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Hydrogen (H,) production from formic acid (FA) is highly attractive regarding as a sustainable energy carrier by the

interconversion between CO, and FA. The dehydrogenation of FA at high pressures can give advantages over the reaction at

www.rsc.org/

atmospheric condition for the separation of H, and CO, after the reaction and the volumetric energy density of H,. We

demonstrated the continuous production of high-pressure H, by catalytic decomposition of FA, and subsequent separation

of H, and CO, from FA decomposition gas (H,:CO, = 1:1) using the phase change phenomenon at low temperatures while

maintaining the pressure. The iridium aqua complex coordinated with a bidentate pyridyl-imidazoline ligand catalyzed the

dehydrogenation of FA with high efficiency at the pressure as high as 153 MPa. The Ir catalyst was found to be stable under

continuous addition of neat FA at high pressures. The generation time and rate of high-pressure H, were controlled by

feeding neat FA to the aqueous reaction system. Using our combined system, more than 99 mol% of H, (96 mol% of purity)

and 94 mol% of CO, (99mol% of purity) were separately obtained from FA as a gas and liquid, respectively, under the high-

pressure conditions

Introduction

Sustainable development of our society has been claimed to
utilize the renewable energy and carbon dioxide (CO,), since
we faced the depletion of fossil fuels and the increasing levels
of CO, in the atmosphere. Molecular hydrogen (H,) is
considered as a clean alternative energy, but its gaseous nature
inhibits the direct storage and long distance delivery.l'4 In
these days, formic acid (FA, HCO,H) has attracted much
attentions as one of liquid organic hydrogen carriers (LOHCs)
because of easy handling and transporting to a large extent by
using the present infrastructures.”™ FA is a stable liquid at
ambient conditions and has a moderately high H, content
among LOHCs such as methylcyclohexane. The production of
FA can be made either from biomass or directly by the catalytic
conversion of CO, in solvents.”*™* The FA/CO, system as a
hydrogen promises a carbon-neutral and
environmentally benign method (Figure 1). The H, production
from FA (dehydrogenation, Eq. 1) has the low reaction enthalpy
compared to other potential hydrogen carrier materials,’® and
the dehydrogenation of FA is a thermodynamically favourable
reaction, which can occur at mild temperatures, even under
high-pressure conditions, but the side reaction of FA
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Figure 1. System of H, production from FA and storage with CO,.

decomposition (dehydration, Eqg. 2) is also thermodynamically
favourable.” Hence, an effective catalyst is required for the
selective production of H, from FA suppressing the side
reaction. In addition, the effective separation of H, and CO,
after the reaction is necessary, not only for the utilization of H,
but also for CO,, which could be the starting material to variety
of compounds including FA through the hydrogenation (Figure
1).

Mostly, H, has its application in the transportation sector to
generate electricity by fuel cells. Some research groups have
examined the application of H, produced from FA to a proton
exchange membrane (PEM) fuel cell.” ¥ The selective FA
dehydrogenation is vital for the PEM fuel cell applications
because the electro-catalyst involved in the cell can be easily
deactivated by CO that is generated from the side reaction of
FA decomposition (Eq. 2).22' 5 The presence of CO, can also
affect the PEM fuel cell performance at high current density
due to the formation of CO via the reverse water-gas shift
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reaction.?** Therefore, CO, removal from H, is necessary for
storage and application in the PEM fuel cells.

The relevant separation methods of H, and CO, are
adsorption, absorption, use
temperature distillation.” High-pressure
enhance the efficiency of H,/CO, separation, the volumetric
energy density of H,, and handling of CO, for its delivery and
storage, and further reaction with H, to produce FA
(hydrogenation of CO,). Furthermore, the pressurization and

of membranes and low-

conditions can

subsequent dehydrogenation of FA in the liquid state avoids
the large amount of energy required for generating high-
pressure H, (as much as 10-15 % of its energy content)zs. Thus,
the sequential production of H, from FA and H,/CO, separation
at high pressures can offer the energy-efficient process rather
than that at atmospheric pressure. The high-pressure process
relies on the development of suitable catalyst to generate high-
pressure H, at mild temperatures.

