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Abstract: Recent developments in transformations of biobased 5-

hydroxymethylfurfural to a potential liquid fuel, 2,5-dimethylfuran are 

critically summarized. The highest yield of 2,5-dimethylfuran (more 

than 98%) from 5-hydroxymethylfurfural are obtained over bimetallic 

Cu-Co supported on carbon  at 180 oC under 5 bar hydrogen in 2-

propanol and over Ni supported on mesoporous carbon at 200 oC 

under 30 bar hydrogen in water in a batch reactor. The desired 

catalyst should have relatively high metal dispersion and some 

acidity to facilitate both hydrogenation and hydrogenolysis. However, 

overhydrogenation and overhydrogenolysis forming 2,5-

dimethyltetrahydrofuran and methylfuran, respectively, should be 

suppressed. Furthermore, a hydrophobic support is more selective 

than oxide based support. After a careful adjustment of the 

residence time in a continuous reactor it is also possible to produce 

high yields of 2,5-dimethylfuran even over Pt/C. The main 

challenges limiting the industrial feasibility of these reactions are 

relatively low initial reactant concentration, catalyst deactivation by 

sintering, leaching and coking. In addition to selection of optmum 

reaction conditions and catalyst properties, kinetic modelling was 

also summarized. 

 

1. Introduction 

Different scenarios have been proposed about the role of 

biomass in the future future energy supply. In some potential 

scenarios biomass can play a certain non negligible role as a 

energy carrier. An example of such fuels is 2,5-dimethylfuran 

(DMF) derived from 5-hydroxymethylfurfural (HMF), which itself 

is a product from sugar dehydration. [1, 2] DMF has a high energy 

content, 31.5 kJ/l [3] comparable with gasoline (35 MJ/l) and 

diesel (33 MJ/l). It has also a high octane number (RON=119) 

and a low oxygen content. [4] Furthermore, DMF is immiscible in 

water which makes its use easier. [4] Moreover, biobased 

polyethylene terephthalate (PET) can be prepared from p-xylene, 

which is obtained via cycloaddition of DMF with ethylene. [5-9] 

Furthermore, DMF has been used as a fuel additive to reduce 

soot emissions [10] and as an intermediate for synthesis of 

anticarcinogens.[11] 

The importance of HMF transformations to DMF can be 

underestimated because HMF is one of the 12 key-platform 

chemicals from biomass according to the US Department of 

Energy. The target in research around HMF has been to develop 

environmentally viable and economically feasible processes for 

production of liquid fuels from lignocellulosic feedstock. [2] In the 

recent review of Wang et al. [12] catalytic HMF production was 

reported together with sugars and HMF transformations to DMF. 

One-pot synthesis of DMF from carbohydrates was also 

demonstrated with for example Pd/C as a catalyst together with 

polymethylhydrosiloxane as a hydrogen donor.[13]  

Transformation of HMF to DMF is scientifically an interesting 

reaction with a complex reaction network and this reaction has 

been intensively studied. [14-60] In the first step HMF is 

hydrogenated to BHMF followed by its hydrogenolysis to 

methylfurfuryl alcohol (MFA) and further hydrogenolyses to DMF. 

In additional the challenge to maximize the yield of DMF is to 

suppress its overhydrogenation to 2,5-dimethyltetrahydrofuran 

(DMTHF) and further cracking reactions, e.g. formation of furans 
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and furan ring opening forming diketones and alcohols (Figure 

1). [38] HMF transformations require typically a bifunctional 

catalyst both with hydrogenation and hydrogenolysis activity. 

The catalyst should have an optimized metal content, desired 

support properties which facilitate an intimate contact between 

the metal and the support. Even formation of alloys between two 

metals were considered favourable in order to avoid 

overhydrogenation of DMF to DMTHF.  

Metal and solvent selection are also crucial and can determine 

both reaction rates and selectivity to DMF. Both noble [35, 36, 44, 46] 

and transition metal catalysts [16, 32, 39] as well as bimetallic 

catalysts have been used in HMF transformations. The former 

ones are more expensive, requiring at the same time milder 

conditions, while transition metals are cheaper, operating, 

however, at harsher conditions. Solvents differ in hydrogen 

solubility, polarity, reactivity with the catalyst etc and therefore 

their role in HMF transformations cannot be underestimated. [24, 

35]  

In this work the main emphasis is on elucidation which kind of 

catalytic properties are required in transformations of HMF to 

DMF. The recent results from HMF transformations to DMF are  

discussed in Section 2 and criteria for catalyst selection in 

Section 3. Catalyst properties for HMF transformation to DMF 

were only quite shortly reported in recent review of Wang et al. 

[5] In addition the effect of reaction conditions, role of co-catalysts 

and transfer hydrogenation are presented. Furthermore, catalyst 

reuse, deactivation and regeneration, which are of industrial 

importance, are discussed in Section 4. Reaction kinetics, 

modelling and reaction mechanism are elucidated in Section 5. 

Most of the studies report batch operation, however, some 

works can be found from continuous fixed bed reactors (Section 

6). [27, 34-36, 40, 47, 49] Some recommendations of future research 

needs are given in Section 7.   

 

 
Figure 1. Reaction scheme for 5-hydroxymethylfurfural (HMF) transformation to 2,5-dimethylfuran (DMF). Notation: 5-hydroxymethylfurfural (HMF), 

bis(hydroxymethyl)furan (BHMF), 2,5-dihydroxymethyl tetrahydrofuran (DHMTHF), 2,5-dimethyltetrahydrofuran (DMTHF), methylfurfural (MFU) 5-methyl furfuryl 
alcohol (MFA), 5,5-(oxybis(methylene))bis(2-methylfuran) (OMBM), furfuryl alcohol (FA), 5-methylfuran (MF), 5-methyltetrahydrofuran (MTHF), 2-hexanol (2-HA) 
adapted from [38, 45, 48].  

  

 

2. Selective HMF Transformation to DMF 

Selective HMF transformations to DMF require both a metal 

function and acidic properties to promote both hydrogenation 

and hydrogenolysis, respectively. [15, 20, 27, 29, 30, 31, 35, 39, 44, 47, 51] 

The highest yields of DMF, along with an overview of varying 

catalysts and reaction conditions from different studies are 

summarized in Table 1. Above 90 % yields of DMF have been 

obtained over monometallic noble metal catalysts (Table 1, entry 

7, 22) [25, 44] supported on carbon, which is electronconductive. 

Bimetallic noble metal catalysts containing a transition metal as 

a second component, i.e. Pt-Co-MW-CNT (multiwalled carbon 

nanotubes) (Table 1, entry 4), [48] Ru-MoOx/C (Table 1, entry 21) 

[52] and Cu-Pd@C (Table 1, entry 31), [61] prepared via pyrolysis 

of Cu-Pd-MOF (metal organic framework) prepared 

hydrothermally from cupper nitrate, benzene-1,3,5-tricarboxylic 

acid and lauric acid in n-butylalcohhol, thereafter Pd was 

impegnated on the support), are also very good catalysts (see 
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Section 3.3). Monometallic Ni supported on mesoporous carbon 

is an excellent catalyst (Table 2, entry 8) [21] together with 

bimetallic Ni-Mo supported on mesoporous alumina (Table 2, 

entry 14), [24] and NiZnAl mixed oxide (Table 2, entry 10). [30] High 

yields of DMF were obtained with solvents containing oxygen, i.e. 

alcohols, 1,4-dioxane and tetrahydrofuran (THF). Even water 

with a very high dielectric constant was a good solvent, however, 

only when applying high pressure (Table 2, entry 8), [21] which 

might be due to low solubility of hydrogen in water (see Section 

4.3). [91]  

The catalysts which gave lower DMF yields are typically alumina 

or silica supported catalysts. Moreover non-polar solvents, for 

example p-xylene (Table 2, entry 14) [24] and toluene (Table 2, 

entry 2), [16] which interact with the catalysts were not efficient 

showing clearly that a selective solvent is needed. Details of 

reaction conditions are discussed in Section 4. 

Overhydrogenation and overhydrogenolysis typically decrease 

the yield of DMF due to formation of DMTHF and MF, 

respectively. Details of catalytic properties and selection of 

proper reaction conditions e.g. temperature, pressure and 

solvent are given in Sections 3 and 4, respectively.   

Table 1. The highest DMF yields over noble metal catalysts and effect of solvent on DMF yield in HMF transformation under hydrogen atmosphere in a batch 
reactor. Notation: Y= yield (%), HMF 5-hydroxymethylfurfural, DHMTHF 2,5 -dihydroxymethyl tetrahydrofuran, DMTHF 2,5-dimethyltetrahydrofuran, MFU 
methylfurfural, MFA 5-methyl furfuryl alcohol, FA furfuryl alcohol, 2-HA 2-hexanol, HDO hexane-2,5-dione, HDL hexane-2,5-diol, OMBM 5,5-
(oxybis(methylene))bis(2-methylfuran). A reference to Table 3 is also given for each entry. 
 

