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Abstract 
Formic acid is recognized as a promising hydrogen carrier. It readily decom-
poses to release hydrogen (and carbon dioxide) in the presence of apposite 
catalysts. The main deficiency of this practice is that the reverse reaction, the 
hydrogenation of carbon dioxide to formic acid is an uphill reaction necessi-
tating extreme conditions. Carbon dioxide should be converted to bicarbo-
nate salts since their hydrogenation is reasonable for storing hydrogen. The 
related approach has a drawback as formate salts are produced. The latter has 
lower weight percentage of hydrogen and they must be converted to formic 
acid. The goals of our research were to separate formate salt from the reaction 
mixture and to convert it to formic acid. In this paper, we present a process 
that combines the advantages of both methodologies—formic acid is the car-
rier, but the hydrogen is charged to a bicarbonate ion. This stage completes 
the formic acid cycle (FAC), which could operate as a continuous process for 
the production and storage of hydrogen. Additional research, including proper 
rescaling and optimization, should be carried out in order to assess the po-
tential of such a process as a basis for replacing the present day combustion of 
fossil fuels with hydrogen usage in fuel cells. 
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1. Introduction 

Fossil fuels such as coal, petroleum and natural gas are widely used for generating 
electricity. Over the years, scientists have sought alternatives to these fuels due to 
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their unsustainability [1] [2] [3] [4] (overuse of non-renewable resources) and the 
environmental damage caused by their utilization [5]. Hydrogen is the ultimate 
clean fuel; its chemical energy is converted to electricity in fuel cells—generating 
water without any polluting emissions. Nonetheless, the drawback of using ele-
mentary hydrogen as a fuel derives from its high flammability and very low den-
sity. These attributes have led researchers to scrutinize hydrogen carriers which 
release hydrogen gas under mild conditions. Many substances have been pro-
posed for hydrogen storage [6]-[18] however, most reported solutions for stor-
ing hydrogen had a major downside in the reverse reaction which is typically not 
spontaneous and consumes large amounts of energy [19] [20]. Formic acid which 
contains 4.4% w/w of hydrogen and has a volumetric capacity of 53 gH2/L and a 
density of 1.22 g/cm3, was found as a substrate for hydrogen storage as its energy 
density is 1.77 kWh/L while most of the 700 bar hydrogen tanks exhibit only 1.4 
kWh/L [21]. The dehydrogenation reaction of formic acid takes place in the pres-
ence of various homogeneous catalysts under mild conditions [22]-[43] (Equation 
(1)). 

( ) ( ) ( )l 2 g 2 gHCOOH H CO→ +                       (1) 

For the hydrogen storage process, the essential substrate is carbon dioxide 
[41] [44]-[54]. As the hydrogenation process without a basic medium is proble-
matic, the product in the mentioned medium is formate ion and not pure formic 
acid. Noteworthy hydrogen carriers found to be practical for both charge/discharge 
processes are formic acid salts such as potassium and sodium formate. Nonethe-
less, formate salts contain only 2.35% and 1.98% w/w of hydrogen respectively 
(HCOONa/H2O and HCOOK/H2O). The inorganic formic acid salts react with 
water, generating bicarbonate salts [55] [56] (Equation (2)). 

( ) ( ) ( ) ( )2aq l 3 aq 2 gHCOO H O HCO H− −+ → +                  (2) 

The hydrogenation process using bicarbonate ion as a substrate for storing 
hydrogen producing formate salts was investigated by utilizing different catalysts 
[32] [55] [57]-[64] (Equation (3)). 

( ) ( ) ( ) ( )23 aq 2 g aq lHCO H HCOO H O− −+ → +                 (3) 

The combination of hydrogen generation from formate salts and hydrogena-
tion of bicarbonate salts can create a system, based on the formate-bicarbonate 
cycle (FBC) [55] [60] [65] [66] [67] which is presented in Figure 1. 

