous or heterogeneous catalysts to achieve significant acetic
acid yields under mild conditions. Although two methane molecules can be directly
converted to acetic acid via methyl radicals and CO (or CO;) derived from methane, this
approach suffers from low acetic acid yield. To overcome this, additional carbonylating
agents such as CO and CO; are introduced. In the presence of strong oxidants like K,5,0g
and H,O,, the direct conversion of methane to acetic acid can proceed even under mild
conditions, particularly in strongly acidic solvents (e.g., CF3COOH and H,50,). However,
such systems are not attractive from a practical standpoint. To address this, research has
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frequently focused on introducing a CO/H,0O/O; system to enable in situ generation of
H,O,, which is then utilized to directly convert methane to acetic acid. This is because CO
not only acts as a carbonylating agent but can also be employed for the in situ generation
of HyO,. Significant progress has been made in research on heterogeneous catalyst systems
that directly convert methane into acetic acid using a CO/H;0/O; system in the liquid
phase. In this system, catalyst design should be pursued to efficiently utilize CO both for
carbonylation and in situ generation of hydrogen peroxide. Until now, catalytic activity
data based on batch reactions have been primarily reported. However, by conducting
continuous reactions to determine methane conversion rates, acetic acid selectivity and
yield, and acetic acid production rates under various operating conditions, it may be
possible to evaluate economic competitiveness against existing commercial processes.

From a more ideal perspective, the direct carboxylation reaction of CH, and CO, is
gaining increasing attention, even though it must be performed at high temperatures to
simultaneously activate two chemically stable simple molecules. Various process technolo-
gies, including stepwise activation and extraction, are also being explored to overcome
thermodynamic and kinetic limitations. When all these thermochemical processes are
considered collectively, the current technological level remains far below industrialization
standards when compared to existing industrial processes for acetic acid synthesis (e.g.,
the Monsanto process, the Cativa process, the Acetica process, and the BP-Sabre process).
Once a catalytic process is developed that significantly improves the overall yield (or pro-
duction rate) of acetic acid, it will be possible to conduct a techno-economic evaluation by
comparing it with existing processes after reviewing factors such as mass transfer, reactor
design, and process energy balance.

Even in non-thermochemical processes, photocatalytic and plasma processes rely on
radical-based chemistry. Specifically, while plasma processes can achieve high methane
conversions, their selectivity for acetic acid is relatively low. Therefore, synthesizing
currently known technologies, the most promising non-thermochemical process for directly
converting methane to acetic acid appears to be based on electrochemical reactions. Here,
methane dissolved in water can be functionalized by carbonate species generated from
CO;, dissolved in water at a controlled applied voltage on a suitably selected electrode
to produce acetic acid. Since this electrochemical conversion of methane occurs at the
anode, hydrogen is typically produced at the cathode during this process, significantly
contributing to improving the process’s economic viability. Although currently confined to
laboratory scale, this electrochemical process could be scaled up, drawing on demo-plant-
scale CO; electro-reduction processes and commercialized examples like chlor-alkali and
water electrolysis processes.

A notable aspect of electrochemical acetic acid production technologies is that acetic
acid can be directly synthesized from CO; itself without requiring CHy4 [115-120]. Of
course, in this case, oxygen (O;) is produced at the anode. Therefore, from the perspective
of electrochemical acetic acid production, the electrochemical oxidation of methane and the
electrochemical reduction of CO; can be viewed as competing technologies.

Regarding electrode materials, high overpotentials, slow reaction rates, low stability,
and low selectivity toward acetic acid remain challenges to be addressed. New electro-
chemical catalyst systems, including single-atom catalysts [121,122], MXenes [123,124],
boron-doped diamond [125], and polyoxometalates [126-128], can be further developed
to design electrode materials with enhanced stability, selectivity, and current efficiency.
Alongside experimental results, modern tools such as computational simulation analysis
and machine learning can contribute to industrial catalyst optimization by considering
various performance and techno-economic parameters.
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The electrochemical synthesis of acetic acid from methane or carbon dioxide is a com-
plex multi-intermediate reaction heavily dependent on factors such as electrolyte, cation,
pH, and operating current density. Therefore, optimization of these factors must proceed
concurrently with the design of electrode materials. Research on various electrolyzer
designs, such as H-cells, flow cells with gas diffusion electrodes (GDEs), and membrane
electrode assemblies (MEAs), is also crucial for enhancing the technology readiness level of
this process. Criteria proposed for industrial application, such as current densities (e.g.,
>300 mA-cm_z) and operational stability (e.g., >80,000 h), are also key items that must be
considered during technology development [119].

Finally, high selectivity for acetic acid in all processes is a key factor determining the
overall economic viability of the process, and, particularly in liquid-phase reactions, high
selectivity for acetic acid is extremely important. This is because the process of separating
acetic acid from the liquid mixture in water is energy-intensive, and obtaining high-purity
acetic acid is difficult when various mixtures coexist.
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