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A facile and effective method for preparation of 2.5-furandicarboxylic acid 
via hydrogen peroxide direct oxidation of 5-hydroxymethylfurfural
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In this paper, 2,5-furandicarboxylic acid (FDCA) was effi ciently prepared by the direct oxidation of 5-hydroxym-
ethylfurfural (5-HMF) using hydrogen peroxide (H2O2) in alkaline conditions without any catalysts. The effects 
of reaction parameters on the process were systematically investigated and the optimal parameters were obtained 
as follows: molar ratio of 5-HMF:KOH:H2O2 was 1:4:8, reaction temperature and reaction time were determined 
as 70oC and 15 minutes, respectively. Under these conditions, the yield of FDCA was 55.6% and the purity of 
FDCA could reach 99%. Moreover, we have speculated the detailed oxidation mechanism of 5-HMF assisted by 
hydrogen peroxide in alkaline condition to synthesize FDCA.
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INTRODUCTION

   Due to its renewability and abundance, biomass re-
sources have been considered as one type of potential 
candidates to replace petroleum resources in producing 
various kinds of chemicals1–3. Among them, 5-hydroxy-
methylfurfural (5-HMF) is an important raw material or 
building block for producing different intermediates du-
ring chemical industry fi elds, including pharmaceuticals, 
adhesives, sealants, resins, coating, spices and so on4–9. 
And it can be easily synthesized by hydrolysis and dehy-
dration of biomass materials in the previous reports10–12. 
In terms of its structure, the special functional groups 
(hydroxymethyl and aldehyde groups) play crucial roles 
in synthesizing a series of derivatives (Scheme 1). 

As one of common 5-HMF derivatives, 2.5-furan-
dicarboxylic acid (FDCA) owns the similar structure 
with terephthalic acid13–15. It was identifi ed as the key 
sugar-based platform chemical for the production of 
green bio-based chemicals and materials in the future 
by U.S. Department of Energy16. Therefore, it has great 
possibility as substitute to replace terephthalic acid for 
the production of biodegradable polyesters materials17. 
However, in the most of the traditional synthesis appro-
aches for oxidation of 5-HMF to prepare FDCA, noble 
metals and oxygen (or air) were essentially employed 
as catalyst and oxidant, respectively7. Verdeguer et al. 
have explored the oxidation of 5-HMF to FDCA and 
obtained a high yield of 99% within 2 h using Pt-Pb/C 
catalysts and oxygen at high pH. Furthermore, they found 

the aldehyde side chain was fi rst oxidized to carboxylic 
acid, followed by the second oxidation process of the 
hydroxymethyl side chain to produce FDCA18. Casanova 
et al. have investigated the effect of Au/TiO2, Au/CeO2, 
Au/C and Au/FeO2 catalysts on the oxidation of 5-HMF 
in air. The results showed the activity and selectivity of 
Au/CeO2 are better than that of Au/TiO2. At 130oC the 
yield of FDCA reaches 96% over Au/CeO2 catalyst after 
8 h, while the yield was only 84% for Au/TiO2 catalyst 
under the same reaction conditions19. Riisager et al. 
have studied the oxidation of 5-HMF using Ru(OH)x 
and water as catalyst and solvent, respectively20. Under 
the reaction conditions (2.5 bar O2, 140oC, 6 h), the 
yield of FDCA was above 95%.

In general, most of the heterogeneous catalysts can 
achieve a higher yield of FDCA. Unfortunately, high 
cost, poor stability and catalyst deactivation of noble 
metal nanoparticles are still the key obstacle for the 
large-scale use of FDCA. In addition, another synthetic 
method of FDCA is to use homogeneous catalysts21. In 
the homogeneous oxidation of 5-HMF by air with Co(O-
Ac)2/Mn(OAc)2/Brˉ as catalyst and acetic acid as solvent, 
the yield of FDCA was 61%22. The similar homogeneous 
catalyst of Co(OAc)2/Zn(OAc)2/Brˉ was used for the 
oxidation of 5-HMF into FDCA. But the reaction was 
prone to stay in the formation of intermediates such as 
2,5-diformylfuran (DFF). After trifl uoroacetic acid was 
added to promote the formation of FDCA, the yield of 
the FDCA reaches 60%23. While homogeneous catalysts 
also have some drawbacks, such as bromine pollution, 