The hydrogenation of the bicarbonate salts (Equation (3)) is favorable since it 
mostly occurs at lower pressures since carbon dioxide is not required in the 
reaction. In addition, the reaction’s thermodynamics indicate that the bicarbo-
nate salts’ hydrogenation is preferred (ΔG0 = 32.9 kJ/mole for carbon dioxide 
reduction while ΔG0 = −0.72 kJ/mole for bicarbonate hydrogenation). Likewise, 
the bicarbonate salts are easy to handle and require simple storage and trans-
portation [22] [68] [69] [70]. Thus, in our previous paper [71], we described our 
research addressing the carbon dioxide capturing process by generating sodium  
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Figure 1. The FBC cycle. 

 
carbonate utilizing sodium hydroxide and hydrogen peroxide. Sodium carbonate 
can be easily converted to sodium bicarbonate for the hydrogen storage process. 
The reaction that occurs between carbon dioxide with sodium hydroxide and 
hydrogen peroxide as reactants is shown by Equation (4). 

( ) ( ) ( ) ( ) ( ) ( )2 2 22 g aq 2 aq 3 aq aq 2 gCO 2NaOH 3H O Na CO 4H O 1.5O+ + → + +      (4) 

Obviously, most of the catalytic hydrogen storage reactions produce formate 
ions since they occur in a basic medium. It is important to separate the latter from 
the catalytic mixture for generating formic acid as it contains a larger weight per-
centage of hydrogen. Furthermore, the hydrogenation reaction of carbon dioxide 
requires high pressure of both carbon dioxide and hydrogen which decreases the 
feasibility of the process. Finally, the formic acid generation and separation must 
occur without the presence of the catalytic mixture as the catalyst can suffer 
from diminishing in its activity. 

Researchers studied formate salt generation by a hydrogenation process in bi-
phasic systems. The goal of these systems was to separate the product, the formate 
salts, from the catalytic mixture [72] [73]. For enhancing the hydrogen capacity by 
converting formate salts to formic acid, an acidification process is needed. The 
carbon dioxide reduction in such a system generates the formate salt in an amine 
solution. This evidence diminishes the feasibility of the system since the amount 
of amine decreases during the acidification process and requires replenishment 
in every cycle. 

In our previous research [74], we demonstrated the catalytic hydrogenation of 
sodium bicarbonate to sodium formate using a homogeneous Ru(II) catalyst. 
Herein, we attempt to add another step to the above-mentioned FBC cycle and 
convert the sodium formate into formic acid using solid-liquid anion exchange 
process followed by acidification. The modified formic acid catalytic cycle (FAC) 
is shown in Figure 2. 

The main goal was to begin with the eco-friendly material—formic acid, and 
to produce it afterward without polluting the environment in comparison to fos-
sil fuels which emit toxic and greenhouse gases when they are used. 
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Figure 2. The suggested formic acid cycle. 

2. Experimental Section 
2.1. Materials 

Sodium formate (Purum p.a., ≥98.0%) was purchased from Fluka Analytical 
supplier. The anion exchange materials were purchased from Sigma-Aldrich 
supplier. The anion exchange material, Dowex-Cl, is a strongly basic anion ex-
change resin (type I). The matrix consists of styrene-divinylbenzene and has 8% 
cross-linkage. Furthermore, there are trimethylamonnium chloride groups con-
nected to the aromatic rings. The particle size is 100 - 200 mesh. The hydroch-
loric acid 1 M (Baker Analyzed, Volumetric Solution) was purchased from J.T. 
Baker supplier. All the materials were used without a re-purification. 

2.2. Instruments 

The formate and the chloride ions were analyzed and quantified by ion chromato-
graphy-Dionex LC20 Chromatography Enclosure with a pre-column-Dionex IonPac 
AG14, RFIC 4 × 50 mm Guard (Thermo) and a column-Dionex IonPac AS14 
RFIC 4 × 250 mm Analytical (Thermo). Furthermore, the chloride ion was identi-
fied by potentiometric titrator-Metrohm Titrando 835 with an Ag Titrode 
6.0430.100 Metrohm electrode. The concentration of the titrant Hg(NO3)2 was 
0.01 N. 