Since the selective decomposition of FA into H, and CO,

was performed under mild temperatures,27' many
homogeneous and heterogeneous catalysts have been
developed.E'10 Especially, iridium-based catalysts showed

relatively higher activity and stability in water (Turnover
number (TON) > 2><106).29’ 0 However, there are few literatures
for the high-pressure H, production from FA at less than 100
°C18 27,3135 e recently demonstrated the high-pressure gas
generation up to 123 MPa by the dehydrogenation of FA using
the Cp*lrIII complexes (Cp* = pentamethylcyclopentadienyl, 1
and 2 in Figure 2) at 80 °C.**3” The reaction rate was largely
decreased with an increase in the generated gas pressure by FA
decomposition especially above 10 MPa.*® some highly active
catalysts for the dehydrogenation of FA at atmospheric
pressure quickly lost its activity at high pressures.39 During the
reaction at high pressures, the catalyst needs to be stable,
especially under concentrated H,, CO, and formic acid. Hence,
the highly active and durable catalyst is required for the
efficient production of high-pressure H, from FA.

In practical applications, H, should be produced by the
catalytic decomposition of FA on demand. Either the reaction
temperature or the FA concentration in reaction solution can
control the H, production considering its storage and handling.
The decomposition of FA accelerates at higher temperature,
however, the increasing temperature causes the catalyst
deactivation and complicated apparatus for evaporation of
solvents during the 1749 The rate of FA
dehydrogenation linearly related to the
concentration,38 and the addition of substrate can be

reaction.
substrate

conducted using a liquid pump. Thus, the reaction time and
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N N~ N~
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Figure 2. Ir aqua complex catalysts for FA dehydrogenation at high pressures.
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rate of H, generation is easier to control by modulating the FA
concentration rather than temperature. The addition of neat
FA to the catalyst solution allows to full use of hydrogen
density of FA. Several studies were reported for the H,
production by continuous decomposition of FA at atmospheric

17-19, 40-43
pressure,

but only a few studies focused on the
continuous production of H, from FA at high pressures.31

In our previous work, the Cp"‘lrIII complex having 2-(2’-
pyridyl)imidazoline as N,N’-bidentate ligand (3 in Figure 2) was
found to show the high activity and stability for the catalytic
dehydrogenation of FA under atmospheric conditions.**
Herein, we of high-pressure H,

generation time and rate by feeding neat FA to the aqueous

investigated the control

reaction system using the catalyst 3 at mild temperatures.
Furthermore, the efficient separation of H, and CO, after the
reaction was studied using the phase change phenomenon of
FA decomposition gas (H,:CO, = 1:1) under high-pressure and
low-temperature conditions.

Results and Discussion

The high-pressure gas generation from FA was studied using
the catalyst 3 in a batch-wise operation (Figure 3). When 20
mol/L FA aqueous solution was used, the gas pressure reached
to 153 MPa in 5 h at 80 °C. The final conversion of FA was
calculated as 90 mol% at 153 MPa, and the high-pressure gas
was composed of equimolar H, and CO, with quite low
concentration of CO (<6 vol. ppm). Under the same condition,
the attained pressure using 1 was lower (123 MPa)36 than that
of 3, which indicates that 3 is more stable and active catalyst
than 1 under the high-pressure conditions with H, and CO,. In
our previous work, we suggested that the catalyst deactivation
of 1 is related to change in the chelating conformation by the
rotation around pyridyl-pyridyl bond of bipyridine ligand in the

Pressure /MPa

Time /h

Figure 3. Time course of high-pressure gas generation by FA decomposition
using the catalyst: 1 (cross), 3 (circle); 80 °C and 20 mol/L FA aqueous
solution (red), 40 °C and 5 mol/L FA aqueous solution (blue). Reaction
conditions: FA aqueous solution (13 mL), catalyst (2 mmol/L).

37,39
complex.
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Table 1. Comparison of the FA dehydrogenation rate among the catalysts.”