Entry Catalyst Conditions Conversion 

(%) 

Yield fo DMF 

(%) 

Yield of other products 

(%) 

Dielectric 

constant 

Ref 

1 0.48 wt% Pt-0.46 wt% 

Ir/CMK-3 (CMK 
mesoporous carbon) 
(entry 1 in Table 3) 

150°C, 15 bar, THF, c0, 

HMF=0.02 mol/l, HMF:cat 
ratio 1 :1 wt/wt, 4 h 

98 86 YMFA=5, 

YMF=5 

7.52 [31] 

2 0.48 wt% Pt-0.46 wt% 
Ir/CMK-3 (CMK 
mesoporous carbon) 
(entry 1 in Table 3) 

150°C, 15 bar, methanol, c0, 

HMF=0.02 mol/l, HMF:cat 
ratio 1 :1 wt/wt, 4 h 

80 4 YBHMF= 12, YMF= 28 
 

32.7 [31] 

3 0.48 wt% Pt-0.46 wt% 
Ir/CMK-3 (CMK 
mesoporous carbon) 
(entry 1 in Table 3) 

150°C, 15 bar, acetonitrile, 
c0, HMF=0.02 mol/l, HMF:cat 
ratio 1 :1 wt/wt, 4 h 

99 14 YBHMF=18, YMF= 9, 
YFA=4 
 

36.6 [31] 

4 8.2 wt% Pt-6.3 wt% 

Co/MWCNT (entry 2 
in Table 3) 

160°C, 10 bar, 1-butanol, 

c0, HMF=0.13 mol/l, HMF:cat 
ratio 9.4 :1 wt/wt, 6 h 

100 92.3 YOMBM= 5.7 17.8 [48] 

5 4.9 wt% Pt on 
reduced graphene 
oxide (entry 6 in Table 
3) 

120°C, 30 bar, 1-butanol, 
c0, HMF=0.04 mol/l, HMF:cat 
molar ratio 100 wt/wt, 2 h 

100 73.2 YBHMF=0.8, 
YMFU= 1.6, YMFA=0.6 

17.8 [43] 

6 4.5 wt% Pt on active 
carbon  

160°C, 30 bar, 1-butanol, 
c0, HMF=0.04 mol/l, HMF:cat 
molar ratio 100, 2 h 

67.4 32.6 YBHMF=2.8, 
YMFU= 2.5 

17.8 [43] 

7 5 wt% Ru/C (entry 7 
in Table 3) 

200°C, 20 bar, THF, c0, 

HMF=0.18 mol/l, 5 mol% 
catalyst, 2 h 

100 94.9 n.a. 7.52 [25] 

8 5 wt% Ru/CNT (entry 
8 in Table 3) 

150 °C, 20 bar, 1,4-
dioxane, c0, HMF=0.04 mol/l, 
HMF: cat. ratio 2.5:1 wt/wt, 
50 min 

96 84 YBHMF=8, 
YMFA= 2 

2.21 [38] 

9 5 wt% Ru/Co3O4 

(entry 9 in Table 3) 
130°C, 7 bar, THF,  
c0, HMF=0.2 mol/l, HMF:cat 
ratio 2.5:1 wt/wt, 12 h 

100 93 YMFA=2, 
YMFA-ether=6 

7.52 [55] 

10 2 wt% Ru/NaY (entry 
11 in Table 3) 

220 °C, 15 bar, toluene,  
c0, HMF=0.04 mol/l, cat. 
amount not available, 1 h 

70 43 YBHMF=9, 
YMFU= 2, YMFA=12 

2.38 [35] 

11 2 wt% Ru/NaY (entry 
11 in Table 3) 

220 °C, 15 bar, 1,2-
dimethoxyethane, c0, 

HMF=0.04 mol/l, cat. amount 
not available, 1 h 

100 52 YBHMF=12, 
YMFU= 2, YMFA=24, 
YDMTHF=3 

7.3 [35] 

12 2 wt% Ru/NaY (entry 
11 in Table 3) 

220 °C, 15 bar, THF,  
c0, HMF=0.04 mol/l, cat. 

amount not available, 1 h 

100 70 YBHMF=3, 
YMFA=17, 

YDMTHF=4 

7.52 [35] 

13 2 wt% Ru/NaY (entry 
11 in Table 3) 

220 °C, 15 bar, 2-propanol, 
c0, HMF=0.04 mol/l, cat. 
amount not available, 1 h 

80 33 YBHMF=8, 
YMFU= 2, YMFA=12, 
YDMTHF=2 

18.3 [35] 

14 2 wt% Ru/NaY (entry 
11 in Table 3) 

220 °C, 15 bar, acetonitrile, 
c0, HMF=0.04 mol/l, cat. 
amount not available, 1 h 

57 6 YBHMF=18, 
YMFU= 2, YMFA=17, 

36.6 [35] 

15 2 wt% Ru/NaY (entry 
11 in Table 3) 

220 °C, 15 bar, DMSO,  
c0, HMF=0.04 mol/l, cat. 
amount not available, 1 h 

31 78 YBHMF=13, 
YMFU= 4, YMFA=4 

47.2 [35] 

16 0.56 wt% Ru/HT 
(hydrotalcite) (entry 
12 in Table 3) 

220°C, 10 bar, 2-propanol,  
c0, HMF=0.04 mol/l, cat. 
amount not available, 4 h 

100 58 YBHMF=5, YDHMTHF=2, 
YMFA=8, YMF=4, 
YDMTHF=6 

18.3 [36] 

17 2 wt% Ru/MCS-30 
(microporous carbon) 
(entry 13 in Table 3) 

125°C, 5 bar, toluene,  
c0, HMF=0.02 mol/l, HMF: cat. 
1:1 wt/wt, 51 h  

97 27 n.a. 2.38 [46] 

18 2 wt% Ru/MCS-30 
(microporous carbon) 
(entry 13 in Table 3) 

125°C, 5 bar, 1,2-
dimethoxyethane,  
c0, HMF=0.02 mol/l, HMF: cat. 
1:1 wt/wt, 1 h  

99 39 n.a. 7.3 [46] 
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19 2 wt% Ru/MCS-30 
(microporous carbon) 
(entry 13 in Table 3) 

125°C, 5 bar, 2-propanol,  
c0, HMF=0.02 mol/l, HMF: cat. 
1:1 wt/wt, 1 h  

99 69.5 YBHMF=3, YDHMTHF=2, 
YMFA=3, YDMTHF=2 

18.3 [46] 

20 2 wt% Ru/MCS-30 
(microporous carbon) 
(entry 13 in Table 3) 

125°C, 5 bar, acetone,  
c0, HMF=0.02 mol/l, HMF: cat. 
1:1 wt/wt, 1 h  

99 19 n.a. 19.5 [46] 

21 5 wt%Ru-10 wt% 
MoOx/C (entry 14 in 
Table 3) 

180 °C, 15 bar, n-butanol,  
c0, HMF=0.1 mol/l, HMF: cat. 
5:1 wt/wt, 1 h 

100 79.8 YHDO=0.7, 
YHDL=1.0, 
YDHMTHF= 0.4,  
YDMTHF=3 

17.8 [52] 

22 3 wt % Pd/C (entry 15 

in Table 3) 

170 °C, 21 bar, 2-propanol, 

c0, HMF=0.03 mol/l, HMF: cat. 
10:1 wt/wt, 4 h 

100 99 Traces of other products 18.3 [44] 

23 3 wt % Pd/C (entry 15 
in Table 3) 

170 °C, 21 bar, 1-butanol,  
c0, HMF=0.03 mol/l, HMF: cat. 
10:1 wt/wt, 4 h 

100 20 n.a. 18.77 [44] 

24 3 wt % Pd/C (entry 15 
in Table 3) 

170 °C, 21 bar, methanol,  
c0, HMF=0.03 mol/l, HMF: cat. 
10:1 wt/wt, 4 h 

100 38 n.a. 32.7 [44] 

25 3 wt % Pd/C (entry 15 
in Table 3) 

170 °C, 21 bar, water,  
c0, HMF=0.03 mol/l, HMF: cat. 
10:1 wt/wt, 4 h 

100 72 n.a. 78.4 [44] 

26 PdAu4/graphitized 
carbon (entry 16 in 
Table 3) 

150°C, 10 bar,THF,  
c0, HMF=0.13 mol/l, HMF: cat. 
5:1 wt/wt, 4 h 

86.8 82 YMFA=4 7.52 [53] 

27 2 wt% Pd-20 wt%  
Cs-H0.5PW12O40/K-10 
10 (entry 17 in Table 
3) 

90°C, dioxane, 10 bar,  
c0, HMF=0.1 mol/l, HMF: cat. 
0.63:1 wt/wt, 2 h 

98 81 n.a. 2.21 [20] 

28 2 wt% Pd-20 wt%  
Cs-H0.5PW12O40/K-10 
(entry 17 in Table 3) 

90°C, THF, 10 bar,  
c0, HMF=0.1 mol/l, HMF: cat. 
0.63:1 wt/wt, 2 h 

98 81 n.a. 7.52 [20] 

29 2 wt% Pd-20 wt%  
Cs-H0.5PW12O40/K-10 
(entry 17 in Table 3) 

90°C, n-butanol, 10 bar,  
c0, HMF=0.1 mol/l, HMF: cat. 
0.63:1 wt/wt, 2 h 

100 46 n.a. 18.77 [20] 

30 2 wt% Pd-20 wt%  
Cs-H0.5PW12O40/K-10 
(entry 17 in Table 3) 

90°C, water, 10 bar,  
c0, HMF=0.1 mol/l, HMF: cat. 
0.63:1 wt/wt, 2 h 

100 42 n.a. 78.4 [20] 

31 47 wt% Cu-28 wt% 
Pd@C (entry 18 in 
Table 3) 

120°C, 15 bar, THF,  
c0, HMF=0.06 mol/l, HMF: cat. 
5:1 wt/wt,7 h 

100 97 YDMTHF=3 7.52 [61] 

 
 
Table 2. The highest DMF yields over transition metal catalysts and effect of solvent on DMF yield in HMF transformation under hydrogen atmosphere in a batch 

reactor. Notation: Y= yield (%), HMF 5-hydroxymethylfurfural, BHMF bis(hydroxymethyl)furan, DHMTHF 2,5 -dihydroxymethyl tetrahydrofuran, DMTHF 2,5-
dimethyltetrahydrofuran, MFU methylfurfural, MFA 5-methyl furfuryl alcohol, FA furfuryl alcohol, 2-HA 2-hexanol, HDO hexane-2,5-dione, HDL hexane-2,5-diol, 
OMBM 5,5-(oxybis(methylene)bis(2-methylfuran). A reference to Table 4 is also given for each entry. 
 