2.3. Typical Procedure for Separating Formate Ion from the  
Solution 

The formate solution with a concentration of 0.5 M was prepared by dissolving 
sodium formate (3.4214 g, 0.050 mol) in water (100 mL). 10 mL of the solution 
was placed in a vial with Dowex-Cl (3.5103 g) and stirred for 1 h. Finally, the 
mixture was filtered and the solution was analyzed by IC afterward—30 µL of 
the solution was diluted to 100 mL with distilled water. 38.26% of formate ion 
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was separated by the first ion exchange material. The solution after the substitu-
tion (5 mL) was introduced to a vial with Dowex-Cl (3.4826 g) and stirred again 
for 1 h. Then, the mixture was filtered, and the solution was analyzed by IC us-
ing the same procedure mentioned above. 46.90% of formate ion was separated 
by the second ion exchange material and a total of 67.21% were separated from 
the original solution. 

At the beginning, the reaction was examined by IC apparatus after the formate 
solution was stirred with the ion exchange material for a longer time of 3 h in 
comparison to 1 h. Since no significant difference was observed, all the mea-
surements were carried out after 1 h. 

2.4. Typical Procedure for Generating Formic Acid and  
Regeneration of the Ion Exchange 

The anion exchange materials from the latter separation experiment were stirred 
with a 1 M hydrochloric acid (10 mL) for 1 h. The solution was subsequently fil-
tered with a glass microfiber filter and the chloride ion was analyzed by IC and 
potentiometric titration. The dilutions of the hydrochloric acid and the solutions 
after the regenerating process of the anion exchange material for the IC mea-
surements were made as followed: 30 µL of the sample was diluted to 100 mL by 
a solution of 3.5 mM Na2CO3 and 2 mM NaHCO3 (the solution which was used 
as a buffer in the IC). For the first anion exchange material, 92.71% of the chlo-
ride ion replaced formate ion generating formic acid as was measured by IC and 
98.73% was obtained by potentiometric titration. After the regeneration of the 
second anion exchange material, 91.33% of the chloride ion substituted the for-
mate ion as was quantified by IC and 84.78% as measured by potentiometric ti-
tration. 

3. Results and Discussion 

The generation of formate ions for hydrogen storage was investigated in our la-
boratory as previously reported [74]. The hydrogenation reaction is described by 
(Equation (3)). 

We have achieved yield > 80% and TON > 610 using an optimal hydrogen 
pressure of 20 bar at 70˚C. The ruthenium catalyst was stable even after four 
cycles. 

As the product of the process mentioned above is the formate ion which has 
low hydrogen weight percentage in comparison to the formic acid, we developed 
a pathway for separating the formate ion from the catalytic mixture and acidified 
the latter afterward. The goal was achieved using an anion exchange material 
such as Dowex-Cl. 

3.1. The Formate Ion Separation from the Solution 

The method for measuring the number of moles of formate ion separated from 
the catalytic mixture after the hydrogenation process was as follows: The mix-
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ture was poured to a vessel containing the anion exchange substance and mixed 
for 1 h. The solution was subsequently filtered from the anion exchange materi-
al. Samples before and after the substitution reaction were examined and quanti-
fied by ion chromatography (IC) equipment. The results were 32% - 34% of re-
placing formate ion by chloride ion. 

As the formate ion maximum concentration during the hydrogenation process is 
0.5 M and the catalyst does not contain any negative charge, a solution of 0.5 M 
of sodium formate was studied during the exchange reaction. The results are 
summarized in Table 1. 

 
Table 1. Sodium formate substitution using Dowex-Cl as an anion exchange. 