Catalyst
aays' TOF at 40 MPa L .
Entry Catalyst concentration b Reaction time /h Pressure effect /-
/(1/h)
/(mmol/L)
1 1 2.0 450 10 0.22
2 2 2.0 590 13 0.20
3 2 0.4 630 36 0.21
4 3 0.4 3130 7 0.24

2 Reaction conditions: 60 °C, generated gas pressure: 40 MPa (H,:CO, = 1:1), FA aqueous solution (16 mol/L, 40 ml). ® Turnover frequency (TOF) is defined as the number
of FA that converts into H, by one catalyst per hour, which was calculated from the gas generation rate. ° Pressure effect represents the ratio of TOF at 40 MPa to that at

atmospheric pressure.

In the case of catalyst 3, the chelating conformation maintains
in the complex when the imidazoline moiety rotates around
pyridyl-imidazoline bond. Therefore, the catalytic activity of
catalyst 3 can be retained at the pressure as high as 153 MPa.
At 40 °C, 92 mol% of FA conversion with the gas pressure of 25
MPa was obtained from 5 mol/L FA aqueous solution. Although
the presence of bases such as amine can accelerate the rate of
FA dehydrogenation, only 44 mol% of FA was converted to H,
and CO, in the presence of trimethylamine as a co-catalyst, and
the attained pressure reduced to 4 MPa under the same
condition.*® This significant reduction of FA conversion and the
attained pressure may be attributed to the formation of FA-
base complexes with trimethylamine, which causes an increase
in the Gibbs energy of reaction.”® The generation of high-
pressure H, by FA decomposition with high conversion can be
achieved in the absence of bases.

The dehydrogenation rates of FA were compared among
the catalysts 1, 2 and 3 at 40MPa of the gas pressure (Table 1).
For all the catalysts, the dehydrogenation rate remained
constant in the beginning of the reaction, whereas it decreased
with time as the FA concentration decreased (Figure S1 in the
Supplementary For the catalyst 2, the FA
dehydrogenation was slightly faster, but took longer time to

Information).
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Figure 4. Generation rate and time of high-pressure gas controlled by neat FA
addition: gas volume (blue; solid line), gas rate (red; cross), FA addition rate
(green; soli line). Reaction condition: 50 °C, 20 MPa, initial FA aqueous solution (5
mol/L, 40 mL), FA addition rate (0.6-1.2 mL/h), catalyst 3 (16 umol). Time starts
after reaching the pressure.

This journal is © The Royal Society of Chemistry 20xx

reach equilibrium than 1 due to the precipitation of the
catalyst (entries 1 and 2 in Table 1), which is caused by an
increase in the pH of solution during the reaction.”’ Using the
catalyst 3, the reaction was completed quickly compared to the
other catalysts, and the high TOF value of 3130 h? was
obtained at 60 °C and 40 MPa (entry 4 in Table 1). Interestingly,
regardless of the catalyst, the reaction rate under the high-
pressure condition of 40 MPa decreased to about 1/5 from
that of atmospheric pressure. This trend indicates that the
effect of gas pressure to the reaction rate is similar among the
studied catalysts. The activation energy (E,) of 3 was
determined from the Arrhenius plot under the high-pressure
conditions (Figure S2 and Table S1 in the Supplementary
Information). The calculated value of E, at 40 MPa (74 kJ/mol)
is almost same as that of at atmospheric condition (72 kJ/mol),
which agrees with the results of 1.2 The pressure of generated
gas by FA decomposition barely affects the catalytic reaction
mechanism under the applied conditions.

Using the catalyst 3, the continuous production of high-
pressure H, by FA decomposition was performed at mild
temperatures. After stopping the gas generation, neat FA was
added to the reaction solution at a constant rate by a high-
pressure liquid pump (Figure S3 in the Supplementary
Information). The added FA was continuously and selectively

80 7 Stop FA r2
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1t Start FA i
addition
60 - F 15
<
2 AR % A
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© : ; 4
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Figure 5. Continuous decomposition of FA at high pressure: gas volume

(blue; solid line), gas rate (red; cross). Reaction condition: 60 °C, 40 MPa,
initial FA aqueous solution (8 mol/L, 40 mL), FA addition (1.2 mL/h, 50 h),
catalyst 3 (16 umol). Time starts after reaching the pressure.
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Table 2. Continuous decomposition of FA using the catalyst 3.°