Entry Catalyst Conditions Conversion 
(%) 

Yield fo DMF 
(%) 

Yield of other products 
(%) 

Dielectric 
constant 

Ref 

1 Cu-Co@C (Cu:Co  
molar ratio 1:3, entry 
1 in Table 4) 

180°C, 5 bar, toluene, 
c0, HMF=0.2 mol/l, HMF: cat. 
12.5:1 wt/wt, 8 h 

100 64.8 YDMTHF=7, YHDL=3 2.38 [16] 

2 Cu-Co@C (Cu:Co  
molar ratio 1:3, entry 
1 in Table 4) 

180°C, 5 bar, cyclopentyl 
methyl ether, c0, HMF=0.2 
mol/l, HMF: cat. 12.5:1 
wt/wt, 8 h 

100 83 YDMTF=18, YHDL=3 4.76 [16] 

3 Cu-Co@C (Cu:Co  
molar ratio 1:3, entry 
1 in Table 4) 

180°C, 5 bar, THF,  
c0, HMF=0.2 mol/l, HMF: cat. 
12.5:1 wt/wt, 8 h 

100 78 YDMTHF=7,  7.52 [16] 

4 Cu-Co@C (Cu:Co  
molar ratio 1:3, entry 
1 in Table 4) 

180°C, 5 bar, 2-propanol,  
c0, HMF=0.2 mol/l, HMF: cat. 
12.5:1 wt/wt, 8 h 

100 98.3 YDMTHF=7, Yother<2 18.3 [16] 

5 Cu-Co@C (Cu:Co  
molar ratio 1:3, entry 
1 in Table 4) 

180°C, 5 bar, n-propanol, 
c0, HMF=0.2 mol/l, HMF: cat. 
12.5:1 wt/wt, 8 h 

100 94 YDMTHF=7 20.1 [16] 

6 Cu-Co@C (Cu:Co  
molar ratio 1:3, entry 
1 in Table 4) 

180°C, 5 bar, ethanol,  
c0, HMF=0.2 mol/l, HMF: cat. 
12.5:1 wt/wt, 8 h 

100 >99 YDMTHF=7, Yother=<2 24.5 [16] 

7 Cu-Ni/𝛾-Al2O3 (entry 
11 in Table 4) 

200°C, 30 bar, THF,  
c0, HMF=0.08 mol/l, HMF: cat. 
0.4:1 wt/wt, 6 h 

100 52 YBHMF=6, YMFA=9, 
YMFU=8, 
YFA=18, 
YMF=5 

7.52 [45] 

8 2.5 wt% Ni-OMD3 
(mesoporous nitrogen 
rich carbon, entry 4 in 
Table 4)  

200°C, 30 bar, water,  
c0, HMF=0.1 mol/l, HMF: cat. 
5:1 wt/wt , 6 h 

>99.9 98.7 traces of BHMF and 
MFA 

78.4 [21] 

9 40 wt% Ni/ZSM-5 
(entry 5 in Table 4) 

180°C, 2.5 bar, THF,  
c0, HMF=0.1 mol/l, HMF: cat. 
2.5:1 wt/wt, 7 h 

91.2 87.7 YMF=2, YDMTHF=2 7.52 [22] 

10 NiZnAl mixed oxide 
(25 wt% Ni, 29 wt% 
Zn, entry 6 in Table 4) 

180°C, 15 bar, 1,4-dioxane, 
c0, HMF=0.33 mol/l, HMF: cat. 
10:1 wt/wt, 15 h 

100 93.6 YDMTHF=6 2.21 [30] 

11 Ni/Al2O3 (Ni/Al molar 
ratio 3, entry 7 in 
Table 4) 

180°C, 12 bar, 1,4-dioxane, 
c0, HMF=0.33 mol/l, HMF: cat. 
15:1 wt/wt, 4 h 

100 92 YDMTHF=1.4 
YDHMTHF= 3.6, YMF=3, 

2.21 [29] 

12 Raney Ni 180°C, 15 bar, 1,4-dioxane, 100 88.5 YDHMTHF=5 2.21 [57] 
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c0, HMF=0.33 mol/l, HMF: cat. 
3:1 wt/wt, 15 h 

13 Ni-Si-phyllosilicate 
(entry 8 in Table 4) 

180°C, 15 bar, 1,4-dioxane, 
c0, HMF=0.31 mol/l, 3 h 

100 72.9 YDHMTHF=10.5 
YBHMF=13.7 

2.21 [58] 

14 5 mol% Ni-7 mol% 
MoS2/Al2O3 (entry 9 in 
Table 4) 

130°C, 10 bar, p-xylene,  
c0, HMF=0.1 mol/l, HMF: cat. 
2.5:1 wt/wt, 7 h 

n.a. 2 n.a. 2.2 [24] 

15 5 mol% Ni-7 mol% 
MoS2/Al2O3 (entry 9 in 
Table 4) 

130°C, 10 bar, 1,4-dioxane, 
c0, HMF=0.1 mol/l, HMF: cat. 
2.5:1 wt/wt, 7 h 

n.a. 25 n.a. 2.21 [24] 

16 5 mol% Ni-7 mol% 

MoS2/Al2O3 (entry 9 in 
Table 4) 

130°C, 10 bar, 2-propanol, 

 c0, HMF=0.1 mol/l, HMF: cat. 
2.5:1 wt/wt,7 h 

100 95 YMF=2, traces of MFA 

and BHMF ethers 

18.3 [24] 

17 5 mol% Ni-7 mol% 
MoS2/Al2O3 (entry 9 in 
Table 4) 

130°C, 10 bar, ethanol,  
c0, HMF=0.1 mol/l, HMF: cat. 
2.5:1 wt/wt, 7 h 

n.a 67 n.a. 24.5 [24] 

18 10 wt% Ni-47 wt% 
W2C on active carbon 
(entry 10 in Table 4) 

180°C, 40 bar, THF,  
c0, HMF=0.08 mol/l, HMF: cat. 
1:1 wt/wt, 4 h 

100 96 YMF=2 7.52 [26] 

19 10 wt% Ni/TiO2 (entry  
in 12 Table 4) 

220 °C, 30 bar, 1,4-
dioxane, c0, HMF=0.04 mol/l, 
HMF: cat. 6.7:1 wt/wt, 2 h 

100 85 YMFA=1, YMF= 2, 
YDMTHF=5 

2.21 [39] 

20 18 2. wt% Ni/ZrP 
(entry 13 in Table 4) 

240°C, 50 bar, THF,  
c0, HMF=0.05 mol/l, HMF: cat. 
2.5:1 wt/wt, 3 h 

100 68.1 YMF= 9,  
YDHMTHF=3, 
YHDO=2 

7.52 [54] 

21 1.4 wt % Ni-15 wt% 
Co/C (entry 14 in 
Table 4) 

130°C,10 bar, THF,  
c0, HMF=0.2 mol/l, HMF: cat. 
2.5:1 wt/wt, 9 h  

99 69 YBHMF=28, 
YMFA=14,  
YMF= 2.1 

7.52 [51] 

22 Ni/Co3O4 (molar ratio 
of Ni:Co is 1:10, entry 
15 in Table 4) 

130°C, 12 bar, THF,  
c0, HMF=0.08 mol/l, HMF: cat. 
2.5:1 wt/wt, 24 h  

>99 76 n.a. 7.52 [51] 

23 20Co/Beta (entry 16 
in Table 4) 

150°C, 15 bar, THF,  
c0, HMF=0.08 mol/l, HMF: cat. 
5:1 wt/wt, 3 h 

100 83.1  7.52 [17] 

24 Co3O4 (entry 17 in 
Table 4) 

170°C, 10 bar, 1,4-dioxane, 
c0, HMF=0.1 mol/l, HMF: cat. 
5:1 wt/wt,12 h 

100 83.3 YDMTHF=4 2.21 [32] 

25 Mn/Co (50/50 molar 
ratio of Mn -Co, entry 
18 in Table 4) 

180°C, 15 bar, THF,  
c0, HMF=0.71 mol/l, HMF: cat. 
2.5:1 wt/wt, 6 h 

100 87  7.52 [14] 

 
 
 
 

3. Catalyst Selection 

Selective synthesis of DMF from HMF requires a proper catalyst. 

Several parameters in catalyst selection are important including 

the metal type and its loading, support acidity, porosity and 

hydrophobicity/hydrophilicity, which are shown in Table 3 and 

discussed below.   

