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Sustainable green hydrogen production processes and efficient hydrogen storage methods are highly

sought after to advance the hydrogen economy. Recently, a biomass–formic acid–hydrogen conversion

process, which combines the formic acid production process from biomass with a formic acid dehydro-

genation process, has been developed to address the two critical issues in the hydrogen field.

Traditionally, inorganic acid reactants have been used to increase formic acid production during biomass

treatment. In this study, we utilized a greenhouse gas as a heterogeneous acid reactant to replace toxic

strong acid reactants. A formic acid yield of 36.18% was achieved using lignocellulose biomass under 30

bar CO2 pressure, with 11 wt% H2O2 at 170 °C for 3 h, which is comparable to the yields reported in

biomass conversion studies employing sulfuric acid, highlighting the competitiveness of this greener

approach. We used a carbonic acid reactant instead of inorganic acid reactants, advancing the develop-

ment of a sustainable formic acid production process. Various herbaceous biomass types (corn and

wheat stover) were tested in the hydrolysis–oxidation system using CO2 gas and H2O2. Formic acid yields

(17.43 and 20.45%) were lower when herbaceous biomass was used than when red pine was used. Finally,

formic acid derived from biomass was converted to hydrogen gas in a dehydrogenation system using a Pd

heterogeneous catalyst at room temperature. This process eliminates the use of harmful inorganic acids

while contributing to significant carbon reduction. Carbon emission analysis results show that this

process can achieve a net carbon reduction of 5.83 tons of CO2 per ton of hydrogen produced. This

approach not only supports carbon-neutral hydrogen production but also demonstrates high scalability

potential, making it a viable solution for meeting global sustainability targets at an industrial scale.

Green foundation
1. This study pioneers a carbon-neutral biomass-to-hydrogen process that utilizes CO2 as a catalyst, replacing conventional inorganic acids. By integrating
hydrolysis–oxidation with CO2 and hydrogen peroxide, this method enhances formic acid yield while significantly reducing environmental impacts, providing
a scalable pathway for green hydrogen production and storage.
2. The proposed process achieved a formic acid yield of 36.18% from red pine under optimized conditions (30 bar CO2, 11 wt% H2O2, 170 °C, 3 hours). This
yield is comparable to sulfuric acid-based processes but eliminates toxic acids, leading to a net carbon reduction of 5.83 tons of CO2 per ton of hydrogen pro-
duced, outperforming traditional hydrogen carriers.
3. Further research could improve the purification of formic acid to enhance catalyst efficiency during dehydrogenation. Exploring renewable energy sources
for process heating and optimizing biomass feedstock utilization could elevate the sustainability of this innovative approach.

Introduction

Hydrogen, a sustainable and eco-friendly energy carrier, allows
for the highly efficient generation of electricity in power gene-
ration systems, including polymer electrolyte membrane fuel
cells, in the foreseeable future.1–5 However, two key issues
must be addressed to enhance hydrogen utilization.6 First,
hydrogen is still primarily produced from fossil fuels, such as
natural gas, coal, and oil, through processes like gasification,
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steam reforming, and auto-thermal reforming.7–15 This depen-
dence on fossil fuels must be overcome because it leads to sig-
nificant environmental problems.15,16 The development of
cleaner, more efficient, and sustainable methods for hydrogen
production from renewable resources is required.17–20 Efficient
hydrogen production using renewable resources such as
biomass can undoubtedly contribute to the implementation of
a hydrogen economy and help mitigate environmental pro-
blems.15 In theory, biomass is a CO2-neutral resource, as it is
derived from CO2 and water in nature through
photosynthesis.21–24 Additionally, it offers noteworthy advan-
tages in terms of sustainability, availability, and diversity.25

Various production strategies, including thermochemical and
biological processes, are available for hydrogen conversion
using biomass.15,18,26 However, these methods are energy-
intensive (low energy efficiency), require harsh conditions
(high temperature and pressure), and have high operational
costs. Moreover, they necessitate downstream purification of
the produced gas to eliminate inhibitors such as CO, tar, ash,
and nitrogen/sulfur-containing components.27,28 Therefore,
developing a cleaner, more efficient, practical, and economical
process for hydrogen production using biomass is highly desir-
able and remains a key challenge.29

Second, even though hydrogen can be produced from
renewable resources (e.g., biomass conversion processes and
electrolysis via solar and wind power), stability and storage are
significant challenges for advancing the hydrogen economy.
Various proposed hydrogen storage methods, such as high-
pressure gas containers, cryogenic liquid/gas containers, and
solid metal hydrides, suffer from problems such as the low
volumetric and gravimetric densities of hydrogen, high
pressure (700–800 bar) or low temperature (−252 °C) require-
ments, high security and energy demands, and hydrogen loss
during storage.30 Therefore, on-demand hydrogen release from
stable, appropriate chemical precursors, such as liquid organic
hydrogen carriers (LOHCs), is highly desirable to overcome
these problems. LOHCs are cheap, safe, and easy to manage.
Additionally, they allow for long-term hydrogen storage, and
hydrogen can be transported via existing petroleum-based
infrastructure.31,32 Formic acid, with a high hydrogen capacity
of 4.4 wt% and 53 g L−1, has attracted increasing interest as a
promising LOHC.33–41 However, the current commercial pro-
duction of formic acid is mainly derived from fossil fuels such
as methanol and CO through an energy-intensive high-pressure
process.42,43 Developing a formic acid production process from
renewable resources is preferable to mitigate carbon emissions.
Although a sustainable formic acid production process has
recently been developed via the electrochemical reduction
(hydrogenation) of CO2 and hydrogen/water,44 it is not energy
efficient because CO2 is kinetically and thermally stable, requir-
ing significant energy input, expensive catalytic systems, and
harsh conditions to convert to formic acid.45–47 Fossil-derived
formic acid dominates current production, with green-derived
FA still limited to niche applications. Integrating biomass-based
FA production can significantly increase the share of renewable
FA in the market, addressing this imbalance.

The biomass–formic acid–hydrogen (BFH) conversion
process was proposed as a combined process of biomass
hydrolysis–oxidation treatment and formic acid dehydrogena-
tion for the development of a sustainable hydrogen pro-
duction/storage process by the research group at Xi’an
Jiaotong University in 2018 and the Korea Institute of Energy
Research (KIER) group in 2019 and 2021. Zhang et al.15

reported hydrogen production with up to 95% yield from non-
food biomass (wheat straw) using a one-pot, two-step reaction.
In the first step, wheat straw was converted to formic acid in
the presence of 0.7 wt% sulfuric acid, 30 bar oxygen gas, and 1
vol% dimethyl sulfoxide at 160 °C for 3 h. In the second step,
the formic acid obtained from the biomass was reacted using
a homogeneous iridium reactant at 90 °C. The KIER group pro-
posed a low-temperature (170 °C) and low-pressure process
(internal staring pressure: 0 bar) for hydrogen production
starting from lignocellulose comprising: (1) the conversion of
the CF solution via the HOHT of the biomass using a homo-
geneous reactant consisting of a 2 wt% sulfuric acid and
11 wt% H2O2 solution at 170 °C for 3 h, (2) the purification of
the CF DF or LCF solution to remove the by-products (lignin,
saccharides, furfural, 5-HMF, etc.), and (3) the dehydrogena-
tion of the DF or LCF solutions using a heterogeneous Pd cata-
lyst at room temperature.48 In addition, a mechanocatalytic
depolymerization step was introduced using an organic acid
such as citric acid before the hydrolysis–oxidation step to
replace the toxic mineral acids and improve the formic acid
yield. This step can promote the production of formic acid by
facilitating the contact between the substrate (biomass) and
the homogeneous reactant (acid-oxidant) during the hydro-
lysis–oxidation step, as pretreatment decreases the molecular
weight of the cellulose and hemi-cellulose.49

Herein, we propose an efficient strategy for producing
formic acid as an LOHC from various types of biomass (ligno-
cellulose and herbaceous biomass) as sustainable feedstock,
using CO2 as an acid reactant. The selection of red pine, corn
stover, and wheat stover as biomass feedstocks reflects their
global availability, diverse compositions, and established sus-
tainability profiles. These materials are representative of ligno-
cellulose and herbaceous biomass, offering insights into the
feasibility of the proposed method across varied feedstocks.
The hydrolysis–oxidation reaction in the presence of CO2 and
H2O2 increased the formic acid yield by 161% compared to the
oxidation reaction alone. In addition, we achieved a formic
acid yield comparable to that of conventional sulfuric acid pro-
cesses by using carbon dioxide as an acid reactant to replace
inorganic acids in the conversion of biomass.