Scheme 1. Examples of platform chemicals derived from 5-HMF
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relatively low yield, diffi cult separation of metal salt 
catalysts and diffi cult purifi cation of FDCA. Nowadays, 
extensive research has been performed to develop the 
effi cient, low-cost, and sustainable commercial methods 
for the preparation of FDCA. However, there has been 
few reports about the effi cient oxidation of FDCA with 
non-catalytic process. 

In previous reports, the oxidation of HMF into FDCA 
was performed using stoichiometric oxidants such as 
KMnO4

24. Although without employing any catalysts, 
the drawback of this method is generation of large 
amounts of high toxic waste manganese compounds 
to the environment. To solve this problem, hydrogen 
peroxide is chosen as an environmentally-friendly and 
green oxidation reagent25. In this article, we explor the 
direct oxidation of 5-HMF by hydrogen peroxide for 
the preparation of FDCA, and the optimal reaction 
conditions were obtained. The molecular structure of 
FDCA was determined by Fourier Transform Infrared 
Spectrometer (FT-IR), Hydrogen Nuclear Magnetic Re-
sonance (1H-NMR) and Mass Spectrometry (MS). The 
purity of FDCA was obtained by High Performance 
Liquid Chromatography (HPLC).

EXPERIMENTAL

Material
5-HMF (>99%), FDCA (>99%), 5-hydroxymethyl-

-2-furancarboxylic acid (HFCA, >99%) and 5-formyl-
-2-furancarboxylic acid (FCA, >99%) were obtained 
from Sigma reagent company. Hydrogen peroxide 
(30%), potassium hydroxide (KOH), potassium carbo-
nate (K2CO3), concentrated hydrochloric acid (HCl) and 
anhydrous magnesium sulfate (MgSO4) were purchased 
from Beijing Chemicals Co. Ltd. The water used in this 
experiment was distilled followed by deionization. 

Preparation of FDCA
First, potassium hydroxide and water were added 

into a 250 ml semibatch reactor with refl ux-condenser, 
magnetic stirrer and temperature regulating devices. 
When potassium hydroxide was completely dissolved, 
an amount of 5-HMF was added. Then, 30% hydrogen 
peroxide solution was slowly added into the system un-
der constant agitation. After the reaction fi nished, the 
system was cooled down. At the same time, concentrated 
hydrochloric acid was added to the solution to keep the 
pH value at 1.0 or less. Consequently, FDCA was pre-
cipitated from solution. The precipitate was separated 
by fi ltration under vacuum and washed with deionized 
water. The white powder (FDCA) was obtained by drying 
at 60oC for 24 h. 

Analytical methods
FT-IR spectra of the sample were recorded on a Nicolet 

380 FT-IR spectrometer. The state of hydrogen in the 
product was characterized by a Bruker AV500 1H-NMR 
analyzer, and the solvent used was dimethyl sulfoxide-d6 
(DMSO-d6), the internal standard (for calibrating shift 
for 1H) was tetramethylsilane (TMS).  

The molecular weight of the product was measured by 
Waters Quattro Premier XE. The purity of the product 

was analyzed by Agilent 1260 Infi nity HPLC system 
equipped with a UV detector (278 nm) and a ZORBAX 
SM-C18 Column (150 mm*4.6 mm) at 25oC. The HPLC 
utilized 100% methanol used as the mobile phase fl owing 
at 1.2 ml/min to analyze the purity. The product yields 
(mol%) can be calculated by the following formula:

RESULTS AND DISCUSSION

The effect of reaction temperature, the dosage of 
hydrogen peroxide, the dosage of potassium hydroxide 
and reaction time were systematically investigated.