 

3.1. Metal selection 

Metal selection is crucial for selective transformation of HMF to 

DMF. When considering the economical feasibility of this 

process, it should also be kept in mind, that noble metal 

catalysts are more expensive, not necessarily, on the other hand, 

requiring high reaction temperature and pressure [20] contrary to 

alternative options. Monometallic Pd/C (Table 1, entry 22) [44] 

and Ru/C (Table 1, entry 18), [46] in which carbon facilitates 

electron transfer [38, 44] have been quite good candidates for 

selective production of DMF, while Pt/SiO2 and Pt/Al2O3 

promoted mainly formation of products other than DMF from 

HMF at 180°C in 8 h in n-butanol under 10 bar hydrogen. [48] One 

challenge with monometallic catalysts is overhydrogenation, 

because these catalysts exhibit very high hydrogenation activity, 

as for example Ru/C. [25, 38] In addition it was reported that 

monometallic Ru is active for C-C bond breaking instead of C-O 

breaking. [47] 

Monometallic Ni catalysts, supported on mesoporous nitrogen 

rich carbon have been very selective for formation of DMF. [21] 

Also Ni supported on reducible TiO2 (see Section 3.3) (Table 2, 

entry 19) [39] and Ni/Al2O3 calcined at high temperature (Table 2, 

entry 11) [29] were quite promising catalysts. The drawback in the 

use of less expensive transition metals is the need of high 

temperatures (180 – 240 oC) and pressures (30 – 50 bar) (Table 

2, entries 18-20), [26, 39, 54] although some exceptions can be 

found (Table 2, entry 21). [51] Monometallic catalysts promote 

also decarbonylation, e.g. in DMF transformation large amounts 

of CO were formed over Ni/Al2O3 and Pd/Al2O3 in HMF 

transformation at 189°C, while only traces of CO were observed 

over Cu/Al2O3.[19] Methylfuran can be formed via decarbonylation, 

while DMF is formed via hydrogenolysis of BHMF (Figure 1). It 

has been confirmed via isotopic labelling studies that aldehyde 

adsorption on Pd surface occurs via 𝜂1 (C)-acyl species 

promoting C-C scission and decarbonylation. [63] Furthermore Ni 

promotes ring opening [26, 45, 54] due to its very strong interaction 

with the furan ring (Table 2, entry 20) [54] analogously to Cu 

supported on a mixture of metal oxides prepared from Al and Mg. 

[23] Hydrogenolysis of furfurylalcohol to MF is promoted by Ni [45] 

and Ni/Co3O4 resulted in formation of dimeric (2,2’-(1,2-

ethanediyl)bis[5-methylfurnal]) as 5-methylfurfural intermediate. 

[50] 
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For bimetallic catalysts the most important catalytic properties 

are electron transfer between metals (Table 3, entries 2, 14, 

Table 4, entry 6) [24, 31] and alloy formation (Table 3, entries 1, 3, 

18, Table 4, entries 9, 10). [26, 30, 31, 33, 42, 45, 49] When bimetallic 

catalysts is used, electrons are transferred for example from Co 

to Pt in Pt-Co/MWCNT catalyst leading to formation of an 

electron rich Pt, Pt𝛿+delta and positively charged Co (Figure 2). 

[48] Electron transfer facilitates adsorption of the carbonyl group 

both on Pt and on Co and promotes its hydrogenation. 

Analogously lower electron density in Pt was observed in a 

bimetallic Pt-Ir supported on mesoporous carbon using SBA-15 

as a template, [31] facilitating 86% yield of DMF at 15 bar and 

150°C. It was stated in [33] that Pt-Co alloys prevent furan ring 

adsorption due to formation of an overlayer of CoOx on the Pt 

surface [56] and the local composition of the metal is important. 

 
Figure 2. Adsorption mode of HMF on bimetallic Pt-Co/MWCNT facilitating 
electron transfer between Pt and Co adapted from [48]. 
 

One interesting catalyst was Cu-Pd nanocrystals in a carbon 

matrix. [61] This catalyst was specifically designed for synthesis 

of DMF from HMF, by increasing distance between Pd-Pd and 

decreasing distance between Cu-Cu as confirmed by XPS and 

EXAFS. [61] These features did not promote DMTHF formation to 

a large extent. Bimetallic catalysts can also suffer from 

overhydrogenation, e.g. PtCu/C [33] and even ring-opening (Table 

2, entries 1, 2). [16]  

The combination of Ru with a metal oxide, resulting in 

interactions between Ru and MoOx was important facilitating 

easier reduction of Ru (Table 3, entry 14). [52] It was stated in [52] 

that Ru supported on acidic MoOx promoted hydrogenolysis. In 

another work [33] it was found that bimetallic Pt-Co, Pt-Ni and Pt-

Zn supported on carbon exhibited also high selectivity to DMF 

due to weak interaction of metals with the furan ring.  

Bimetallic transition metal catalysts, for example NiZn catalyst 

supported on hydrotalcite, prepared via co-precipitation method 

[65] facilitated high metal dispersion. [30] This catalyst contained 

less Ni steps and lower amount of hydrogen available on metal 

surface according to hydrogen TPD, which was stated to be 

beneficial for high DMF production (Table 4, entry 6), although 

some overhydrogenation of DMF occurred. [30] Opposite to 

monometallic Ni and Pd catalysts, giving surface acyl species, [19, 

63] NiZnAl exhibited very low activity in C=C hydrogenation due 

to presence of an alloy, ß-NiZn (Table 4, entry 6). [30] NiZn alloy 

could facilitate 𝜂2  (C,O) adsorption promoting selective 

hydrogenation of C=O. [30] Furthermore in bimetallic Mn/Co 

catalysts CoOx is formed, and the oxygen vacancies in CoOx 

adsorb HMF and facilitate its deoxygenation releasing water. [14, 

42] 

 

3.2. Metal particle size and loading 

Effect of metal loading and dispersion has been intensively 

investigated in HMF transformation to DMF. [38, 40, 44, 51] In several 

cases it was reported that small metal particles and high metal 

dispersion facilitate high yields of DMF, [39, 40, 43, 45-47] while large 

metal particles facilitated hydrogenation of furan ring. [25, 39, 56] 

High metal loading (more than 3 wt% Pd in Pd/C) promotes 

dimer and ether formation in 2-propanol as well and 

overhydrogenation [44] (Table 3, entry 15). In addition the 

reducibility of Ru was reduced with increasing metal loading 

when Ru was supported on CNT. On the other hand, too low 

metal loading limited readsorption of BHMF due to lack of active 

sites. [38] It was also claimed that more Ru was locating on the 

outer surface of nanotube. [38] Too high metal loading promotes 

also formation of methylfuran over Ni-Co/C, while the best 

catalyst was 1.4 wt% Ni-15 wt% Co/C (Table 4, entry 14). [51] 

Metal particle size is related to high metal dispersion giving high 

hydrogenation activity. [40, 45] Metal particle size may change the 

adsorption mode of the reactant. [39] When plotting the highest 

DMF yields in Table 1 and 2 as a function of the metal particle 

size given in Tables 3 and 4, the results showed that especially 

for Ru catalysts the DMF yield decreased with increasing the 

metal particle size (Figure 3a), while for Pt catalysts an optimum 

metal particle size was found. In some cases it was shown that 

metal particle size is not the main factor determining DMF 

selectivity, [31] since in [31] bimetallic Pt-Ir supported on 

mesoporous carbon, in which SBA-15 was used as a template, 

(mesoporous carbon was denoted as CMK3) and Pt-Ir/SBA-15 

exhibited average metal cluster size of 1.8 nm and 1.6 nm, 

respectively. Despite the difference in metal particles size the 

main difference in these catalysts was the nature of support, the 

former one is hydrophobic (Table 3, entry 1), while the latter one 

is hydrophilic (see below). [31] 

For mono- and bimetallic Pd catalysts ca. 3 nm metal particles in 

gave DMF yields between 80-99% depending on the type of 

support and reaction conditions, while a clearly lower DMF yield, 

only 72%, was obtained with 6.1 nm Pd particles (Figure 3a).  
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For different Ru catalysts DMF yields decreased with increasing 

the metal particle size (Figure 3a). 

 

 
 
 
Figure 3. The highest yield of DMF as a function of metal particle size over 
different catalysts. Notation: a) (■) mono-and bimetallic Pt, (+) Pd and (o) Ru 
catalysts, numbers are given as entries in Table 1, b) (▲) Ni and (x) Co 

catalysts. numbers are given as entries in Table 2. 
 

 For example, a high metal dispersion in Ru/MCS-30 

(microporous carbon) was beneficial for HMF transformation to 

DMF (Table 3, entry 13). [46] Analogously small Ru particles 

supported Ru-HT facilitated high yield of DMF (Table 3, entry 

12). [36] The metal particle sizes varied from 2.8 nm to 12.9 nm 

and the DMF yield decreased from 58 % to 35 % with increasing 

metal particle size. [36] Thus it was concluded that especially 

furan ring hydrogenation was suppressed over small Ru 

particles. This result using a low metal content and high 

dispersion makes also the approach economically more feasible. 

On the other hand, an optimum metal content was obtained 

using Ru/NaY as a catalyst in HMF transformation to DMF 

(Table 3, entry 11). [35] Interestingly, the metal particle size 

increased in their work from 2.5 nm (2 wt%) > 2.8 nm (1 wt%) > 

6.9 nm (3 wt%) thus showing that the catalyst with smallest Ru 

particle size and optimum metal content was desirable for DMF 

production.            