To convert formic acid derived from biomass into hydrogen,
a dehydrogenation catalytic reaction is required. While homo-
geneous catalysts exhibit high activity, their recovery remains
challenging, limiting their practical applications. Since the
development of a heterogeneous catalyst for formic acid dehy-
drogenation at Oxford University in 2011, extensive research
has been conducted in this field. As a result, Pd-based hetero-
geneous catalysts have gained significant attention due to
their superior stability and ability to suppress CO formation.
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In this study, we employed a Pd/NH2-OH-KIE-6 catalyst,
which utilizes an NH2-functionalized mesoporous silica
support to maximize Pd nanoparticle dispersion and enhance
catalyst stability. Using this Pd-based catalyst, we successfully
achieved stable hydrogen generation at room temperature
from formic acid solutions produced from various biomass
sources.2,3,50,51

Overall, this CO2-based biomass treatment method could
help mitigate global warming. This process is scalable and
implementable, potentially supporting the hydrogen economy
by producing LOHC-grade formic acid at lower carbon and
energy footprints. By replacing conventional hydrogen storage
methods, this approach could reduce CO2 emissions by an
estimated 5.83 tons per ton of hydrogen produced, underscor-
ing its role in advancing sustainable energy systems.

Experimental

We propose an environmentally friendly biomass-to-formic
acid conversion process that replaces sulfuric acid with CO2 as
the acid reactant in the existing methods (Fig. 1).

Conversion of biomass to a lignin-free crude formic acid (LCF)
solution using raw biomass and analytical methods

We used three types of biomass (red pine, corn stover, and
wheat stover from Korea) for conversion to formic acid. Before
the conversion, we analyzed the components (carbohydrates
and lignin) of the raw biomass following the two-stage acid-
hydrolysis procedures stipulated in the National Renewable
Energy Laboratory (NREL) Laboratory Analysis Procedure
(LAP),52–55 and the results are summarized in Table 1. The
initial hydrolysis was conducted for 1 h at 30 °C using a
biomass–sulfuric acid solution (72 wt%) mixed at a solid
(biomass)–liquid (72 wt% sulfuric acid) weight ratio of 1 : 10.
In this step, the polymeric structures of cellulose and hemi-

cellulose are broken down by high-concentration sulfuric acid
and converted into polysaccharides. After the first stage of
hydrolysis is completed, water is added to dilute the sulfuric
acid concentration to 4 wt%. The secondary hydrolysis was
conducted for 1 h at 121 °C using a biomass-diluted sulfuric
acid solution (4 wt%) to convert the polysaccharides into
monosaccharides. The liquid products among the two-stage
acid–hydrolysates (glucose, xylose, arabinose, galactose, acetic
acid, formic acid, levulinic acid, 5-(hydroxymethly)furfural
(5-HMF), and furfural) were detected by high-performance
liquid chromatography (HPLC 1200 infinity series, Agilent
Technologies, USA) using a Bio-Rad Aminex HPX-87H organic
acid column (300 × 7.8 mm, USA) with a refractive index (RI)
detector (mobile phase: 5.0 mM sulfuric acid, flow rate: 0.5 mL
min−1, and column temperature: 60 °C) following the
NREL-LAP. We quantified the composition of the carbohydrate
using the results of the liquid concentration. The acid–soluble
lignin of three types of biomass was measured using a UV-vis
spectrophotometer at 320 nm. After the two-stage acid hydro-
lysis, the solid sample was filtered and then dried in an oven
at 105 °C for 24 h. The dried solid sample was combusted in a
muffle furnace at 575 °C for 16 h. The difference between the
dried and combusted solid weights was taken as the acid-in-
soluble lignin content.

Gel permeation chromatography (GPC) analysis was per-
formed to compare the molecular weight of lignocellulose (red

Fig. 1 Block diagram of a sustainable hydrogen production process from biomass using CO2. CCS denotes carbon capture and storage.

Table 1 Components of raw biomass as feedstock

Glucan
(wt%)

XMGa

(wt%)
Arabinan
(wt%)

Total
ligninb (wt%)

Red pine 39.88 ± 1.26 21.07 ± 0.16 1.49 ± 0.1 33.75 ± 0.26
Corn stover 30.30 ± 0.73 18.71 ± 0.38 0.82 ± 0.04 13.85 ± 0.52
Wheat stover 31.42 ± 1.71 22.94 ± 0.42 1.00 ± 0.05 14.58 ± 0.44

a Xylan + Mannan + Galactan. b Acid insoluble + acid soluble lignin.
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pine) and the herbaceous biomass (corn stover and wheat
stover).49 Each biomass sample was dissolved in a 0.1 M
NaNO3 solution. The mixture was filtered using a 0.45 µm
nylon filter. The NaNO3-soluble product (flow rate: 1.0 mL
min−1, input volume: 200 µL) was analyzed using an HLC-8320
GPC system (Tosoh Co. Ltd) with columns (Tskgel guard PWxl
+ 2 × TSKgel GMPWxl + TSKgel G2500PWxl (7.8 mm ×
300 mm)) at 40 °C using an RI detector.

Biomass (red pine, corn stover, and wheat stover, 600 µm,
10 g) and H2O2 (5.6, 11, or 16.8 wt% solutions, 78.96 g) were
added to an autoclave reactor made of SUS 304 with an
internal volume of 500 mL equipped with a stirring bar. These
were mixed to homogeneity and sealed. The reactor was fitted
with a small hole cap to connect to the CO2 (99.9%; 10, 20, or
30 bar) gas cylinder, and the CO2 gas was charged for 30 min
in the reactor. After the loading procedure, the autoclave
reactor was heated to the set-point temperature in an oil bath
at a heating rate of 1 °C min−1 with stirring at 500 rpm at
150–190 °C for 1–4 h. To optimize the formic acid production
process using CO2 and H2O2, formic acid yield was evaluated
under varying reaction conditions. A One-Factor-at-a-Time
(OFAT) approach was employed, systematically adjusting one
variable while maintaining the others constant. CO2 pressure
(10, 20, 30 bar), H2O2 concentration (5.6, 11, 16.8 wt%), reac-
tion temperature (150, 170, 190 °C), and residence time (1, 2,

3, 4 h) were evaluated in sequential steps to determine their
influence on formic acid production. All the experimental con-
ditions are given in detail in Tables 2–4, and S1.† After the
conversion of the biomass to the crude formic acid (CF) solu-
tion, the autoclave reactor was immediately soaked in a
cooling water bath to stop the reaction. Finally, the CF solution
was centrifuged at 3000 rpm for 30 min to remove lignin, and
a lignin-free crude formic acid (LCF) solution was obtained.
The LCF solution was distilled at 110 °C to remove the by-pro-
ducts, yielding a distilled formic acid (DF) solution.