Entry Pressure /MPa FA/(](::I\_,;P:;‘:E Stability /h° G:tgee;(i;it;?n CO /vol. ppm TON /-¢
20 0.6 30 0.65+0.14 nd." 35400

2f 20 0.6 <10 0.53+0.09 1316 17 200
38 20 0.6 30 0.68+0.14 46123 36 900
20 1.2 20 1.3610.14 n.d. 45 000

0.1 1.2 >100 1.58+0.24 n.d. 198 500

40 0.6 20 0.54+0.11 n.d. 30500

2 Reaction conditions: 50 °C, initial FA aqueous solution (5 mol/L for 20 MPa and 8 mol/L for 40 MPa, 40 mL), catalyst (16 umol). ® FA was continuously added over 10 h
and then stopped for several hours. © Time lapsed from the beginning until a decrease in the gas generation rate. ¢ Average value during the continuous gas generation.
€ Turnover number (TON) is defined as the number of FA that converts into H, by one catalyst, which was calculated from the total volume of gas release. f Sodium
formate was added to the initial FA solution (FA/SF = 10/1 mol/mol). ¢ Temperature was 70 °C. " Below the detection limit (<2 vol. ppm).

decomposed into H, and CO, under the high-pressure
conditions (Figures 4 and 5). The generation rate of high-
pressure gas can be controlled by the FA feeding rate, and the
stop-and-flow gas production experiments can be successfully
demonstrated by the injection of FA keeping the high-pressure
(Figure 4 and Table S3 in the Supplementary Information).
Furthermore, when FA was added to the reaction system over
50 h at 40 MPa, the high-pressure H, was continuously
generated with the low amount of CO (below 12 vol. ppm) at
60 °C (Figure 5). The generation rate of high-pressure gas was
remain constant until initial 30 h, but the rate gradually
decreased with duration of the FA addition and the gas
generation continued even after the stop of FA feeding. The
catalytic activity of 3 appears to be lost very slowly under the
high-pressure conditions. The gas generation rate decreased
very slowly with catalyst 3, during the addition of high-
pressure FA than compare to the catalyst 1 (Figure S4 in the
Supplementary Information).

To further examine the stability of catalyst 3 at high
pressures, the constant addition of high-pressure FA over 10 h
was repeated for several times after stopping the gas
generation by FA decomposition at 50 °C (Table 2 and Table S3
in the Supplementary Information). When the rate of FA
addition was set to 0.6 mL/h at 20 MPa, the gas generation
rate remained constant until 3 times of FA addition (entry 1 in
Table 2). However, CO was observed in the gas generated at
the forth times of FA addition. The catalyst 3 was stable over
30 h under the applied condition. In the presence of sodium
formate (SF), the high-pressure gas was generated slower than
in the absence of SF and CO was formed in the gas generated
even at the first time of FA addition (entry 2 in Table 2). The
reaction temperature barely affects the catalyst stability under
the applied conditions, but higher temperature accelerated the
formation of CO (entry 3 in Table 2). We therefore
hypothesized that CO may be formed by the thermal
decomposition of FA due to the catalyst deactivation. When
the FA addition rate was changed from 0.6 to 1.2 mL/h, the gas
generation rate increased about two times compared to the
previous one, though the catalyst stability decreased with the
increased rate of FA addition (entry 4 in Table 2). The TOF value
from the gas generation rate was calculated as 1700 h"l, which
is about 7 times higher compared to the Ru complex catalyst

This journal is © The Royal Society of Chemistry 20xx

tested under the milder temperature (230 h™* at 100 °C).31 The
catalytic activity at 20 MPa started to decrease when the
turnover number (TON) exceeded 40,000-50,000. Under
atmospheric condition, FA was selectively dehydrogenated
over 100 h at the constant rate, which corresponded to the
TON value of 200 thousand (entry 5 in Table 2). When the gas
pressure was 40 MPa, the generation rate of CO-free gas was
kept constant over 20 h (entry 6 in Table 2). The gas pressure
seems to affect the catalyst stability of 3. When the catalyst
was exposed to the gas product at high pressures, the catalytic
activity was gradually lost with the time of high-pressure gas
generation (Figure S5 in the Supplementary Information). After
the completion of the reaction, the formation of insoluble
compounds was not observed and N, N’-bidentate ligand was
detected in the solution (Figure S6 and S7 in the
Supplementary Information). The ligand elimination from the
complex might cause a decrease in the catalytic activity at high
pressures.39 Further investigations on catalyst deactivation are
under way.