A comparative work between Ru/AC, Ru/C and Ru/CNT was 

performed in HMF transformation to DMF. [38] These catalysts 

exhibited the Ru particle sizes of 1.85 nm, 2.03 nm and 1.53-

1.58 nm, respectively. Ru/AC gave the DMF yield of 9% after 50 

min at 150°C under 20 bar hydrogen in 1,4-dioxane, while the 

corresponding DMF yields for Ru/C and Ru/CNT were 23% and 

82%, respectively. This result could not, however, be explained 

by small variations in the metal particle size which are in the 

error limit, but by support effects (see below). It should also be 

pointed out here that even if initially small Ru particles were 

efficient for producing HMF, [38] after prolonged reaction times 

the formation of DMTHF could not be avoided (see Section 5). 

Highly dispersed Ni particles have also been efficient giving high 

yields of DMF (Figure 3b), except over Ni supported on 

phyllosilicate (Table 2, entry 13, Table 4, entry 8). [58] Highly 

dispersed Ru catalysts were also efficient for production of DMF. 

One example is shown in [21], in which small Ni nanoparticles 

inside CNx support were efficient promoting DMF formation 

(Table 4, entry 4). On the other hand, the largest Ni particles, 5.3 

nm over Ni/Al2O3 calcined at 850°C gave the highest DMF yield 

at 180°C under 12 bar in 1,4-dioxane as a solvent after 4 h 

(Table 4, entry 7). [29] This catalyst was, however, very active in 

the studied reaction, since after 4 h DMF continued to react 

further to DMTHF and after 20 h the yield of DMTHF was 97.4%. 

[30] On the other hand, it is known that large Ni particles 

preferable adsorb HMF via 𝜂-2 mode facilitating also furan ring 

to come close to metal surface and promoting its hydrogenation 

forming DMTHF. [39] Effect of metal particle size was also studied 

in HMF transformation to DMF over Ni/Al2O3 derived from 

hydrotalcite, which were calcined at different temperatures. [29] It 

should, however, be stated here that in [29] the acidity of the 

catalyst increased together with metal particle size, and thus 

their effects cannot be separated. 

Several TiO2 supported Ni catalysts with varying metal particle 

size were tested in HMF transformation to DMF. [39] In their 

results the smallest Ni particles facilitated the highest yields of 

DMF, being 85% and 79% over Ni supported on different 

reducible TiO2 with the anatase structure, respectively. These 

catalysts exhibited the Ni particle size of 8 nm and at the same 

time the highest specific surface area (see below). For Ni/TiO2 

catalysts with larger Ni particles furan ring adsorption could be 

facilitated promoting formation of DMTHF. [39] In addition, 

reduction of bimetallic Ni-catalysts, for example Cu/Ni-𝛾-Al2O3 

(Table 4, entry 11) [45] and Ni/Co3O4 (Table 4, entry 15) are 

relatively easy promoting DMF formation.[51] 

An interesting result, a very high DMF yield, 98.3% was obtained 

over Cu-Co@C exhibiting a large particle size, 30 nm (Table 2, 

entry 4, Table 4, entry 1, Figure 3b). This catalyst contains 
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conductive graphene, which can shield metallic cobalt from 

deactivation. [16] In case of Co3O4 as a catalyst in HMF 

transformation to DMF the effect of reduction temperature was 

studied. [32] The increase of reduction temperature increased 

metal dispersion and at the same time catalyst acidity decreased. 

In their case [32] the optimum catalyst giving the highest DMF 

yield of 82%, was reduced at 400°C and it exhibited the second 

highest metal dispersion of 22.9 % and mild acidity (Table 4, 

entry 17), while the catalyst with the highest metal dispersion did 

not have any acidity. [32] It was explained in their work [32] that 

during reduction of Co3O4, Co-CoOx is formed. It was reported 

that especially CoOx can inhibit adsorption of furan ring, which 

has a flat geometry. Furthermore, a partial rehybridization of sp2 

→ sp3 is inhibited. It was concluded in their work [32] that synergy 

between metal and acid function is required. 

It can be concluded that highly dispersed metal catalysts 

preferable on hydrophobic supports are generally efficient 

maximizing DMF yield, however, a special care should be taken 

to limit overhydrogenation to DMTHF (Section 5). 

 

3.3. Support effect 

Support can have several beneficial effects for HMF 

transformation to DMF, e.g. hydrophobicity instead of 

hydrophilibicity, [16, 25, 38, 43, 46] a reducible support facilitating 

formation of cationic metal oxides and inhibiting metal sintering. 

[39] It is known that metal oxides exhibit also Lewis acidity which 

can promote adsorption of C=O in HMF via lone pair oxygen. [18]  

Hydrophobic supports allow easy desorption of DMF from its 

wsurface, [31] while hydrophilic supports interact very intensively 

with intermediates leading to formation of side products. 

Hydrophobic supports including active carbon, [25, 43] graphitized 

carbon,[53] graphene oxide, [43] CNT, [38, 48] mesoporous carbon [31] 

and nitrogen containing carbon supports [21] exhibit desired 

properties, such as electron conductivity allowing charge 

transfer between metal and support. In nitrogen containing 

carbon CNx an interfacial contact between metal and support is 

enhanced suppressing at the same time metal sintering. [21] It 

was also reported that in Ru/CNT electron enriched Ru species 

promoted hydrogen spillover to the support (Table 3, entry 8). [38] 

Furthermore, in their work [38] it was confirmed that Ru/C, Ru on 

active carbon and Ru/CNT have rather similar metal particle 

sizes of ca. 1.5 - 2 nm, and Ru/CNT was the best catalyst. It 

should also be pointed out here, that Ru/CNT exhibited three 

times larger pores in comparison to activated carbon promoted 

DMF formation, [38] which can have a positive effect on DMF 

formation. 

A direct comparison between Pt catalysts on hydrophobic and 

hydrophilic supports was made in [31]. It was clearly shown that 

support properties determine the DMF selectivity when 

comparing the performance of Pt-Ir/SBA-15 and Pt-Ir on 

mesoporous carbon (Table 1, entry 1). These catalysts exhibited 

nearly the same average metal particle sizes, i.e. 1.6 nm and 1.8 

nm, respectively. [31] The latter one being hydrophobic allowed 

easier desorption of DMF and thus further hydrogenation of 

DMF to DMTHF can be avoided. It should, however, be ponted 

out here, that in [31] only 4 h reaction time was tested and thus 

further DMF transformations to DMTHF could not be assessed 

over these Pt-Ir catalysts with small metal particles after 

prolonged reaction times. This Pt-Ir on mesoporous carbon 

exhibited electron deficient Pt and Pt-Ir alloy (Table 3, entry 1). It 

was also stated that water can interact more easily with SBA-15 

in comparison to hydrophobic carbon support. The interaction of 

support with water increases also formation of byproducts. [31] 

Furthermore, alumina [19, 48] and silica gel [48] are not either 

selective supports for metals in HMF transformation to DMF. 

These supports are semiconductors and insulated substrates, 

which do no facilitate enhancement of charge transfer of Pt 

nanoparticles. [48] 

A comparison of Pt catalysts supported on active carbon and 

graphene oxide was made in [43] in DMF synthesis. The reason 

why active carbon is not so efficient in HMF transformation to 

DMF is that much more HMF is adsorbed on Pt reduced 

graphene oxide than over Pt on active carbon (Table 1, entries 5, 

6) [43] due to the presence of several functional groups (-COOH, -

OH, -COO) on active carbon surface. [53] On the other hand, 

graphitized carbon with π-system facilitates flat surface and 

better interaction between reactant and support and it was 

reported that graphene oxide sheets prevent aggregation of Pt 

(Table 3, entry 6). [53] 

Electronic effect between metal and reducible supports has 

been found in [39]. Reducible oxides.e.g. TiO2 and Co3O4 facilitate 

also co-existence of metallic and electron deficient metal 

species (Table 3, entry 9, Table 4, entry 12) [55 ? ] and are 

promising supports giving high yields of DMF. Reduction of the 

support occurred in Ni/Co3O4 [50] and in Co3O4 (Table 4, entries 

15, 17). [32] Different Ni/TiO2 catalysts were applied in HMF 

transformation to DMF [39] and the support with the largest 

specific surface area facilitated the highest metal dispersion and 

at the same time the highest yields of DMF were obtained (Table 

2, entry 19). This Ni/TiO2 catalyst exhibited high ratio of Ni+/Ti+ 

(Table 4, entry 12). [39] Furthermore, in the work of [55] Ru/Co3O4 

was active in HMF transformation to DMF due to the presence of 

CoOx which facilitated hydrogenolysis of BHMF despite relatively 

large metal particles were present in this catalyst (Table 3, entry 

9). It was, however, observed in their work (Table 1, entry 9) [55] 
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that methylfurfural can be etherified over Ru/CoOx catalyst and 

optimization of catalyst properties is needed.  