All the liquid samples in the hydrolysis–oxidation product
(LCF solutions) were also analyzed following the NREL-LAP.
The formic acid yield from biomass was calculated using
eqn (1).48

Formic acid yield ¼
FAc� LCFSV

FAmw
� nFA

BW � XMGA%
XMGAmw

� nXMGACþ BW � G%
Gmw

� nGC
� 100

ð1Þ

where, FAc is the formic acid concentration in the LCF solu-
tion (g L−1), LCFSV is the LCF solution volume (L), FAmw is
the formic acid molecular weight (46.03 g mol−1), nFA is the
number of carbon atoms in formic acid (1), BW is the mass of
the raw biomass (g), XMGA% is the xylan + mannan + galactan

Table 2 Results of formic acid concentration and yield via hydrolysis–oxidation hydrothermal treatment (HOHT) of red pine by high-performance
liquid chromatography (HPLC) with refractive index (RI) detector

Entry Substrate Acid reactant
Oxidant
(H2O2) (wt%)

Temperature
(°C)

Reaction
time (h)

Formic
acid (g L−1)

Formic acid
yield (%)

Solid recovery
yield (wt%) Ref.

1a — CO2 30 bar 11 170 3 — — — —
2b Red pine — — 170 3 0.56 ± 0.31 0.47 ± 0.26 71.33 ± 0.39 —
3c Red pine — 11 170 3 16.32 ± 0.29 13.85 ± 0.25 34.33 ± 0.18 —
4d Red pine CO2 10 bar — 170 3 1.73 ± 0.08 1.47 ± 0.07 70.00 ± 0.21 —
5e Red pine CO2 10 bar 11 170 3 34.40 ± 0.98 29.20 ± 0.83 34.14 ± 0.09 —
6 f Red pine CO2 20 bar 11 170 3 39.16 ± 1.26 33.24 ± 1.07 33.96 ± 0.27 —
7g Red pine CO2 30 bar 11 170 3 42.63 ± 0.30 36.18 ± 0.25 34.07 ± 0.33 —
8h Red pine CO2 30 bar 11 170 1 29.25 ± 1.13 24.83 ± 0.96 — —
9i Red pine CO2 30 bar 11 170 2 31.58 ± 0.86 26.80 ± 0.73 — —
10 j Red pine CO2 30 bar 11 170 4 30.04 ± 0.01 25.50 ± 0.01 — —
11k Red pine CO2 30 bar 11 150 3 25.03 ± 1.08 21.25 ± 0.92 — —
12l Red pine CO2 30 bar 11 190 3 18.97 ± 0.28 16.10 ± 0.24 — —
13m Red pine CO2 30 bar 5.6 170 3 13.72 ± 0.99 11.64 ± 0.84 — —
14n Red pine CO2 30 bar 16.8 170 3 18.30 ± 0.06 15.53 ± 0.05 — —
15o Red pine Sulfuric acid 1 wt% 11 170 3 17.62 ± 0.25 16.50 ± 0.25 — 48
16p Red pine Sulfuric acid 2 wt% 11 170 3 39.23 ± 0.38 36.73 ± 0.38 — 48
17q Red pine Sulfuric acid 3 wt% 11 170 3 38.62 ± 0.61 36.23 ± 0.61 — 48

a Reaction condition: carbon dioxide 30 bar, and 78.96 g moisture for 3 h at 170 °C. b Reaction condition: 10 g of raw red pine, and 78.96 g moist-
ure for 3 h at 170 °C. c Reaction condition: 10 g of raw red pine, and H2O2 11 wt% 78.96 g solution for 3 h at 170 °C. d Reaction condition: 10 g of
raw red pine, carbon dioxide 10 bar, and 78.96 g moisture for 3 h at 170 °C. e Reaction condition: 10 g of raw red pine, carbon dioxide 10 bar,
and H2O2 11 wt% 78.96 g solution for 3 h at 170 °C. f Reaction condition: 10 g of raw red pine, carbon dioxide 20 bar, and H2O2 11 wt% 78.96 g
solution for 3 h at 170 °C. g Reaction condition: 10 g of raw red pine, carbon dioxide 30 bar, and H2O2 11 wt% 78.96 g solution for 3 h at 170 °C.
h Reaction condition: 10 g of raw red pine, and carbon dioxide 30 bar, H2O2 11 wt% 78.96 g solution for 1 h at 170 °C. i Reaction condition: 10 g
of raw red pine, carbon dioxide 30 bar, and H2O2 11 wt% 78.96 g solution for 2 h at 170 °C. j Reaction condition: 10 g of raw red pine, carbon
dioxide 30 bar, and H2O2 11 wt% 78.96 g solution for 4 h at 170 °C. k Reaction condition: 10 g of raw red pine, carbon dioxide 30 bar, and H2O2
11 wt% 78.96 g solution for 3 h at 150 °C. l Reaction condition: 10 g of raw red pine, carbon dioxide 30 bar, and H2O2 11 wt% 78.96 g solution for
3 h at 190 °C. m Reaction condition: 10 g of raw red pine, carbon dioxide 30 bar, and H2O2 5.6 wt% 78.96 g solution for 3 h at 170 °C. n Reaction
condition: 10 g of raw red pine, carbon dioxide 30 bar, and H2O2 16.8 wt% 78.96 g solution for 3 h at 170 °C. o Reaction condition: 30 g of raw
red pine, sulfuric acid 1 wt%, and H2O2 11 wt% 236.34 g solution for 3 h at 170 °C. p Reaction condition: 30 g of raw red pine, sulfuric acid
2 wt%, and H2O2 11 wt% 236.34 g solution for 3 h at 170 °C. q Reaction condition: 30 g of raw red pine, sulfuric acid 3 wt%, and H2O2 11 wt%
236.34 g solution for 3 h at 170 °C.
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+ arabinan content in the raw biomass (wt%), G% is the
glucan content in the raw biomass (wt%), XMGAmw is the
molecular weight of C5 sugar (150.13 g mol−1), Gmw is the
molecular weight of C6 sugar (180.16 g mol−1), nXMGAC is the
number of carbon atoms in C5 sugar (5), and nGC is the
number of carbon atoms in C6 sugar (6).

Preparation of formic acid dehydrogenation catalyst

The synthesis method of the formic acid dehydrogenation
heterogeneous catalyst has been described in detail in previous
reports from our group.48,56–59

Preparation of mesoporous silica (KIE-6)

A colloidal silica sol with a silica particle size of 5 nm was syn-
thesized (base-catalyzed hydrolysis reaction) by refluxing a
mixture that included a mixed solution of tetraethyl orthosili-
cate (TEOS) and ethanol added to an ammonia and water solu-
tion (TEOS : NH3 : water : ethanol molar ratio =
1 : 0.084 : 53.6 : 40.7) under vigorous stirring at 50 °C for 3 h.
The prepared silica sol (30 mL) was mixed with 4 g of glycerol
and 0.4 g of sulfuric acid (10 wt% of added glycerol), and then
the mixture was dried in a furnace at 150 °C for 24 h to elimin-
ate the solvent and pre-carbonize the glycerol, affording the
nanocomposite of silica nanoparticles and pre-carbonized
carbon from glycerol. Subsequently, the mesoporous silica

(KIE-6) was produced by calcining the dried sample in a
furnace at 550 °C for 2 h.

