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Abstract 

Herein, we report the remarkable finding that biomass oxidation to formic acid (FA) in water–organic biphasic 
reaction systems is far more selective than the same reaction in a monophasic aqueous media. While literature claims that 
the yield of FA from carbohydrates and biomass is limited to less than 68 %, even for simple substrates such as glucose or 
glycerol, we demonstrate in this study that FA yields of up to 85 % can be obtained from glucose. Using our biphasic 
reaction protocol, even raw lignocellulosic biomass, such as beech wood, leads to FA yields of 61 %. This is realized by 
applying the polyoxometalate H8PV5Mo7O40 as a homogeneous catalyst, oxygen as the oxidant and water as the solvent in 
the presence of a long-chain primary alcohol as an in-situ extracting agent. The new, liquid–liquid biphasic operation 
opens a highly effective way to produce pure FA, a liquid syngas equivalent, from wood in a robust, integrated, and low-
temperature process. 
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Growing concerns about global warming (related to 
increasing CO2 emissions) are pushing the developed 
countries to consider the production of chemicals and 
energy in a more efficient and sustainable way. In this 
context, the substitution of fossil raw materials by 
biorenewables is of particular interest.  
This publication expands on the concept to establish 
formic acid (FA) as an alternative biomass-derived 
secondary energy carrier. FA is a commodity that is 
widely used in the chemical, agricultural, textile, leather, 
pharmaceutical, and rubber industries. More recently, FA 
has been proposed as a suitable hydrogen storage 
compound as it can be easily and selectively decomposed 
to hydrogen and CO2 through metal catalysed processes 
under very mild conditions. Note that by thermal 
decomposition (above 373 K) FA can also be converted 
into CO and water. Thus, FA can be regarded as a liquid 
syngas equivalent. 
The reaction uses a homogeneous polyoxometalate 
catalyst and proceeds in aqueous phase with oxygen or air 

as the oxidant. A very broad range of biomasses has been 
found to be applicable to this process leading at 
temperatures below 373 K and full substrate conversion to 
FA as the sole product in the liquid phase accompanied by 
CO2 as sole gaseous by-product. With producing only 
these two products at full conversion, this so-called 
“OxFA process” avoids many well-known problems of 
biorefinery reactions, such as complex product mixtures 
including sticky polymer or tar formation. With a slight 
modification of the initial protocol, namely the addition of 
toluenesulfonic acid as hydrolysing and phase transfer 
agent, also complex wet biomasses can be oxidised by the 
same method, although the reaction is somewhat slower. 
FA yields under these conditions are 35 % for beech 
wood, for example. Research into alternative POM 
catalyst systems for this application resulted in some 
improvements regarding the required oxygen pressure. But 
even with glucose as substrate, the maximum yield in FA 
did never exceed 57 % at 363 K, while reported FA yields 
with cellulose as substrate were around 28 %.  



  
 
In this contribution we describe our finding that under the 
conditions of a water-organic in-situ extraction, POM 
catalysed biomass oxidation under typical OxFA 
conditions (363 K, 20 bar O2 pressure) results in 
significant higher FA yields than so far reported for any 
monophasic reaction protocol. Our reason to study 
biphasic reaction mixtures was to combine FA isolation in 
a clever way with the OxFA reaction process as simple 
distillation is not feasible due to the high-boiling water-FA 
azeotrope. In the context of POM catalysed biomass 
oxidation, the FA isolation process must in addition deal 
with the water-soluble, highly acidic heteropolyacid 
(HPA) catalyst to allow for efficient catalyst recycling. 

Results and Discussion 

The reaction solution of the OxFA process consists of 
formic acid (FA), residues of substrate, additive, water and 
the HPA catalyst. In order to selectively extract FA from 
this mixture, an appropriate extracting agent has to be 
found. Taking into account that this solvent must have 
suitable properties for both the extraction step and the 
subsequent isolation of pure FA from the organic solvent, 
several solvent characteristics are required. Based on these 
criteria, a solvent screening study based on partition 
coefficients, extraction selectivities, and stability tests has 
been carried out. 

From this first screening, 1-hexanol and 1-heptanol 
showed clearly the best distribution coefficients and 
selectivities among the tested solvents. However, using an 
alcohol as extracting agent for FA provokes the question 
whether ester formation between FA and the extracting 
agent takes place. From experimental studies it can be 
shown that FA ester formation occurs to some extent 
during prolonged FA extraction, however, ester cleavage 
in the following down-stream processes will liberate pure 
FA from the ester and contributes to the FA yield. 

Furthermore, stability experiments evidenced once 
more that the applied primary alcohol is not oxidised 
during the applied reaction conditions. After some ex-situ 
extraction studies for FA isolation confirming the 
suitability of 1-hexanol and 1-heptanol for downstream-
processing of OxFA reaction mixtures, we tested whether 
these extraction solvents can also serve as in-situ FA 
extraction media. 

Much to our surprise we found that the presence of 
the extraction solvent in the reactor led to a largely 
increased FA selectivity of up to 85 % obtained at full 
glucose conversion (Table 1). 

Our next set of experiments aimed to verify whether 
in-situ extraction of FA and the related selectivity effects 
are transferable to more complex biogenic substrates. 

For this purpose, the water-soluble disaccharide 
sucrose and the water-insoluble complex biomass beech 
wood were oxidised. Both substrates showed very similar 
results to glucose oxidation. Again, the reaction in the 
biphasic system is slower but much more selective 
independent on sucrose resp. beech wood conversion.  

Table 1: Oxidative conversion of glucose to FA by HPA-5 in 
aqueous solution - comparison of the monophasic reaction 
with the biphasic reactions. 

Entry 
Reaction 

time (h) 

Extracting 

agent 

Combined 

Yield 

FA+CO2 

(%) 

FA- 

selectivity 

(%) 

FA- 

yield 

(%) 

1 

6 

- 76 54 41 

2 1-hexanol 23 79 18 

3 1-heptanol 32 71 23 

4 

24 

- 100 51 51 

5 1-hexanol 79 86 68 

6 1-heptanol 79 75 59 

7 

48 

- 100 53 53 

8 1-hexanol 100 85 85 

9 1-heptanol 97 76 73 

Procedure: 1.80 g glucose and 0.91 g (0.5 mmol) HPA-5 dissolved 

in 100.0 mL H2O, 100 g primary alcohol, 363 K, 20 bar oxygen 

pressure, 1000 rpm. 

Conclusions 

Attempts towards an in-situ FA product isolation from 
the recently developed OxFA process led to the 
remarkable finding that biphasic water/organic reaction 
systems allow for a sharp increase in FA selectivity in the 
oxidation of various biogenic raw materials. While 
previous work established the view that FA from 
carbohydrates and biomass oxidation does not exceed FA 
selectivities of more than 70 % even with simple 
substrates, such as e.g. glucose or glycerol, we here 
demonstrate FA yields of up to 85 % from glucose and 
still 61 % from the challenging substrate beech wood. 

We anticipate that our findings will strongly increase 
academic and industrial interest in selective biomass 
oxidation to FA. All reported specific advantages of this 
biomass valorisation technology are maintained (mild 
reaction conditions, precious metal-free catalyst, broad 
range of applicable biomasses, simple product spectrum) 
while two of the main obstacles for this technologies, 
insufficiently low FA yields and problematic FA isolation, 
are elegantly solved. Obviously, the long reaction times 
that come along with the biphasic reaction system remain 
an important target for further optimization to improve 
process economics by higher productivities. FA from 
biomass represents a valuable platform chemical and a 
sustainable syngas equivalent. 
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