One interesting catalyst in selective HMF transformation is Pt-

Co/MWCNT (multiwall carbon nanotubes), which has two metals 

supported on reducible support. [48] Co was partially as CoOx 

(Table 3, entry 2) being active and selective for DMF formation 

promoting C-O bond breaking in the dehydroxylation reaction. [48] 

The authors stated that π-electrons are transferred from 

graphene oxide to Pt nanoparticles. [48] Co supported on 

dealuminated Beta zeolite with a very low acidity was highly 

selective catalyst in HMF transformation to DMF. [17] The isolated 

cobalt sites within zeolite framework could be formed when 

zeolite was calcined at 450°C facilitating interaction between 

Co2+ and silanol defects (Table 4, entry 16). [17] 

 

3.4. Acidity 

Support acidity is an important parameter in DMF synthesis and 

for example monometallic Pt catalysts with no acidity, e.g. SiO2 

[48] is not efficient for DMF production. Pt supported on Lewis 

acidic hydrophilic Al2O3 promotes also side reactions [48] and no 

DMF was formed. Weak acidity (Table 3, entry 10, Table 4 

entries 2, 16) [27, 40] and low Brønsted acidity [17, 29, 30] are desired 

catalyst properties in HMF transformation to DMF. Undesirable 

high Brønsted acidity cause side reactions, [24, 48, 55] such as 

etherification and acetalization with 2-propanol as a solvent. [35] It 

was also observed that Brønsted acids in Co/Al-Beta suppress 

the yield of DMF in HMF transformation [17] analogously as 

observed over Ru/C and sulphuric acid. [59] Weak acid sites 

determined by ammonia TPD were active and selective in HMF 

transformation to DMF over Ru/MoOx/C (Table 1, entry 21), 

while Ru/C exhibited no acidity. [52] As a comparison the main 

product was DHMTHF with the yield of 91% over Ru/CeOx in 

HMF transformation at 130°C under 20 bar hydrogen in 1-

butanol-water mixture as a solvent. [60] It was also stated that this 

basic catalyst was selective to DHMTHF due to its high 

isoelectric point. [60] This catalyst exhibited high exhibiting On the 

other hand, strong acidity promotes C-C bond breakage, [47] as 

was the case with 1 wt% Ru/ZrO2. This catalyst was very active 

in HMF transformation, but unselective, since only small 

amounts of DMF and DMTHF were formed under 275°C and 15 

bar hydrogen in a continuous operation and no information 

about other products was given.  

In [39] an optimum acidity of Ni/TiO2 was found in the best 

catalysts exhibiting the smallest Ni particle size (Table 4, entry 

12). Especially hydrothermally treated Ni/TiO2 with a low acidity 

catalyzed formation of BHMF. [39] It was also proposed that the 

Ni/TiO2 catalyst with a high acidity and small Ni particles 

promoted MF formation due to enhanced hydrogen adsorption 

and its limited desorption. In [29] it was also stated that there 

should be a balance between the amount of metal and acid sites 

in Ni/Al2O3. In [29] high calcination temperature of alumina 

increases support acidity facilitating to modulate the number of 

metal and acid sites. When increasing the calcination 

temperature of Ni/Al2O3, the ratio between the molar amounts of 

Ni to acid sites decreased from 2.2 (Table 4, entry 7) to 0.13 and 

the DMF yield decreased at the same time from 91.5 to 44.6 [29] 

showing the low ratio of metal to acid is preferable. The 

drawback in many papers related to HMF transformation to DMF 

is that the acidity is not determined, [16, 17, 21-25, 33, 36, 38, 42, 43, 45, 49- 

51] although some acidity is needed for this reaction and thus the 

balance between metal and acid sites is not clear.  

Dealuminated, very mildly acidic Co/Beta with very high Si/Al 

ratio of 1900 gave 83.1% DMF yield at complete HMF 

conversion, [17] while dealuminated Co/USY with Si/Al equal to 

136 gave only 16.9 %. In addition 10 membered ring zeolites 

most probably possessing diffusion limitations are not good, i.e. 

Co/MOR gave 34.9% DMF yield. [17] In [32] acidity of Co3O4 is 

decreased with increasing catalyst reduction temperature 

promoting DMF production. 

  

Table 3. Detail information about specific noble metal catalyst properties used in HMF transformation to DMF.  

 

 
Entry Catalyst Catalyst properties, in parenthesis characterization method given Metal particle 

size (nm) 
Acidity 

(μmol/gcat) 

Ref 

1 0.48 wt% Pt-0.46 
wt% Ir/CMK-3 (CMK 
mesoporous carbon) 

XRD: loss of intensity indicates that PtIr is inside nanopores, reflection 
intensity of (100) lower, and (110) and (200) disappeared, metal 
particles in the CMK-3 channels [25, 66] 
XPS: Pt4f5/2 BE shifted to higher value and Ir4f7/2 to a lower value 
indicating a lower electron density in Pt due to presence of Ir, and 
alloy formation 
H2-TPR: a peak at 184°C, which is between the peak of Pt (177°C) 
and Ir (208°C) suggesting alloy formation 

1.1 40 [31] 

2 8.2 wt% Pt-6.3 wt% 
Co/MWCNT 

XRD: twinned Pt-Co bimetallic particles formed  
TPR: peaks at 298 °C and 475°C correspond to the reduction of CoOx 

reduction in contact with Pt and isolated CoOx
 [67] indicating electron 

transfer between Pt and Co 
XPS: Pt 4f7/2 and 4f5/2 were positively shifted to 71.4 and 74.7 eV 
indicating the d band center of Pt-Co is downshifted in comparison to 
Pt  

1.6 n.a. [48] 

3 Pt-Ni/C,  XRD: shift to higher angle due to formation of Pt6Ni alloy and  n.a. [33] 
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 contraction of the lattice indicating formation of well-mixed bimetallic 
compounds [68] 

SAXS: formation of Pt6Ni, Pt3Ni, PtNi 
4 Pt-Cu/C SAXS: PtCu formation  n.a. [33] 
5 Pt-Zn/C SAXS: Pt2Zn formation  n.a. [33] 
6 4.9 wt% Pt/rGO 

(reduced graphene 
oxide) 

XRD: Pt found, graphene oxide sheets prevent aggregation of Pt 
XPS: mainly Pt0 

2.8 n.a. [43] 

7 5 wt% Ru/C XRD: highly dispersed Ru particles n.a. n.a. [25] 

8 5 wt% Ru/CNT XRD: no peaks for Ru or ruthenium oxides found 
Nitrogen adsorption: pore size of CNT is 17.4 nm 
H2 TPR: low temperature peaks related to metallic Ru 
XPS: Ru(3p) peak shows weaker interaction of Ru with support, 
narrow peak width indicating high amount of Ru0  

1.6 n.a. [38] 

9 5 wt% Ru/Co3O4 H2 TPR: reduction of RuOx at 88 °C and low temperature reduction 
Co3O4 to CoO at 174°C and a higher one for reduction of CoO to Co0 
at 320°C in comparison to reduction of Co3O4 

20-40 n.d. [55] 

10 Ru-Cu/ZrO2 H2 TPR: Sequential reduction of CuO from Cu2+ to Cu1+ and from Cu1+ 

to Cu0, [27] increased Cu reducibility due to spillover from Ru atoms, 
which is reduced [69]  
pyridine FTIR: low acidity 
XPS: low ratio of Cu0/(Cu++Cu2+), low coke formation after HMF 
reaction, metal dispersion remained constant 

5-10 140 [40] 

11 2 wt% Ru/NaY XRD: no peaks found related to Ru 
TPR: One peak at 70 -150°C related to reduction of RuOx 
XPS. Both metallic Ru (76%) and Ru4+ (24%) confirmed 

2.5 1120 [35] 

12 0.56 wt% Ru/HT 
(hydrotalcite) 

XRD: no Ru reflections 
H2 TPR: small peak at 120 -190°C related to Ru, the peak at 200 – 
330°C indicate formation of RuOx which are interacting with support 
[70] 

3.1 n.a. [36] 

13 2 wt% Ru/MCS-30 
(microporous 
carbon) 

XRD: too small metal particle size to be detected 
nitrogen adsorption: specific surface area 2443 m2/g, pore width 2.3 
nm 
XANES-EXAFS: 50 % Ru0 and presence of RuO2 confirmed 

small n.a. [46] 

14 5 wt% Ru-10 wt% 
MoOx/C 

XPS: electron transfer from MoOx to Ru confirmed [71] and presence 
of Mo5+ and Mo4+ at BE of 232.0 and 229.6 eV [72] 

NH3 TPD: peaks at 117°C-207 °C correspond to weak acid sites 
H2 TPR: peak at 180 °C corresponds to reduction of RuOx to Ru0, [73] 
peak for Mo reduction at 350°C indicating that Ru facilitates easier 
reduction of Mo, [71] hydrogen spillover proposed facilitating also MoOx 
reduction [74]  

1.8 680 [52] 

15 3 wt % Pd/C XRD: graphitic carbon, and Pd(111) and Pd(220) planes found 
XPS: the presence of Pd and PdO confirmed suggesting electron 
interaction between them and enhancing hydrogenation [75] 

2.6-3 n.a. [44] 

16 PdAu4/graphitized 
carbon 

XPS: graphite phase, strong interaction between Pd and Au which 
could lead to charge transfer between them, Pd0 72%, Pd2+ 28% 

6.1 n.a [53] 

17 2 wt% Pd-20 wt%  
Cs-H0.5PW12O40/K-10 

XRD: K10 morphology not changed, dodecaphosphoric acid phase 
present 

2.9 (CO 
chemisorption
) 
2-10 (XRD) 

1500 [20] 

18 47 wt% Cu-28 wt% 
Pd@C 

XRD: shift of Pd(111) and Pd(200) towards higher 2 𝜃 indicates strong 
interaction between Cu and Pd and alloying [76] 

TEM: d spacing of 0.215 nm corresponds to the wide-angle PXRD 
pattern at 2𝜃 42.4° formation of Cu3Pd [77] 

XPS: Cu 2p3/2 BE shifted to a lower value of 0.6 eV indicating a strong 
interaction between Cu and Pd, formation of Cu3Pd 
H2 TPR: a peak at 420 °C corresponds to reduction of one metal or 
metal alloy, weak adsorption of hydrogen atoms on Pd [78] 

XANES-EXAFS: the presence of Pd0 and Pd2+ confirmed  

n.a. n.a. [61] 

      

 

Table 4. Detail information about specific transition metal catalyst properties used in HMF transformation to DMF.  
 