Hydroxylation of mesoporous silica (OH-KIE-6)

We performed the hydroxylation of the mesoporous silica
(OH-KIE-6) to increase the content of amine groups on the
silica surface. A mixture of 1 g of KIE-6 and HCl 17.7 wt% solu-
tion was stirred at room temperature for 12 h. After the reac-
tion, the mixture was separated into solid and liquid parts
using a centrifuge system operated at 10 000 rpm for 5 min.
The solid sample was washed with deionized (DI) water and
separated three times until it was neutral. Finally, OH-KIE-6
was obtained after drying the separated solid sample under
ambient conditions.

Amine-functionalization of hydrolyzed mesoporous silica
(NH2-OH-KIE-6)

OH-KIE-6 (1.5 g) and 3-aminopropyl trimethoxysilane (APTMS,
3.75 mL) were added to 150 mL of toluene, and the mixture
was refluxed in a round-bottom flask at 110 °C for 3 h without
stirring. After the amine-functionalization reaction, the
mixture was filtered and washed to remove the unreacted
APTMS. Finally, the filtered solid sample was dried at room
temperature for 24 h to yield NH2-OH-KIE-6.

Table 3 Results of formic acid concentration and yield via hydrolysis–oxidation hydrothermal treatment (HOHT) of corn stover by high-perform-
ance liquid chromatography (HPLC) with refractive index (RI) detector

Entry Substrate Acid reactant
Oxidant
(H2O2) (wt%)

Temperature
(°C)

Reaction
time (h)

Formic
acid (g L−1)

Formic acid
yield (%)

1a Corn stover — — 170 3 1.55 ± 0.19 1.88 ± 0.23
2b Corn stover — 11 170 3 6.45 ± 0.17 7.84 ± 0.21
3c Corn stover 30 — 170 3 1.89 ± 0.38 2.29 ± 0.46
4d Corn stover 30 11 170 3 14.34 ± 0.98 17.43 ± 1.19
5e Corn stover Sulfuric acid 2 wt% 11 170 3 15.41 ± 0.26 18.73 ± 0.32
6 f Ash extracted corn stover 30 11 170 3 14.23 ± 0.37 17.29 ± 0.45

a Reaction condition: 10 g of raw corn stover, and 78.96 g moisture for 3 h at 170 °C. b Reaction condition: 10 g of raw corn stover, and H2O2
11 wt% 78.96 g solution for 3 h at 170 °C. cReaction condition: 10 g of raw corn stover, carbon dioxide 10 bar, and 78.96 g moisture for 3 h at
170 °C. d Reaction condition: 10 g of raw corn stover, carbon dioxide 30 bar, and H2O2 11 wt% 78.96 g solution for 3 h at 170 °C. e Reaction con-
dition: 10 g of raw corn stover, sulfuric acid 2 wt%, and H2O2 11 wt% 78.96 g solution for 3 h at 170 °C. f Reaction condition: 10 g of raw corn
stover, carbon dioxide 30 bar, and H2O2 11 wt% 78.96 g solution for 3 h at 170 °C.

Table 4 Results of formic acid concentration and yield via hydrolysis–oxidation hydrothermal treatment (HOHT) of wheat stover by high-perform-
ance liquid chromatography (HPLC) with refractive index (RI) detector

Entry Substrate Acid reactant
Oxidant (H2O2)
(wt%)

Temperature
(°C)

Reaction
time (h)

Formic
acid (g L−1)

Formic acid
yield (%)

1a Wheat stover — — 170 3 0.64 ± 0.01 0.72 ± 0.01
2b Wheat stover — 11 170 3 11.79 ± 0.54 13.23 ± 0.61
3c Wheat stover 30 — 170 3 2.43 ± 0.05 2.73 ± 0.06
4d Wheat stover 30 11 170 3 18.22 ± 0.67 20.45 ± 0.75
5e Wheat stover Sulfuric acid 2 wt% 11 170 3 18.75 ± 0.39 21.05 ± 0.44

a Reaction condition: 10 g of raw wheat stover, and 78.96 g moisture for 3 h at 170 °C. b Reaction condition: 10 g of raw wheat stover, and H2O2
11 wt% 78.96 g solution for 3 h at 170 °C. c Reaction condition: 10 g of raw wheat stover, carbon dioxide 30 bar, and 78.96 g moisture for 3 h at
170 °C. d Reaction condition: 10 g of raw wheat stover, carbon dioxide 30 bar, and H2O2 11 wt% 78.96 g solution for 3 h at 170 °C. e Reaction con-
dition: 10 g of raw wheat stover, sulfuric acid 2 wt%, and H2O2 11 wt% 78.96 g solution for 3 h at 170 °C.
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Preparation of Pd catalyst for formic acid dehydrogenation
(9 wt% Pd/NH2-OH-KIE-6)

NH2-OH-KIE-6 was used as a catalyst support to produce Pd
catalysts for formic acid dehydrogenation. Palladium(II) nitrate
hydrate (10 wt%, 0.0392 g) was mixed with 10 mL of DI water
and stirred for 10 min. Then, the support was added to the
mixture and stirred at room temperature for 6 h. Sodium boro-
hydride (NaBH4) (0.85 M, 2 mL) dissolved in the DI-water was
added to the mixture under stirring at room temperature for
1 h to reduce Pd. Following the reaction, the mixture was cen-
trifuged and washed. Finally, we obtained 9 wt% Pd/NH2-
OH-KIE-6 after drying the solid sample at room temperature.

Characterization of the 9 wt% Pd heterogeneous catalyst

To analyze the 9 wt% Pd catalyst supported on hydroxylated
and amine-functionalized mesoporous silica, inductively
coupled plasma (ICP)-atomic emission spectroscopy and X-ray
photoelectron spectroscopy were performed using a Thermo
Scientific iCAP 6500 duo ICP-emission spectrometer and a
Kratos 165XP system, respectively (Table S2 and Fig. S1†).

Formic acid dehydrogenation using at room temperature

Before the dehydrogenation test, 0.68 g of sodium formate as
an additive was dissolved in 15 mL of LCF or DF solution in a
30 mL glass vial and kept at room temperature for 3 h. The
formic acid heterogeneous dehydrogenation catalyst (Pd/NH2-
OH-KIE-6, 0.055 g) was placed in a 100 mL Teflon-lined stain-
less steel autoclave reactor connected to a water-filled gas
burette system and purged with nitrogen gas for 30 min. Then,
the sodium formate LCF or DF solution was injected into the
autoclave reactor using a syringe through a rubber septum to
start the dehydrogenation reaction. The temperature was main-
tained at room temperature via a heater or air conditioner
during the dehydrogenation period. During the dehydrogena-
tion of formic acid, a gas mixture containing carbon dioxide
and hydrogen is generated and transported through a pipeline
from the reactor to a water-filled gas burette system (Fig. S2†).
As the gas production increases, the water level in the gradu-
ated cylinder decreases. We monitored the decrease in water
level and measured the gas volume in real-time. The presence
of carbon dioxide and hydrogen in the formic acid dehydro-
genation gas was confirmed through GC analysis. The GC ana-
lysis results are presented in the (Fig. S3†). After the dehydro-
genation process, the catalyst was separated by centrifugation
at 10 000 rpm for 5 minutes, washed five times with DI water,
and then stored after air drying. However, catalyst reuse was
not investigated in this study. The turnover frequency (TOF)
was calculated according to eqn (2).57

TOF ¼ PV
2RTnpdt
� � ð2Þ

where P is the atmospheric pressure (101 325 Pa), V is the
volume of the gas produced after 10 min of conversion, R is
the universal gas constant (8.3145 m3 Pa mol−1 K−1), T is