The high-pressure H, can be produced by FA decomposition
in the presence of catalyst, however, the separation of H, and
CO, after the reaction is required for the hydrogen storage
using CO, and the application to PEM fuel cells. When high-
pressure H, is released, it should be cooled in advance to
prevent from igniting due to the negative value of Joule-
Thomson coefficient, as in hydrogen fuelling stations.”’
Therefore, the gas cooling unit is inevitable in the application
of high-pressure H,. The decrease in gas temperature during
depressurization can reduce the energy required for cooling
down the product gases from reaction temperature (Table S3
and Process Simulation in the Supplementary Information).
According to the phase diagram of H, and CO, gas mixture, the
vapor-liquid phase separation occurs at high pressures and low
temperatures.48' * The vapor phase mainly consists of H,
whereas the liquid contains more CO, than H, under the
conditions applied. Previously, we obtained 85 mol% of H, gas
from FA using the vapor-liquid phase separation of FA
decomposition gas (H,:CO, = 1:1) at the low temperature.36
The content of H, in the gas mixture increased with a decrease
in the separator temperature. In this work, the FA
decomposition gas was cooled to low temperatures that CO,
forms a solid aiming for the production of highly concentrated

J. Name., 2013, 00, 1-3 | 4
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H, gas and the recovery of CO, under high-pressure conditions

(Table 3). The high-pressure gas was generated by FA

Table 3. Separation of H, and CO, from the gas generated by FA decomposition at different temperatures of the separator.”

Composition /mol%

Recovery /mol%°

Separator

Entry Pressure /MPa temperature /°C Hy in vapor phase CO,in qubuid Hy as gas €0, as liquid
phase
1 40 rt 4912 - - -
2¢ 30 -15 69 - - -
3 11 -78 961 >99 >99 9416
4 27 -78 81+1 99+1 >99 6915

2 Reaction conditions: 60 °C, FA aqueous solution (8 mol/L, 40 mL), catalyst 3 (0.2 mmol/L). ® Gas was obtained by heating the separator to room temperature after the
high-pressure gas release during the separation was cooled.  Recovery is defined as the rate of H, as a gas and CO, as a liquid recovered from FA decomposition gas

(H»:CO, = 1:1). © Data was taken from previous work.*®

decomposition using 3 at 60 °C, and then transferred to the
separator cooled at -78 °C, while maintaining the pressure. The
pressure drop was observed from 13 to 12 MPa when cooling
the separator from -60 to -70 °C (Figure S8 in the
Supplementary Information), which indicates the formation of
The gas composition was
depressurization from 11 MPa to atmospheric pressure. More

solid state. analyzed during
than 95 mol% H, gas was continuously obtained during the
depressurization while keeping the separator cool (entry 3 in
Table 3 and Figure S9 in the Supplementary Information). After
depressurizing to atmospheric pressure, the separator was
closed and heated to room temperature. The separator
pressure increased up to 5.2 MPa at 16 °C. The high-pressure
gas in separator was composed of >99 mol% CO, with less than
1 mol% H,. The attained pressure in separator corresponds
with the saturated pressure of CO, at 16 °C.*° Thus, when the
separator temperature was -78 °C, the FA decomposition gas
was separated into H, gas and CO, solid with its concentration
above 90 mol% in both phases. CO, can be recovered as a
liquid by heating to room temperature without any mechanical
compression. Furthermore, both H, and CO, were separately
recovered from FA with >99 mol% and 94 % yield as a gas and
liquid, respectively. When the gas pressure was increased from
11 to 27 MPa, the pressure drop occurred at the mild
temperature (Figure S8b in the Supplementary Information),
and the CO, recovery yield decreased to 69 mol% due to an
increase of the CO, concentration in the vapor phase at 27
MPa.*®