 
Entry Catalyst Catalyst properties, in parenthesis characterization method given Metal 

particle 
size (nm) 

Acidity (μmol/gcat) Ref 

1 Cu-Co@C (Cu:Co 
molar ratio 1.3) 

XRD: Cu diffraction peaks decreased, cobalt peaks increased 
TEM: graphene layers protect metal species against deactivation 
XPS: Co0, CoO and shakeup satellite signals [79] confirmed 

30 n.a. [16] 

2 Cu/ZrO2 NH3-TPD low acidity 
CO2 TPD: neutral properties 
 

Large Cu 
particles 
(TEM) 

n.a. [27] 

3 13 wt% Cu/ZrO2 XRD: 50% reduced Cu0TPR: two low temperature peaks correspond 
to reduction of Cu2+ to Cu+ and Cu+ to Cu0 [80] 

NH3 TPD: peak at 374°C indicates high metal dispersion 

5 1380 [47] 

4 2.5 wt% Ni-OMD3 
(mesoporous 
nitrogen rich carbon) 

XRD: hexagonal CNx phase, no nickel species found 
H2 TPR: peak at 292°C for Ni nanoparticles and at 466°C for Ni bulk 
indicate presence of small Ni particles inside CNx  
Raman spectroscopy: charge transfer between Ni and CNx  
XPS: Ni 2p a positive shift of BE with 0.4 eV indicates interaction 
between Ni and CNx 

3-3.5 0.1 [21] 

5 40 wt% Ni/ZSM-5 XRD: ZSM-5 phase and Ni0 phase found 12 n.a. [22] 
6 NiZnAl mixed oxide 

(25 wt% Ni, 29 wt% 
Zn) 

XRD: larger unit cells in comparison to NiAl catalyst, Zn has been 

doped into NiO, [81] 𝛼-NiZn (Ni4Zn) and 𝛽1-NiZn confirmed 

4.8 0.09 [30] 
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H2 TPR: high hydrogen consumption, Zn2+ reduced due to presence 

of spillover hydrogen from metallic Ni, strong interaction between Ni 

and support confirmed by high reduction temperature  

CO FTIR: Zn diluted Ni atoms and decreased Ni steps due to 
diminished adsorption of CO on bridged sites at 1800 cm-1, electron 
transfer from Zn to Ni proposed due to shifted peak of the linear CO 
adsorption to lower wavenumber indicating a decrease backbonding 
of Ni d orbitals [82] 
H2 TPD: Zn species decrease hydrogen desorption  

7 Ni/Al2O3 (calcined at 
850°C, Ni/Al molar 
ratio 3) 

XRD: The largest NiO particle size, Ni2+, Al3+ well dispersed in 
hydrotalcite, the reduced catalyst exhibited hindered reduction after 
high temperature calcination, presence of NiO  
H2 TPR: the peak shifted to higher temperature due to slightly larger 
NiO particle size, enhanced interaction between NiO and Al2O3 
Raman spectroscopy: AlO6 changed to AlO4 atomic group, strong 
interaction between Ni2+ and Al3+  

5.3 2.2 [29] 

8 NiSi-PS (nickel 
phyllosilicate) 

XRD: no Ni peaks visible 
H2 TPR: peak present at a high temperature indicating partial 
presence of Ni in phyllosilicate 
Both Brønsted and Lewis acid sites found by pyridine FTIR orginated 
form surface OH groups and Ni(II) sites near edges, respectively 

3  1.84 [58] 

9 5 mol% Ni-7 mol% 
MoS2/Al2O3 

H2 TPR: peaks at 560 °C and 780 °C for Ni a1nd Mo, no free NiO 
XPS: electron rich Mo species due to interaction between Ni-Mo, 
76.6% as Mo4+

, Ni2+
 58.1 %  

n.a. n.a. [24] 

10 10 wt% Ni-47 wt% 
W2C/AC 

XRD: Ni-W alloy n.a. n.a. [26] 

11 Cu/Ni-𝛾 −Al2O3 XRD: Cu-Ni alloy [83] 
XPS: high reducibility of Cu: Cu0 82% 
XANES: confirmation of a bimetallic Cu-Ni 
EXAFS: incorporation of Ni2+ into CuO framework [84] 

n.a. 3440 [42] 

12 10 wt% Ni/TiO2 XRD: anatase phase 
H2 TPR: maximum at 420 °C indicating weaker interaction of NiOx 
with titania support [85] 
TOF-SIMS: High ratio of Ni+/Ti+ indicating high dispersion of Ni 
crystallites on the support 
CO-FTIR: high intensity of both linear and bridged CO indicating high 

dispersion 

8 (XRD) 134 [39] 

13 18.2 wt% Ni/ZrP XRD: agglomeration of Ni particles 
Pyridine FTIR: low amount of Lewis acid sites 

52 (XRD) n.a. [54] 

14 1.4 wt% Ni-15 wt% 
Co/C 

XRD: both Co and CoO confirmed after reduction at 400°C 
H2 TPR: Co3O4 reduction to CoO at 200°C- 250°C and the second 
one, reduction of CoO to Co0 at 350°C, [86] overlapping reduction of 
Ni2+ to Ni0 at 300-350°C [58] 

Co0 
diffraction 

n.a. [51] 

15 Ni/Co3O4 (molar ratio 
of Ni:Co is 1:10) 

XRD: after reduction at 550°C Ni0 and Co0 confirmed   
H2 TPR: reduction of Co3O4 and CoO confirmed at 326°C and 424 °C, 
respectively being at lower temperatures than for Co3O4 [85] 

Diffraction 
peaks 

n.a. [51] 

16 19.5 wt% Co/Beta TEM: high crystalline of dealuminated Beta zeolite 
XPS: peaks at BE of 783.1 eV and 798.7 eV correspond to Co 2p3/2 

and Co 2p1/2 of isolated and tetrahedral and /or octahedral Co2+ in the 
zeolite framework due to interaction between Co2+ and silanol defects 
[86] 

FTIR: strong interaction between Co species and silanol defects 

confirmed  

3-8 
6 (XRD) 

n.a. [17] 

17 Co3O4 XRD: peaks related to Co3O4 decreased and CO phase increased 
with increasing reduction temperature, co-existence of Co and CoO 
when catalyst reduced at 400°C 
HRTEM: after 400°C reduction Co2+ and Co metal are in one plane  
XPS: with increasing catalyst reduction temperature Co3+ reduction to 
Co2+ was observed 

NH3 TPD: later reduction low acidity due to lack of Co+ 

4.4 30 [32] 

18 Co/Mn (molar ratio 

50 -50) 

XRD: no crystalline Mn found, Co0, CoO 

XPS: Mn2+, Mn3+ 

n.a. n.a. [14] 

      
      

4. Effect of Reaction Conditions 

4.1. HMF concentration 

The effect of HMF initial concentration has been very scarcely 

studied [20, 43, 44, 54] and the initial HMF concentration was varied 

from 0.05 to 0.24 mol/l. [44] Lower HMF conversion levels and 

DMF yields were typically obtained with higher initial HMF 

concentration. [20, 44] The initial HMF concentration up to 0.24 

mol/l was used in HMF transformation over Pd/C catalyst in 2-

propanol at 170°C under 20.7 bar. [44] The results showed that 

HMF conversion decreased after 4 h from 98% with initial HMF 

concentration of 0.05 mol/l to 42% with HMF initial concentration 

of 0.24 mol/l. [44] In addition with a higher HMF initial 

concentrations also HMF dimer was formed. [44] On the other 

hand, an optimum initial HMF concentration of 0.05 mol/l in HMF 

transformation over Ni/ZrP catalysts at 240 °C in 12 h under 50 

bar hydrogen in THF was found in [54] giving the highest DMF 

yield, while the sum of the product yields decreased when using 

0.08 mol/l initial HMF concentration. Methylfuran yield increased 

with increasing HMF initial concentration. [54] Analogously to [54] 

an optimum initial HMF concentration gave the highest yield of 

DMF over Pt on graphene oxide at 120°C under 30 bar 

hydrogen in 2 h, [43] and interestingly in their work carbon mass 
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balance increased with increasing HMF initial concentration, 

most probably due to relatively low reaction temperature in 

comparison to [54].  

4.2. Effect of temperature and pressure 

An optimum temperature giving the highest DMF yield was 

found in Table 1, entries 1, 28, Table 2, entries 6, 9, 23-25). [14, 16, 

17, 20, 22, 55] Noble metal catalysts, such as Pd/C [20] and Ru/Co3O4 

[55] require typically mild reaction conditions (Table 1, entries 1 

and 28). Some exceptions exist, e.g. for Ru catalysts rather high 

reaction temperatures, 200°C were required (Table 1, entry 7, 

14-16) (Figure 4). [25, 35, 36] (Table 2, entries 7, 9, 18-20). [22, 26, 39, 

45, 54] 

 
Figure 4. Effect of temperature on DMF yield in HMF transformation over 

Ru/HT under 10 bar hydrogen in 2-propanol. Notation: 180°C (■), 190°C (▲), 
200°C (x), 210°C (+), 220°C (o) and 230°C (●) adapted from [36]. 
 