298 K, npd is the mole number of Pd in the catalyst, and t is
10 min.

A life cycle analysis (LCA) and calculation of CO2 emission

A life cycle analysis (LCA) was conducted to evaluate the
environmental impact (carbon emission) of the biomass–
formic acid–hydrogen (BFH) conversion process. The scope of
the analysis includes biomass cultivation, hydrolysis–oxi-
dation, formic acid distillation, and hydrogen production. The
CO2 emissions from each stage were quantified and compared
with conventional hydrogen production methods. The carbon
emissions from biomass conversion were estimated based on
the energy consumption of the process, assuming that the
required energy was supplied by liquefied natural gas (LNG)
combustion. Additionally, CO2 absorption by biomass growth
was estimated using literature values for red pine. The detailed
analysis is shown in ESI.†

Results and discussion
LCF solution production from various biomasses via
hydrolysis–oxidation with CO2 gas in the presence of H2O2

Achieving a higher formic acid yield is important because the
formic acid conversion rate from biomass determines the
overall hydrogen production and efficiency in the entire BFH
process.15,48 Various methods for formic acid production
(pyrolysis, acid hydrolysis, catalytic oxidation, wet oxidation,
etc.) from biomass have been researched using glucose, cell-
ulose, and raw biomass.60 Herein, we propose a new formic
acid conversion process using biomass via HOHT in the pres-
ence of CO2 (greenhouse gas) and H2O2 (Fig. 1). Before
biomass test, in the reaction of carbon dioxide and hydrogen
peroxide, it was not converted to an organic acid such as
formic acid (Table 2, entry 1). First, it is well-known that the
conversion of biomass to formic acid or to saccharides (sugars
of 5 and 6 carbon atoms) via hydrothermal treatment is
difficult without reactants (Table 2, entry 2; Table 3, entry 1;
Table 4, entry 1).61–63 Next, we compared the formic acid pro-
duction yield when different reactants (CO2 and oxidant) were
used. A higher formic acid production yield was achieved
when only an oxidant (red pine (Table 2, entry 3): 13.85%,
corn stover (Table 3, entry 2): 7.84%, and wheat stover (Table 4
entry 2): 13.23%) was used compared to when only an acid
reactant (red pine (Table 2, entry 4): 1.47%, corn stover
(Table 3, entry 3): 2.29%, and wheat stover (Table 4, entry 3):
2.73%) was used. When reactants such as carbon dioxide and
hydrogen peroxide are used alone, the conversion of formic
acid is low.

When the reaction was performed in the presence of CO2

and H2O2, the formic acid yield increased significantly
(Table 2, entry 5: formic acid yield 29.20%), indicating that the
co-existence of carbonic acid and oxidant was essential for the
conversion of cellulose and hemi-cellulose into formic acid.

First, we investigated the effect of CO2 pressure on the
formic acid yield. Compared to 10 bar CO2 (entry 5), the yield
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of formic acid increased by up to 36.18% at 30 bar CO2 (entry
7). We measured the pH of the carbonic acid solution for
different CO2 pressures. Starting at pH 7 in DI water, the pH
decreased as the CO2 pressure increased, reaching 6 at CO2

pressures of 10 and 20 bar and 5 at a CO2 pressure of 30 bar.
Therefore, maintaining the pH value at 5 or lower is effective
for the conversion of formic acid.

As the reaction proceeded, the formic acid yield gradually
increased, reaching a peak value of 36.18% at 170 °C and 3 h,
and then decreased (entries 7–12). In addition, Table 2, entries
7, 13, and 14, suggest that the oxidant concentration is an
important parameter for the efficient production of formic
acid from biomass, with the highest yields obtained when
11 wt% H2O2 was used. This indicates that an excess amount
of oxidant could lead to the decomposition of the already con-
verted formic acid into lower molecular weight compounds
(ex. CO2) than carboxylic acid (HCOOH), as shown in the
liquid sample analysis results (Table S1†). The optimum con-
ditions for formic acid production from biomass were deter-
mined to be 30 bar CO2 and 11 wt% H2O2 reactants at 170 °C,
with a reaction time of 3 h. Through this experiment, we estab-
lished a biomass-based green formic acid production process
by entirely replacing sulfuric acid with CO2 (Table 2, entries
15–17). Fig. 2 shows the overall pathway for formic acid conver-
sion from biomass via the hydrolysis–oxidation system in the
presence of CO2 and H2O2.

21,64–70 Formic acid is converted
from cellulose and hemicellulose among the biomass com-
ponents. These polymers have a highly crystalline structure
and strong bonding; therefore, they must be converted into
intermediate substances with low-molecular weight for conver-

sion to formic acid. Acid-hydrolysis is well-known as a process
that effectively destroys the biomass structure. In our proposed
process, carbon dioxide is utilized. Carbon dioxide is partially
dissolved in water to form carbonic acid (H2CO3), which acts
as an acid by releasing H+ ions (H2CO3 → H+ + CO3

2− or
HCO3

−).
The first known pathway is as follows. Carbonic acid dis-

solved in water breaks the β-1,4-glycosidic linkages of cellulose
and hemicellulose to form hexose and pentose. The water-
soluble hexose is then easily dehydrated by carbonic acid to
produce 5-hydroxymethylfurfural (5-HMF). The 5-HMF is rehy-
drated by H+ ions to produce levulinic acid and formic acid. It
also releases formaldehyde and is converted to furfural during
the decomposition process. Similarly, furfural is rehydrated to
form formic acid. The pentose converted from hemicellulose
is dehydrated and converted to furfural, and then finally con-
verted to formic acid through the above reaction. The oxygen
generated from hydrogen peroxide oxidizes levulinic acid to
convert it into formic acid and acetic acid. Generally, when the
α-carbon of levulinic acid is attacked and oxidation proceeds,
the concentration of formic acid increases. Conversely, when
the β-carbon is attacked, the concentration of acetic acid
increases. According to our process analysis, since formic acid
is the main product, it can be concluded that the α-carbon of
levulinic acid is activated.

The second pathway involves the direct oxidation of hexose
and pentose to formic acid. Hexose and pentose generated by
carbonic acid are directly oxidized by oxygen supplied from
hydrogen peroxide. When the α- and β-carbons are activated by
oxygen, they are finally converted to formic acid.

Fig. 2 Overall pathway for the production of formic acid from biomass components (cellulose, and hemi-cellulose) by HOHT in presence of CO2

and H2O2.
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We measured the solid recovery yield in several key variable
experiments during the formic acid conversion experiments.
After the reaction was completed, the solid phase was separ-
ated from the liquid, washed multiple times, dried, and then
weighed (Fig. S4†). In the absence of reactants such as carbon
dioxide and hydrogen peroxide, the solid recovery yield was
71.33% (Table 2, entry 2), indicating that most of the cellulose
and hemi-cellulose were not converted into smaller units. In the
reaction where only hydrogen peroxide was added, the solid
recovery yield was 34.33% (Table 2, entry 3), which was similar to
the lignin content of red pine. This suggests that cellulose and
hemicellulose were converted into liquid-phase organic com-
pounds by hydrogen peroxide. When 10 bar of carbon dioxide
was introduced into the reaction, a high solid recovery yield of
70% (Table 2, entry 4) was observed. Although the solid recovery
yield was slightly lower than in the absence of reactants, this
result indicates that cellulose and hemi-cellulose still remained
in polymeric form. When both carbon dioxide and hydrogen per-
oxide were present, the solid recovery yield was similar to the
lignin content of red pine (Table 2, entries 5–7). This suggests
that hydrogen peroxide is a key reactant in converting cellulose
and hemicellulose into liquid-phase substances. However, the
solid recovery yield alone cannot predict the formic acid yield. In
the liquid phase, additional dehydration and oxidation reactions
determine the final formic acid yield.