Reaction temperature 
As shown in Figure 1, reaction temperature affects 

the oxidation of 5-HMF signifi cantly. When the reaction 
temperature increases from 40oC to 70oC, the yield of 
FDCA increases from 17.6% to 42.8% correspondingly. 
Although the higher temperature is feasible to accelerate 
the reaction, it will induce advanced oxidation that results 
in a decrease of yield when the temperature is above 
70oC. Therefore, the optimal reaction temperature was 
chosen as 70oC in the following experiment.

Figure 1. Effect of reaction temperature on the yield of FDCA 
(5-HMF 4 mmol, KOH 14 mmol, H2O2 36 mmol, 
H2O 10 ml, reaction time 15 min)

The dosage of hydrogen peroxide 
The effect of hydrogen peroxide loading on the reaction 

is shown in Figure 2. It can be observed that when the 
dosage of hydrogen peroxide increases from 12 mmol to 
32 mmol, the yield of FDCA increases from 33.8% to 
50.6%. When the loading of H2O2 is 32 mmol, the yield 
reaches the highest value. As we know, hydrogen peroxide 
is a strong oxidant, it can rapidly disintegrate into water 
and release oxygen in strong alkaline condition. When 
the dosage of hydrogen peroxide is low, the oxidation 
process is incomplete that the reaction in generating 
intermediate product will play a dominant role. On the 
contrary, an excess oxidant is added, advanced oxidation 
will occur that reactants turns into small molecule acid 
and results in a decline in yield.
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The dosage of potassium hydroxide
As presented in Figure 3, when the dosage of po-

tassium hydroxide increases from 6 mmol to 16 mmol, 
the corresponding yield of FDCA increases from 9% 
to 55.6%. When the content of KOH is 16mmol, the 
yield of FDCA reaches the highest value. It is reported 
that increasing the dosage of potassium hydroxide can 
accelerate the decomposition of H2O2 and be favorable 
for the formation of HOO–14. But when the dosage of 
KOH is higher, the yield of FDCA is reduced. This may 
be caused by disproportionation of 5-HMF due to the 
aldehyde without α-H. Thus, the reaction carried out 
under the effect of strong alkali can be divided into two 
portions: one portion of aldehyde is oxidized to acid; the 
another portion is reduced to alcohol that leads to the 
formation of 2.5-furandimethanol (FDM).

seriously promotes the advanced oxidation from FDCA 
to small molecule acid, such as levulinic acid, succinic 
acid and maleic acid. It will result in the decrease of 
the yield of FDCA.

Structure of the product
The analysis on the chemical structure of the product 

is shown in Figure 5, Figure 6 and Figure 7, respectively. 
FT-IR (ν, cm–1): 3151, 3125 (-OH); 1701 (C=O); 1572, 
1424 (C=C); 1276, 1229 (C-O); 962, 852, 763 (=CH). 
1HNMR (δ/ppm): 7.286 (s, 2H, CH); 13.575 (s, 2H, 
COOH). MS: [mass-to-charge ratio (m/z)]: Calcd for 
C6H4O5 156; found 156. The purity of FDCA as deter-
mined by HPLC with the normalization method is 99%. 

Figure 2. Effect of the dosage of hydrogen peroxide on the 
yield of FDCA (5-HMF 4 mmol, KOH 14 mmol, 
H2O 10 ml, reaction temperature 70oC, reaction 
time 15 min)

Figure 4. Effect of reaction time on the yield of FDCA (5-
-HMF 4 mmol, KOH 16 mmol, H2O2 32 mmol, H2O 
10 ml, reaction temperature 70oC)

Figure 3. Effect of the dosage of potassium hydroxide on the 
yield of FDCA (5-HMF 4 mmol, H2O2 32 mmol, 
H2O 10 ml, reaction temperature 70oC, reaction 
time 15 min)

Figure 5. FT-IR spectrum of FDCA

Reaction time 
Figure 4 shows that when the reaction time is 15 min, 

the effect of oxidation is the best. When the reaction 
time is too short, reactants still stay in the intermediate 
stage, such as HFCA and FCA. Prolonging reaction time 

Separation and recovery process of by-products
In order to accomplish separation and recovery of by-