Experiment 
HCOONa 

[M] 
Volume 

[mL] 
Anion Exchange Mass 

[g] 
Substituted HCOO− 

[M] 
Adsorption (RSD)a 

[%] 

1 0.05 10 3.4542 ± 0.0743 0.038 ± 0.001 76.1 (0.6) 

2 0.05 15 3.4530 ± 0.1975 0.035 ± 0.001 70.8 (1.7) 

3 0.25 10 3.4653 ± 0.1810 0.122 ± 0.014 48.9 (5.6) 

4 0.25 15 3.4732 ± 0.1695 0.109 ± 0.005 43.6 (1.8) 

5 0.50 10 3.4649 ± 0.1013 0.199 ± 0.027 39.9 (5.5) 

6 0.50 10 6.9206 ± 0.1238 0.265± 0.007 52.9 (1.4) 

7 0.50 
10 3.4937 ± 0.0367 

0.321± 0.031 64.1c (6.2) 
5b 3.4953 ± 0.0285 

Reaction conditions: All the sodium formate solutions were mixed at room temperature with the Dowex-Cl 
for 1 h. The solutions were then filtered and analyzed by IC. The substituted formate ion was calculated as 
the difference between the formate anion concentrations before and after the substitution utilizing the 
anion exchange. aRSD-relative standard deviation. b5 mL from the solution which was filtered before. cTotal 
adsorption after passing through two successive anion exchange materials. 

 
The formate ion exchange process was examined using different concentra-

tions of sodium formate with the formate ion concentration being monitored 
before and after the substitution occurred. Although as the initial sodium for-
mate concentration increases, the adsorption percentage decreases, the amount 
of formate ion adsorbed by the anion exchange actually increases. For example, 
the formate ion adsorption percentage for initial concentration of 0.05 M was 
76.1% (Table 1 Experiment 1) while for initial concentration of 0.50 M, an ad-
sorption percentage of 39.9% (Table 1 Experiment 5) was calculated. Neverthe-
less, the amount of substituted formate ion for the lower initial concentration was 
equal to 0.038 M in comparison to 0.199 M for the higher initial concentration. 

Several repetitions were carried out in each experiment, and it was found that 
a division of the anion exchange mass to two separation and successive systems, 
as is shown in Table 1 Experiment 7, increases the removal of formate ion from 
the solution. 

3.2. The Ion Exchange Regeneration and the Formic Acid  
Production 

The second goal after separating the formate ion from the solution was to extract 
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the formate ion by acidifying the anion exchange and generating formic acid. As 
an additional result of this process, Dowex-Cl was regenerated for other separa-
tions. The percentage of the regeneration process was analyzed by ion chroma-
tography and potentiometric titration (Table 2). 
 
Table 2. Formic acid production and Dowex-Cl regeneration after rinsing with hydroch-
loric acid 1 M. 

Experiment 
Anion Exchange Mass  

[g] 
Adsorption (RSD)a  

[%] 

1b 
3.4937 ± 0.0367 98.7 (1.3) 

3.4953 ± 0.0285 92.0 (6.7) 

2c 
3.4937 ± 0.0367 90.7 (2.0) 

3.4953 ± 0.0285 98.3 (6.2) 

Reaction conditions: All the regeneration processes of the Dowex-Cl were made with 10 mL of hydrochloric 
acid 1 M at room temperature for 1 h. The solutions were then filtered. aRSD-relative standard deviation. 
bThe solutions were analyzed by potentiometric titration. cThe solutions were analyzed by IC. 

 
The anion exchange regeneration process was carried out separately for each 

anion exchange material by hydrochloric acid. The acid was poured into the 
same anion exchange materials mentioned in Table 1 Experiment 7 and chloride 
ion substituted the formate ion which became formic acid. We monitored the 
chloride ion using ion chromatography equipment and potentiometric titration, 
and noted that the anion exchange material returned almost completely to its in-
itial composition. 

4. Conclusions 

A method for generating formic acid by the separation of formate ion from its 
solution utilizing anion exchange material and acidifying it afterward was devel-
oped. This method should be appropriate for several processes such as the separa-
tion of formate ion from a homogeneous catalytic mixture and the production of 
formic acid for completing the formic acid cycle. The advantage of the proposed 
method is the regeneration of the anion exchange as it is carried out with the 
formic acid production simultaneously. We noticed that about 70% of the for-
mate ion was substituted with the chloride anion in the first stage and after using 
hydrochloric acid, the Dowex-Cl was regenerated by releasing the formate ion as 
formic acid almost completely. 