Different types of herbaceous biomasses were used as sub-
strates to examine their applicability for formic acid pro-
duction under the optimum conditions. When corn and wheat
stover were used, the formic acid yield was 17.43% (Table 3,
entry 4) and 20.45% (Table 4, entry 4), respectively. These
formic acid yields imply that the sulfuric acid process has
been completely replaced by a carbon dioxide-based process
using a variety of biomass sources (Tables 3 and 4 entry 5).
The formic acid yield of the hydrolysis–oxidation process
increased compared to that of the oxidation system alone to
161.23% (using red pine), 106.03% (using corn stover), and
54.57% (using wheat stover).

To confirm the significant difference in formic acid yields,
the degree of depolymerization of the biomass was measured,
and the results for each biomass are shown in Table 5. Mw rep-
resents the weight-averaged molecular weight, and a larger Mw/
Mn value indicates a wider molecular weight distribution of
the polymer. Herbaceous biomass (corn stover and wheat
stover) has a wider molecular weight distribution than woody
biomass (red pine). The wider the molecular weight distri-
bution of the polymer, the more difficult it is to decompose it
into smaller molecules (oligomer, disaccharide, monosacchar-
ide, and C1 or C2 chemicals). Therefore, under the same con-
ditions, red pine is easily decomposed into formic acid,
whereas corn stover and wheat stover are difficult to decom-
pose into formic acid. However, because biomass maintains a
complex chemical bonding structure with various components,
it is difficult to predict the formic acid yield based only on the
polymer distribution.

Therefore, we conducted additional experiments to relate
the formic acid yield based on the component content of the

biomass. Under the optimal reaction conditions, glucan (cell-
ulose) is expected to have the greatest impact on the formic
acid yield. Woody biomass generally has higher glucan levels
compared to herbaceous biomass, and this compositional
difference influences the formic acid yield. The relationship
between biomass composition and formic acid yield can be
used the eqn (3). The empirical correlation was derived based
on experimental data obtained under the following conditions:
biomass components (Table 1) and formic acid yield of
optimal condition (carbon dioxide 30 bar), and H2O2 11 wt%
solution for 3 h at 170 °C conditions, (red pine: Table 2 entry
7, corn stover: Table 3 entry 4, wheat stover: Table 4 entry 4).
The relative error for empirical correlation with experimental
data was less than 1% (ESI Table S3†).

Y ¼ �44:03þ 1:90�X1 þ 0:21�X2 þ 0:13�X3 ð3Þ

where Y is the formic acid yield (%), X1 is the glucan content
(wt%), X2 is the XMG content (wt%), and X3 is the arabinan
content (wt%).

To validate the formic acid yield empirical correlation
based on biomass composition, we conducted formic acid con-
version experiments using lignin (solid sample after complete
hydrolysis of biomass using sulfuric acid solution), cellulose
(reagent), and xylan (reagent). Lignin was not converted to
formic acid in the proposed process (Table 6, entry 1).
Therefore, the lignin content in biomass does not affect
formic acid conversion and was excluded from the empirical
correlation. Among the components, cellulose showed the
highest conversion (Table 6, entry 2). Generally, the reaction
rate of C5 polymers is faster than that of C6 polymers.71 That

Table 5 Gel permeation chromatograph of the depolymerization of
raw red pine, corn stover, and wheat stover biomass

Total Mw Total Mw/Mn

Red pine 1552 1.21
Corn stover 7428 16.64
Wheat stover 3631 8.08
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is, under the same conditions, xylan quickly decomposed into
pentose and was mostly converted to furfural (Table 6, entry
3). This reaction pathway shows that hydrolysis by carbonic
acid is predominant over oxidation. In the xylan-based experi-
ment, pentose was not present in the solution (Table 6 entry
3). In contrast, the reaction rate in the cellulose experiment
was slower compared to that in the xylan experiment. A signifi-
cant amount of undecomposed glucose remained in the solu-
tion, and further reaction (oxidation) with glucose resulted in
a higher formic acid concentration and lower furfural concen-
tration (Table 6, entry 2). In summary, under optimal con-
ditions, xylan is rapidly converted to furfural through pentose,
while cellulose is converted more slowly to hexose but is
rapidly converted to formic acid through oxidation by oxygen.
If the concentration of carbonic acid is increased, both xylan
and cellulose can be converted more efficiently into formic
acid, which aligns with the observed results of increased
formic acid yield with higher CO2 pressure (Table 2, entries
5–7).

Ebitani et al. demonstrated that formic acid can be syn-
thesized from monosaccharides using hydrogen peroxide as
an oxidant, achieving a high yield of 78% with Mg–Al hydrotal-
cite as a reusable catalyst.72 Inspired by this research, we
studied the influence of the metal components contained in
biomass with hydrogen peroxide on formic acid conversion.
Table 7 shows the ash content of raw corn stover and the types
of metals present in the ash. The ash content of corn stover is
quite high at 8.06 wt%, and the predominant metal in the ash
is potassium (64.47 wt%). Typically, alkali metals in the ash
are removed through acid (organic acids) treatment, while
acidic metals such as SiO2 are removed by base (NaOH) treat-
ment. However, acid or base treatments can collapse the
polymer structure of the biomass, making the metal com-
ponents unsuitable as catalytic variables in formic acid conver-
sion studies. Recent research indicates that alkali metals can

be removed through a mechano-non-catalytic wet treatment
process without the need for acid or base treatment.25

We mixed raw corn stover with DI-water in a 1 : 10 ratio and
then pulverized it to remove the ash at room temperature, reco-
vering the solid component. As shown in Table 7, the ash
content decreased from 8.06 wt% to 1.64 wt% through this ash
removal process, with most of the potassium being eliminated.
Using the corn stover with most of the K removed, we com-
pared the yield of formic acid production under the same
process conditions (30 bar CO2, 11 wt% hydrogen peroxide,
170 °C, 3 h conditions) (Table 3, entry 6). The formic acid yield
from the K-removed corn stover was almost identical to that
obtained using raw corn stover. Therefore, the alkali metals
contained in the biomass do not significantly affect the formic
acid conversion process.

Dehydrogenation of LCF and DF solutions derived from three
types of biomasses using a Pd catalyst supported on NH2-
OH-KIE-6

We performed the dehydrogenation of LCF and DF solutions
derived from red pine, corn stover, and wheat stover at room
temperature using a Pd heterogeneous catalyst (Pd/NH2-
OH-KIE-6) with sodium formate as an additive. The character-
ization of the catalyst is provided in the ESI (Table S2 and
Fig. S1†). The LCF solution from red pine was diluted from a
formic acid concentration of 42.63 g L−1 (9.26 mmol) to
17.32 g L−1 (3.76 mmol) because the higher formic acid con-
centration solution was not suitable for the heterogeneous
dehydrogenation system. According to previous research,49 the
higher concentration LCF solution (53.32 g L−1, 91.47 mmol)
was hardly converted to hydrogen, and the hydrogen conver-
sion at 200 min was only 11.86%.

