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Abstract 

FDCA is a potential non-phthalate based bio-renewable substitute for terephthalic acid (TPA)-based 

plastics. Here we describe HMF oxidation to FDCA with Co/Mn/Br catalyst. Optimization of reaction 

temperature, stirring speed and catalyst concentration results in an approximately 95% FDCA yield via 

minimization of side reactions. To the best of our knowledge, this is the highest FDCA yield reported for 

this catalytic system and is comparable to that of TPA obtained during p-xylene oxidation with the same 

catalyst. A semi-batch gas-liquid reactor model is developed to estimate rate constants for the series 

oxidation reactions, based on concentration versus time data. The conversion of 5-formyl-2-

furancarboxylic acid (FFCA) to FDCA is demonstrated to be the rate determining step. 
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Co/Mn/Br is a well known industrial catalyst to 

convert p-xylene into TPA with > 95% yield 

(Partenheimer, 1995) However, this catalyst has not yet 

been shown to be as effective in the oxidation of HMF to 

FDCA, a non-phthalate based alternative to TPA for 

making plastics (Bozell et al, 2010). Compared to  p-

xylene, HMF contains more reactive functional groups 

(hydroxyl, aldehyde groups and furan ring) that can 

undergo various side reactions to lower the yield of FDCA, 

which is reported to be only about 60% according to the 

literature (Partenheimer et al., 2001; Saha et al, 2012). 

This work reports significant improvement of FDCA yield 

by systematically optimizing various reaction parameters 

such as reaction temperature, stirrer speed and catalyst 

concentration. It is shown that the FDCA yield can be 

increased to ca. 95% under optimal conditions via 

minimization of side reactions, e.g. over-oxidation of HMF 

to gaseous products CO and CO2. In addition, a semi-batch 

gas-liquid reactor model was developed to describe the 

reaction behavior and estimate intrinsic rate constants of 

the series reactions.  

Experimental, Results and Discussion 

The reactions were performed in a 50 mL Parr reactor 

equipped with an advanced sampling system that allows 

fast sampling of reaction mixture to capture highly reactive 

species including the substrate HMF, intermediate liquid 



  
 

phase products 2,5-diformylfuran (DFF) and 5-formyl-2-

furancarboxylic acid (FFCA), especially during the early 

stage of oxidation. HMF is added continuously at a steady 

rate for 30 seconds to the reactor preloaded with Co/Mn/Br 

catalyst, acetic acid solvent and N2/O2 mixture (2/1, 15 

bar). 

Catalyst concentration has a large influence on the 

reaction. At constant Co/Mn/Br ratio, over-oxidation (or 

burning) of HMF to CO and CO2 is favored at low catalyst 

concentration (Co, Mn: 3.5-7.0 mmol/L; Br: 10.5-21.0 

mmol/L), which results in decreased FDCA yield (70-85%, 

entries 1 and 2, Table 1). The FDCA yield (95%, entry 4) 

is maximized at 13.5 mmol/L Co, Mn and 40.5 mmol/L Br. 

Further increase of catalyst concentration by 50% has 

marginal effect on burning. However, the FDCA yield is 

much lower with incomplete conversion of FFCA (entry 

5).   

Table 1. Optimization of FDCA yield 
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1 3.4/3.5/10.3 71.7 0.2 0 0.25 

2 6.7/6.8/20.9 87.0 0 0 0.10 

3 10.0/10.3/31.1 88.1 0 0 0.061 

4 13.4/13.7/40.7 95.9 0.2 0 0.058 

5 19.9/20.4/60.8 84.9 4.0 0 0.050 

T = 180 oC; stirrer speed = 1000 rpm; a mM = mmol/L; b based 

on the HPLC analyses of the sample withdrawn at 10 min (prior 

to cooling of reactor); conversion of HMF >99% for all the 

reactions; c based on  GC analyses of gaseous products sampled 

after cooling of reactor. 

 

A semi-batch reactor model was developed based on 

the lumped kinetic scheme (Scheme 1) and the assumption 

that all the reactions are zeroth- and first-order with respect 

to gaseous and liquid reactants, respectively. The predicted 

profiles match the experimental data well (Figure 1) in the 

reaction under optimal conditions (entry 4, Table 1). The 

rate constants of the series reactions  are estimated to be as 

follows (95% confidence level in parentheses): 

k1 = 4.61 x 10-1 (5.38 x 10-2) s-1 

k2 = 1.02 x 10-1 (9.88 x 10-3) s-1 

k3 = 1.91 x 10-2 (6.97 x 10-3) s-1 

 

The slowest step is the formation of FDCA, attributed 

to the inhibition effect of the electron-withdrawing 

carboxyl group in FFCA.  

 

 
Scheme 1. Lumped kinetic scheme for HMF oxidation 

 

 

Figure 1. Temporal mole fraction profiles (entry 4, Table 

1): XHMF = 1-conversion of HMF; XDFF, XFFCA, XFDCA = 

yields of DFF, FFCA and FDCA 

Conclusions/Outlook 

Approximately 95% FDCA yield has been achieved 

during the Co/Mn/Br-catalyzed oxidation of HMF via 

optimization of reaction conditions to minimize side 

reactions. Kinetic parameters, estimated based on 

empirical modeling of experimental concentration/time 

profiles, provide valuable guidance to the rational reactor 

design and scaleup as well as insights into reaction 

mechanism. 
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