This research completes the formic acid cycle (FAC), each stage of which was 
presented in our papers. The FAC can operate in a continuous manner, producing 
and storing hydrogen as required. This method could be used for energy produc-
tion through utilization in fuel cells. Further research is needed in order to make 
a large scale implementation and optimization of the proposed FAC methodol-
ogy and full assessment of its potential for fossil fuels replacement. 
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Supporting Information 

1) Ion Chromatography: 
 

 
Figure S1. A calibration curve for formate ion. 

 

 
Figure S2. A calibration curve for chloride ion. 

 

 
Figure S3. A typical ion chromatography spectrum of formate ion. 
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Figure S4. A typical ion chromatography spectrum of chloride ion. 

 

 
Figure S5. An ion chromatography spectrum of formate ion before separating it from the solution utilizing an anion 
exchange material. 

 

 
Figure S6. An ion chromatography spectrum of formate and chloride ions in the solution after the first substitution of 
formate ion with chloride ion in an anion exchange material. 
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Figure S7. An ion chromatography spectrum of formate and chloride ions in the solution after the second substitution of formate 
ion with chloride ion in a successive anion exchange material. 

 

 
Figure S8. An ion chromatography spectrum of chloride ion in a hydrochloric acid solution. 

 

 
Figure S9. An ion chromatography spectrum of formate and chloride ions in the solution after washing the first anion exchange 
material with hydrochloric acid for substituting chloride ion with formate ion (in a form of formic acid). 
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Figure S10. An ion chromatography spectrum of formate and chloride ions in the solution after washing the second anion ex-
change material with hydrochloric acid for substituting chloride ion with formate ion (in a form of formic acid). 
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2) Potentiometric Titration: 
 

 
Figure S11. A potentiometric titration curve for chloride ion in hydrochloric acid solu-
tion titrating 0.01 N Hg(NO3)2 (blue curve: Voltage-Volume curve; purple curve: Equiva-
lence point Recognition Criterion-ERC which is the first derivative of the titration curve). 
 

 
Figure S12. A potentiometric titration curve for chloride ion in the solution after the first 
substitution of formate ion with chloride ion by ion exchange material titrating 0.01 N 
Hg(NO3)2 (blue curve: Voltage-Volume curve; purple curve: Equivalence point Recogni-
tion Criterion-ERC which is the first derivative of the titration curve). 
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Figure S13. A potentiometric titration curve for chloride ion in the solution after the 
second substitution of formate ion with chloride ion by a successive ion exchange materi-
al titrating 0.01 N Hg(NO3)2 (blue curve: Voltage-Volume curve; purple curve: Equiva-
lence point Recognition Criterion-ERC which is the first derivative of the titration curve). 
 

 
Figure S14. A potentiometric titration curve for chloride ion in the solution after wash-
ing the first anion exchange material with hydrochloric acid titrating 0.01 N Hg(NO3)2 
(blue curve: Voltage-Volume curve; purple curve: Equivalence point Recognition Crite-
rion-ERC which is the first derivative of the titration curve). 
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Figure S15. A potentiometric titration curve for chloride ion in the solution after wash-
ing the second anion exchange material with hydrochloric acid titrating 0.01 N Hg(NO3)2 
(blue curve: Voltage-Volume curve; purple curve: Equivalence point Recognition Crite-
rion-ERC which is the first derivative of the titration curve). 

 

https://doi.org/10.4236/ajac.2019.108022

	Separation of Formate Ion from a Catalytic Mixture after a Hydrogenation Process of Bicarbonate Ion and Generation of Formic Acid—The Last Stage of the Formic Acid Cycle
	Abstract
	Keywords
	1. Introduction
	2. Experimental Section
	2.1. Materials
	2.2. Instruments
	2.3. Typical Procedure for Separating Formate Ion from the Solution
	2.4. Typical Procedure for Generating Formic Acid and Regeneration of the Ion Exchange

	3. Results and Discussion
	3.1. The Formate Ion Separation from the Solution
	3.2. The Ion Exchange Regeneration and the Formic Acid Production

	4. Conclusions
	Acknowledgements
	Conflicts of Interest
	References
	Supporting Information