In the case of the dehydrogenation of the diluted LCF solu-
tion (17.32 g L−1, 3.76 mmol) derived from red pine with a
sodium formate additive, the gas production volume/conver-

Table 6 Results of optimal hydrolysis–oxidation hydrothermal treatment (HOHT) of lignin, cellulose, and xylan by high-performance liquid chrom-
atography (HPLC) with refractive index (RI) detector

Entry Glucose (g L−1) XMGa (g L−1) Arabinose (g L−1)
Acetic
acid (g L−1)

Levulinic
acid (g L−1) 5-HMF (g L−1) Furfural (g L−1)

Formic
acid (g L−1)

1b — 0.14 — — 0.08 — — —
2c 17.20 — 0.20 4.72 1.87 0.72 4.32 27.50
3d — — — 4.54 0.10 0.07 32.31 19.50

a Xylose + Mannose + Galactose. b Reaction condition: 10 g of lignin, carbon dioxide 30 bar, and H2O2 11 wt% 78.96 g solution for 3 h at 170 °C.
c Reaction condition: 10 g of cellulose, carbon dioxide 30 bar, and H2O2 11 wt% 78.96 g solution for 3 h at 170 °C. d Reaction condition: 10 g of
xylan, carbon dioxide 30 bar, and H2O2 11 wt% 78.96 g solution for 3 h at 170 °C.

Table 7 Ash and metal content of raw and ash extracted corn stover samples analyzed by proximate analysis and X-ray fluorescence (XRF)

Ash Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3
wt%

Raw corn stover 8.06 — 5.15 — 13.26 14.73 64.47 — 0.14 0.29 1.96
Ash extracted corn stover 1.64 — 4.12 1.82 61.15 14.59 2.41 11.84 0.21 0.20 3.65
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sion at 200 min and TOF at 10 min were measured to be
172 mL/93.28% and 115.15 mol H2 mol per catalyst per h,
respectively (black line in Fig. 3). For the undiluted LCF solu-

tion (14.34 g L−1, 3.12 mmol) derived from corn stover, the gas
production volume/conversion at 200 min and TOF were
measured to be 62 mL/40.60% and 28.79 mol H2 mol per cata-
lyst per h, respectively (black line in Fig. 4). They were 99 mL/
51.03% and 80.61 mol H2 mol per catalyst per h for the
undiluted LCF solution (18.22 g L−1, 3.96 mmol) derived from
wheat stover (black line in Fig. 5). The catalytic activity (gas
production volume, conversion, and TOF) of the raw solutions
was very low. It was considered that the higher by-product (sac-
charides, 5-HMF, furfural, and unconfirmed organic com-
ponents) concentration in the raw solution than in the diluted
solution disturbed the contact between the catalyst and reac-
tant (formic acid). The formic acid/by-product ratios are sum-
marized in Table 8, and the relationship between this ratio
and formic acid production yield is shown in Fig. 6. As the
formic acid/by-product ratio increases, the formic acid yield
also increases. However, when the amount of biomass-derived
by-products is higher, the catalytic active sites are contami-
nated, leading to a decrease in conversion efficiency.

Therefore, we conducted an additional dehydrogenation
test after the distillation process at 110 °C to enhance the cata-
lytic activity. The concentrations of the DF solutions from red
pine, corn stover, and wheat stover were 15.69 g L−1

(3.41 mmol), 13.52 g L−1 (2.94 mmol), and 14.26 g L−1

(3.10 mmol), respectively (Table 9). Based on the results of this

Fig. 4 Results of the dehydrogenation of the LCF and DF solutions
derived from corn stover with sodium formate at room temperature.

Fig. 5 Results of the dehydrogenation of the LCF and DF solutions
derived from wheat stover with sodium formate at room temperature.

Table 8 Concentration of various LCF solution by high-performance liquid chromatography (HPLC) with refractive index (RI) detector and by-
product/formic acid ratio

Entry
Glucose
(g L−1)

XMGa

(g L−1)
Arabinose
(g L−1)

Acetic acid
(g L−1)

Levulinic
acid (g L−1)

5-HMF
(g L−1)

Furfural
(g L−1)

Formic acid
(g L−1)

Formic acid/By
product ratio

1a 1.27 0.79 0.32 5.06 1.71 0.59 0.28 17.32 1.73
2b 2.33 1.12 0.75 9.52 0.46 0.74 1.22 14.34 0.89
3c 3.90 1.63 0.92 9.28 0.37 0.84 1.91 18.22 0.97

aDiluted LCF solutions from red pine. b Raw LCF solutions from corn stover. c Raw LCF solutions from wheat stover.

Fig. 3 Results of the dehydrogenation of the diluted LCF and DF solu-
tions derived from red pine with sodium formate at room temperature.

Fig. 6 Comparison of the effects of formic acid and by-products ratio
in CF solution on hydrogen conversion rate.
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analysis, by-products (saccharides, 5-HMF, and furfural) were
no longer present in the DF solutions, which contained only
organic acids (formic acid, acetic acid, and levulinic acid).
This indicates that almost all the formic acid was recovered
from the LCF solutions. The catalytic activity was significantly
improved when the DF samples were used compared with that
when the LCF solutions were used (DF from red pine: 184 mL
gas production volume, 110.18% conversion, 259.09 mol H2

mol per catalyst per h TOF (red line in Fig. 3); DF from corn
stover: 170 mL gas production volume, 118.14% conversion,
109.39 mol H2 mol per catalyst per h TOF (red line in Fig. 4);
and DF from wheat stover: 167 mL gas production volume,
105.30% conversion, 103.64 mol H2 mol per catalyst per h
TOF (red line in Fig. 5)). Therefore, because the activity of the
heterogeneous catalyst increases when a pure formic acid
solution is used, it is necessary to develop an improved
formic acid purification process for the BFH conversion
process.

The gas production volume exceeded the theoretical
amount in the dehydrogenation experiment using the DF solu-
tions (over 100% conversion). According to our previous
report,48 additional formic acid was generated by the ion-
exchange reaction between the additive (sodium formate) and
other organic acids (acetic acid or levulinic acid).

We conducted a model experiment related to organic acid
dehydrogenation. The model solution test was investigated
using different model solutions of sodium formate solution
(0.68 g, 15 mL), 5 mmol acetic acid without sodium formate
(15 mL), 5 mmol levulinic acid without sodium formate
(15 mL), 5 mmol acetic acid/sodium formate (0.68 g) (15 mL)
and 5 mmol levulinic acid/sodium formate (0.68 g) (15 mL).
First, we mixed the catalyst with the model solutions in a vial
to visually confirm the reactivity (Fig. 7). The sodium formate
solution without formic acid showed no gas generation, with
only some catalyst particles moving up and down in the solu-
tion. Similarly, the organic acid solution without sodium
formate exhibited no catalytic reaction. However, when an
organic acid and sodium formate were mixed, vigorous gas
generation was observed. We quantitatively tested various
model solutions (Fig. 8). The reaction of the acetic acid model
solution was completed in 60 minutes, producing a total of
170 mL of gas containing hydrogen and carbon dioxide. The
levulinic acid model solution completed its reaction in
70 minutes, generating a total of 170 mL of gas. Therefore,
hydrogen gas was produced from the dehydrogenation of
additionally generated formic acid.

Carbon dioxide emission analysis for hydrogen production via
the BFH conversion process

In this study, we evaluated the CO2 emissions associated with
hydrogen production from biomass and CO2 using the BFH
pathway. This process consists of three primary steps: (1) pro-
duction of the CF solution from biomass via hydrolysis–oxi-
dation in the presence of CO2 and H2O2 solutions, (2) purifi-
cation of the CF solution through distillation to obtain the DF
solution, and (3) dehydrogenation of the DF solution at room
temperature to produce hydrogen gas using a catalytic reac-
tion. This analysis aimed to assess the net CO2 reduction
effect of the hydrogen production process and compare it with
other hydrogen production technologies.