Conclusions

In conclusion, we investigated the sequential production of
high-pressure H, by catalytic decomposition of FA and H,/CO,
separation towards the development of FA/CO, system as a
hydrogen carrier and the application in PEM fuel cells. Using an
Ir agua complex 3, the FA added to the reaction system was
continuously and selectively decomposed into H, and CO,
under the high-pressure conditions. The neat FA feeding is
capable of controlling the generation time and rate of high-
pressure H, for the on-demand production. Furthermore, well
purified H, gas (96 mol%) and CO, liquid (>99 mol%) were
obtained by cooling the gas generated from FA decomposition

This journal is © The Royal Society of Chemistry 20xx

after the reaction while maintaining the pressure. The recovery
of CO, in the liquid state without any mechanical compression
gives advantages on the delivery and storage, which could be
the source of hydrogen carrier. This work suggests that the FA
decomposition at high pressures can lead the effective
separation of H, and CO, after the reaction as well as can
increase volumetric energy density of H,.

Methods

General. The Ir aqua complexes, [Cp*Ir(4,4’-dihydroxy-2,2’-
bipyridine)(H,0)]1[SO,] (1),* [Cp*Ir(4,7-dihydroxy-1,10-
phenanthroline)(H,0)][SO,] (2)°° and [Cp*Ir(2-(2’-pyridinyl)-
4,5-dihydro-1H-imidazole)(H,0)][SO,] (3),53 were prepared
according to the literature. Formic acid (FA, >99.0 %) and
sodium formate (SF, >99.0 %) were used as received from
Wako Pure Chemical Industries, Ltd. Deionized water was
purified through filtration system (EMD Millipore Corp.,
ZFSQ240P4) and water distillation system (Toyo Roshi Kaisha,
Ltd., GS-590). All reagents were degassed by bubbling helium
gas before use.

The decomposition of FA and separation of the generated
gas under high-pressure conditions were carried out using the
same apparatus described in our previous work except the
valve between the reactor and the separator.36 For the
appropriate evaluation of H,/CO, gas separation, it is necessary
to prevent the line blocking by solid CO, or overflowing at the
separator due to the transfer of high-pressure gas. As a
solution, we set a valve, which can control the high-pressure
gas transfer rate from the batch reactor to the separator. The
aqueous solution of the catalyst and FA were loaded into a
reactor (50 ml) at room temperature, then the reaction
solution was started to stirring and heated to the desired
temperature. The pressure of generated gas was monitored by
the pressure sensor (PGM-500KH, Kyowa Electronic
Instruments Co., Ltd.). The gas pressure was controlled by a
back-pressure regulator (JASCO Corp., BP-2080). The volume of
gas release was measured by a wet gas meter (Shinagawa Co.,
Ltd., W-NK-0.5A), and the gas composition was monitored
using a GC-uTCD system (Agilent Technologies, 3000A Micro
GC). A TOF value was determined from an average rate of gas
generation using the ideal gas law. In the GC analysis, the

52
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detection limits and quantification were calculated from the
uncertainty measurement with the coverage factor k = 3 and
10, respectively. For testing the continuous gas generation,
neat FA was constantly introduced to the reaction solution by a
liquid pump (JASCO Corp., PU-980) under high-pressure
conditions (Figure S3 in the Supplementary Information). After
completion of the reaction, the reactor was cooled and then
depressurized carefully to atmospheric pressure. A HPLC-UV
system on an ion exclusion column (Showa Denko K. K., KC-811;
0.02 mol/L phosphoric acid aqueous solution) was used to
determine the FA concentration in reaction solution. The
conversion of FA was reported as the mean value of the
residual FA concentration in the reaction solution and the
volume of gas generated by FA decomposition. The analysis of
reaction solution was measured with an electrospray ionization
mass spectrometry (ESI-MS) in a positive ion mode (Agilent
Technologies, 6224 TOF LC/MS; methanol/water = 1/1 v/v).
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