-products, we have further carried out the experiments 
to investigate this process. The detailed reaction was 
conducted under the optimal conditions when the dosage 
of raw materials was magnifi ed by 5 times on the basis 
of above formulation (5-HMF 20 mmol, KOH 80 mmol, 
H2O2 160 mmol, H2O 50 ml). When the reaction was fi -
nished, the system was cooled down to room temperature 
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and concentrated hydrochloric acid (20 ml) was added 
to the reaction solution to obtained FDCA (1.735 g) 
until pH<1.0. After vacuum fi ltration, the fi ltrate was 
adjusted to neutral by adding potassium carbonate (9.686 
g). Thus, concentrated hydrochloric acid can be converted 
to potassium chloride (KCl). Simultaneously, the fi ltrate 
was dried by adding anhydrous MgSO4 (72.290 g) in 
order to separate the organic phase. Subsequently, the 
organic phase was detected by HPLC. The results indicate 
that the organic phase is mainly composed of HFCA 
(3.2 mmol 0.454 g) and FCA (0.7 mmol 0.098 g). In 
addition, the mixture (169.620 g) of potassium chloride 
crystals and MgSO4 · 7H2O can be used as raw materials 
for fertilizers manufacture. Except for approximately 5% 
material loss in the experimental process, the amount of 
input and output is almost the same that is consistent 

with the mass balance. The detailed separation and 
recovery process of by-products is listed in Scheme 2.

Potential reaction mechanism
In the experiments, we have found that oxidation 

of 5-HMF by hydrogen peroxide for the preparation 
of FDCA without employing any catalysts is hard to 
accomplish no matter in acidic or neutral condition. 
In general, the decomposition mechanism of hydrogen 
peroxide under alkaline condition can be expressed by 
the following formula26.

 (1)

 (2)
The fi rst step is a reversible process and increasing 

the concentration of OH– is favorable for the formation 
of HOO– by accelerating the decomposition reaction 
of H2O2. The second step is the reaction of H2O2 and 

Figure 7. MS spectrum of FDCA

Scheme 2. Separation and recovery process of by-products

Figure 6. 1HNMR spectrum of FDCA

HOO– to generate O2. We deduce that HOO– plays an 
important role in the reaction of aldehyde groups turning 
into carboxyl groups and O2 plays an important role in 
the reaction of hydroxymethyl groups turning into alde-
hyde groups. Therefore, the oxidation process of 5-HMF 
by hydrogen peroxide should be carried out in alkaline 
condition. In addition, the absence of formation of DFF 
in the organic phase is attributed to the fact that the 
aldehyde groups of 5-HMF are oxidized fi rst, followed 
by the oxidation of the hydroxymethyl groups. Based on 
above mentioned facts, we have speculated the detailed 
oxidation mechanism of 5-HMF assisted by hydrogen 
peroxide in the alkaline condition to synthesize FDCA, 
as shown in Scheme 3.

First, hydrogen peroxide is decomposed into HOO– 

under alkaline conditions. In the process, the aldehyde 
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groups of 5-HMF are oxidized to form intermediate 
I27. Then, the formation of HFCA is conducted by the 
dehydration of intermediate I. After that, the dehydro-
genation of HFCA can produce FCA under the effect 
of oxygen that originates from the reaction between 
hydrogen peroxide and HOO–. At last, the aldehyde 
groups of FCA are further oxidized to form intermediate 
II. Furthermore, the target product FDCA was achieved 
by the dehydration of intermediate II.

CONCLUSIONS

In this article, hydrogen peroxide shows good oxi-
dation performance for the conversion of 5-HMF into 
FDCA in alkaline condition. After systematically inve-
stigating reaction conditions, several important reaction 
parameters are confi rmed. The optimal molar ratio of 
5-HMF:KOH:H2O2 is 1:4:8 with the highest FDCA yield 
of 55.6% and the purity of 99%, which was carried out 
under 70oC for 15 min. This technology of preparation 
of FDCA has many advantages, such as simple process, 
saving time, easy separation of products and no catalyst. 
Moreover, this synthetic method can reduce the cost of 
FDCA production.
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