Fig. 7 Dehydrogenation catalytic reaction images (a) sodium formate
reaction, (b) acetic acid reaction (left), acetic acid + sodium formate
reaction (right), (c) levulinic acid reaction (left), levulinic acid + sodium
formate reaction (right).

Fig. 8 Results of dehydrogenation of model solutions.

Table 9 Concentration of various DF solution by high-performance liquid chromatography (HPLC) with refractive index (RI) detector

Entry
Glucose
(g L−1)

XMGa

(g L−1)
Arabinose
(g L−1)

Acetic
acid (g L−1)

Levulinic
acid (g L−1)

5-HMF
(g L−1)

Furfural
(g L−1)

Formic
acid (g L−1)

1a 0.007 0.008 — 4.93 — 0.03 0.36 15.69
2b 0.004 — — 9.60 — — 0.14 13.52
3c 0.003 0.008 — 7.94 — — 0.46 14.26

aDF solutions from red pine. bDF solutions from corn stover. cDF solutions from wheat stover.
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The detailed calculation method is described in the ESI.†
First, the amount of raw material required to produce 1 ton of
hydrogen was calculated. To produce 1 ton of hydrogen, the
BFH process requires 67 831 kg of red pine biomass,
182 600 kg of CO2, 476 678 kg of water, and 58 915 kg of H2O2.
These inputs yield 22 832 kg of formic acid, which is distilled
and subsequently dehydrogenated to generate 1000 kg of
hydrogen (assuming 100% distillation recovery and 100%
dehydrogenation yield of formic acid; the other organic acids
are not considered for hydrogen production).

The CO2 emissions were calculated for each stage of the
process, assuming that the energy requirements are met by
liquid natural gas (LNG) combustion. A total of
266 544 695 kcal of energy is required to produce formic acid
from the red pine biomass (biomass hydrolysis–oxidation
process). To meet this energy demand, 20 378 kg of LNG must
be combusted. The combustion process generates 56.4 tons of
CO2. The crude formic acid solution is distilled after the hydro-
lysis–oxidation process, and this step requires 329 229 186 kcal
of energy. The energy required for distillation is supplied by
burning 25 170 kg of LNG, which emits 69.67 tons of CO2. The
dehydrogenation process is carried out at room temperature,
so a heat source is not required. During the dehydrogenation
process, 22 832 kg of formic acid is converted into 1000 kg of
hydrogen. This chemical reaction releases 21.83 tons of CO2.
Therefore, the total CO2 emitted during the entire BFH process
is 147.9 tons.

Red pine absorbs 2.25 tons of CO2 per ton of biomass. In
this study, 67 831 kg of red pine was used, resulting in a total
CO2 absorption of 152.95 tons. Although 182 600 kg of CO2

was used during the process, only 0.78 tons was ultimately dis-
solved in the reaction solution. The remaining CO2 exists in
the gas phase within the reactor system. However, this undis-
solved CO2 is not vented into the atmosphere; instead, it
remains within the reaction system and can be continuously
cycled for reuse. This reaction system is replenished with only
0.78 ton of previously dissolved carbon dioxide. Therefore,
only the CO2 that is actually absorbed by biomass growth and
reaction solution dissolution was considered in the net CO2

reduction calculation, while the circulating CO2 in the system
was excluded from emission accounting, as it does not contrib-
ute to atmospheric release. Therefore, the total CO2 absorption
during the entire process, including both biomass growth and
process utilization, was 153.73 tons.

The net CO2 emissions of the process can be calculated by
subtracting the amount of CO2 absorbed (153.73 tons) from
the total CO2 emissions (147.9 tons), resulting in a net CO2

reduction of 5.83 tons per ton of hydrogen produced.
Additionally, 15 kg of hydrogen is produced per ton of feed-
stock, while −0.09 tons of CO2 are emitted.

The net CO2 emissions of the BFH process were compared
to those in other hydrogen production pathways, as shown in
Fig. 9.73–75 The methane reforming process produces hydrogen
by reacting methane with high-temperature steam, and its CO2

emissions are calculated based on the CO2 generated during
the reaction and the CO2 emitted from heat supply. The

methane input amount and conversion efficiency relative to
hydrogen production were considered. Coal gasification
includes the CO2 directly emitted from the reaction process
and the CO2 emissions from heat supply to maintain the gasi-
fication reaction temperature. The hydrogen conversion
efficiency of coal gasification was taken into account. Biomass
gasification accounts for CO2 emissions from biomass trans-
portation, direct emissions from the reaction, and CO2 emis-
sions from heat supply for gasification. While the net emis-
sions are adjusted based on CO2 absorption by biomass
growth, they can vary significantly depending on the biomass
feedstock and land-use change effects. For hydrogen pro-
duction technologies with CCS, the CO2 capture efficiency and
energy consumption of CCS are considered. Finally, water elec-
trolysis does not have direct CO2 emissions, but its CO2 foot-
print is calculated based on the emissions from electricity con-
sumption. If renewable energy is used as the power source,
CO2 emissions are minimal. To maintain parallelism with rele-
vant calculation methods, we calculated the carbon uptake of
biomass, the energy usage of the process, and the direct
carbon emissions during dehydrogenation. Transportation
and crushing of biomass, power to operate process equipment
(raw material feeders, agitators, pumps, etc.) are all contribut-
ing factors to carbon emissions that should be further con-
sidered in the future.

The BFH pathway significantly reduces CO2 emissions com-
pared to the existing hydrogen production technologies. For
example, coal gasification emits between 14.72 and 30.9 tons
of CO2 per ton of hydrogen, while a net reduction of 5.83 tons
was achieved in this study. Although biomass gasification com-
bined with CCS can achieve even greater reductions, the pro-
posed process offers a sustainable and scalable approach to
hydrogen production with significant environmental benefits.
These findings highlight the potential of the BFH pathway as a
viable strategy for achieving carbon-neutral hydrogen pro-
duction, advancing the global efforts toward sustainable
energy solutions.

Fig. 9 Comparison of CO2 emissions for producing 1 ton of hydrogen.
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Conclusions

We used CO2 as an acid reactant with H2O2 in the hydrolysis–oxi-
dation process of converting biomass into formic acid. A formic
acid yield of 36.18% was achieved using red pine under 30 bar
CO2 and 11 wt% H2O2 at 170 °C for 3 h, comparable to yields
reported for conventional sulfuric acid-based processes. Our pro-
posed process is very eco-friendly as it substitutes inorganic acids
with CO2. Formic acid yields of 17.43% and 20.45% were achieved
under the same conditions using the short-lived biomass corn
stover and wheat stover, respectively. By performing a structural
analysis of lignocellulosic and herbaceous biomass, it was con-
firmed that the average molecular weight of the herbaceous
biomass was much higher compared to that of the lignocellulosic
biomass. Therefore, when using herbaceous biomass, more
severe conditions may be required for effective formic acid con-
version. Formic acid generated from various biomass sources was
dehydrogenated using a heterogeneous catalyst at room tempera-
ture, and all the hydrogen conversion rates were 100%.
Importantly, the process contributes to substantial carbon
reduction. According to a life cycle assessment, the BFH process
can achieve a net reduction of 5.83 tons of CO2 per ton of hydro-
gen produced. This demonstrates the dual benefit of reducing
greenhouse gas emissions while producing clean hydrogen fuel,
offering a scalable and environmentally friendly solution to the
challenges of the hydrogen economy. As the global demand for
sustainable energy solutions grows, our method provides a feas-
ible path towards carbon-neutral fuel production.
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