Transition metal catalysts require typically harsh conditions 

(Table 2, entry 7, 9, 18-20). [22, 26, 39, 47, 54] The first step in HMF 

transformation to BHMF is hydrogenation of C=O instead of C=C 

bond in the furan ring, which is more difficult to be reduced than 

C=C double bond, since the corresponding bond energies for 

hydrogenation of C=O and C=C are 715 kJ/mol and 615 kJ/mol, 

respectively. [45, 87] Overhydrogenation of DMF to DMTHF has 

higher activation energy than that for formation of DMF [20] 

showing that a high temperature favours DMTHF formation. [41, 

44] Furthermore, hydrogenation is also thermodynamically more 

favourable at low temperatures, [27] the solubility of hydrogen is 

higher at low temperature, and too high temperature promotes 

also other side reactions, such a etherification, [48] cracking, furan 

ring opening, [16, 17, 20, 51] humin formation [26, 52] as well as 

changes in the catalyst, e.g. metal sintering. [52] 

In several cases an optimum pressure was found (Table 1, entry 

7, Table 2, entry 6, 23). [16, 17, 25] In addition, the highest studied 

pressure, 15 bar gave the highest DMF yield in 2-propanol at 

rather low temperature of 130 °C over 5 Ni-7MoS2/Al2O3. [24] On 

the other hand, a low optimum pressure was observed for 

Ni/ZSM-5, i.e. 2.5 bar, however, requiring then high temperature, 

180 °C to be active. [22] These results indicate that high pressure 

with a low temperature and vice versa can work in DMF 

synthesis. 

 

4.3. Solvent 

Several solvents have been tested in HMF transformation to 

DMF including protic polar solvents (methanol, ethanol, 2-

propanol, [35, 44] 1-butanol, [52] water [21]), aprotic polar solvents 

(THF, [31, 35, 53, 55] 1,2-dimethoxyethane, [35] dimethylsulfoxide, [35] 

acetonitrile, [35]), such as 1,4-dioxane, [38] and non-polar solvents 

e.g. toluene, [35] p-xylene. [24]  

Solvent effect has been investigated over one catalyst under 

similar reaction conditions, some trends in solvent polarity have 

been identified. [24, 35, 44, 46] Hydrophobic solvents, such as toluene 

gave only 70 % conversion of HMF over Ru/NaY at 220°C under 

15 bar hydrogen (Table 1, entry 10), since toluene was also 

adsorbed on catalyst surface, [35] since HMF hydrogenation was 

suppressed due to competitive adsorption and partial 

hydrogenation of toluene. On the other hand, Ru/NaY exhibited 

some acidity and it formed ethers with 2-propanol, when this 

was used as a catalyst and lower yield of DMF was obtained 

(Table 1, entry 13). Furthermore, CH3CN and DMSO deactivate 

Ru catalysts and especially in acetonitrile low DMF yield was 

obtained (Table 1, entry 14). [35] It was stated in their work [35] that 

the lone pair electrons of nitrogen/sulphur interact with the 

empty d orbital of metallic Ru. [88] In [46] less polar, aprotic solvent, 

THF was the best solvent giving 70 % yield of DMF over 5 wt% 

Ru/C at 200°C in 1 h (Table 1, entry 7). In [31] the highest yield of 

DMF was also obtained in THF over Pt-Ir supported on 

mesoporous carbon at 150°C (Table, entry 1), while both polar 

solvents, e.g. methanol and acetonitrile interact with catalyst 

surface and they hinder diffusion and adsorption of the reactant 

to catalyst surface. [31] In addition, especially in methanol a large 

amount of methylfuran was also formed. [31]  

A comparison of different polar solvents (methanol, 2-propanol, 

1-butanol and water) was performed in HMF transformation in [44] 

over Pd/C (Table 1, entries 22-25). The best solvent was 2-

propanol exhibiting rather low dielectric constant and high 

hydrogen solubility. [89] In comparison to 1-butanol, 2-propanol is 

also acting as a hydrogen donor. The low DMF yield in 1-butanol 

was explained by solvation ability of 1-butanol with the 

intermediate BHMF, [51] which remained as the main product in 

1-butanol, since the intermediate does not access the metal 

surface. In water with a very high dielectric constant, also only 

70 % DMF was obtained. As stated already above, solvent 

effects cannot be generalized, since very high yields of DMF 

were obtained in water over Ni-OMD3 (Table 2, entry 8),[21]  in 1-
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butanol over Pt-Co/MW-CNT (Table 1, entry 2) and in THF over 

Ru/Co3O4 (Table 1, entry 4). [55]  

Solvent comparison was also made using Ni-Mo sulfide 

supported on mesoporous alumina as a catalyst. The DMF yield 

decreased in the following order: 2-propanol > ethanol > 1,4-

dioxane > p-xylene (Table 2 entries 15-17).[24] DMF yield over p-

xylene was analogously to the results in toluene [46] low due to 

interactions of p-xylene with the active centers in the catalyst. [24] 

On the other hand, 2-propanol was the best one over Ni-

MoS2/Al2O3 catalysts, although some dimerization of DMF 

occurred. In their work [24] it was also stated that due to polarity 

differences between HMF and the solvent, solubilization of HMF 

is limited decreasing also its activity in hydrogenolysis. It was 

concluded that in polar solvents, such as 1,4-dioxane, ethanol 

and 2-propanol higher DMF yields can be obtained.   

The results showed that even in highly polar water as a solvent, 

(Table 2, entry 8) very high yield of DMF has been obtained, [21] 

although hydrogen solubility in water is only 20-30 % that 

obtained for alcohols. [91] It was interesting to plot the obtained 

DMF yields in different solvents (e.g. water, 2-propanol, 1,2-

dimethoxyethane) as a function of the applied hydrogen 

pressure in HMF transformation (Figure 5). The results show 

that if hydrogen solubility in the solvent is low, high hydrogen 

pressure is required for high selectivity to DMF (Table 2, entry 9), 

[21] while for 2-propanol high DMF yields were also obtained at 

low pressures (Table 2, entry 4). [16] Thus the effect of solvent 

polarity cannot be generalized when changing catalyst and 

reaction conditions.  

 
Figure 5. The effect of solvent dielectric constant on DMF yield in HMF 
transformation to DMF. Notation: 1,2-dimethoxyethane (■): 1. 2 wt% Ru/MCS-
30 (microporous carbon), 125°C [46],  2. 2 wt% Ru/NaY, 220°C, 1 h [35], 
water (+): 3. 3 wt% Pd/C, 4 h [44], 4. 2 wt% Pd-Cs-H0.5PW12O40/K-10, 90°C, 2 
h [20] and 5. 2.5 wt% Ni-OMD, 200°C, 6 h [21], 2-propanol (o): 6. Cu-Co@C, 
180°C, 8 h [16], 7. 5 mol-% Ni-7 mol-% MoS2/Al2O3, 130°C, 7 h [24] and 8. 3 
wt% Pd/C,170°C, 4 h [44].  

 

4.4. Catalyst reuse and stability 

Catalyst recycling and regeneration have been intensively 

studied in HMF transformations. [14, 20, 25, 31, 32, 44, 52, 53, 61] The main 

challenges are typically metal leaching, [25, 54] sintering [52] and 

coking. [22, 30]  

Monometallic noble metal catalysts are quite stable in HMF 

transformation. [44] Hot filtration test of 3 wt% Pd/C showed no 

reaction in the filtrate after filtrating away the catalyst and its 

activity and selectivity to DMF in 2-propanol at 170°C under 21 

bar hydrogen could be fully recovered via treating the catalyst 

with hydrogen at 250°C. [44] Only a very minor declinement of 

DMF yield in HMF transformation at 90°C under 10 bar 

hydrogen in methanol was found over Pd-Cs/K10 catalyst from 

80% to 76% in the third experiment. [20] On the other hand, Ru/C 

exhibited very good recyclability when it was washed with THF 

between the experiments giving 91.2% yield in the third 

experiment. [25] Ru leaching, ca. 20% from Ru/C was, however 

observed after fifth experiment in THF. [25] Hydrogen treatment of 

the catalyst at 300° C regained its activity giving 86% DMF yield. 

Very stable catalyst performance during five cycles was 

observed over Ru/HT in HMF transformation at 220°C under 10 

bar hydrogen in 2-propanol. [36] Thereafter the catalyst was 

regenerated via calcination-reduction and it regained completely 

its activity and selectivity to DMF. Analogously very good 

recyclability was obtained for Ru/NaY, when this was only 

washed with solvent and dried prior to the next experiment. [35]  

For bimetallic catalysts containing noble metals the catalyst 

stability is quite good. [31, 53] For example the stability of PdAu4 

supported on graphitized carbon was very good in recycling 

experiments and the DMF yield decreased from 79% to 68% in 

five cycles without any catalyst pretreatment between the cycles. 

[53] Hot filtration test of Cu-Pd@C revealed that metal leaching 

did not occur and the catalyst retained its structure according to 

XRD measurements. This catalyst exhibited also a good 

recyclability since DMF yield decreased from 97% to 72 % in the 

fifth experiment in THF as a solvent. [61] In addition Pt-Ir 

supported on mesoporous carbon gave nearly the same 

conversion and DMF yield in HMF transformation when the 

catalyst was washed with THF and methanol and reduced with 

hydrogen between the experiments. [31] Ru-MoOx/C activity and 

selectivity could be nearly fully recovered giving only 2.5% 

smaller yield after hydrogen treatment at 350°C for 4 h although 

some minor sintering occurred during HMF transformation in n-

butyl alcohol at 180°C under 15 bar hydrogen. [52] At the same 

time the specific surface area of the regenerated catalyst was 

15% smaller than that for the fresh one. Humin formation was 

also observed for Ru-MoOx/C. The DMF yield of 78% yield was 

obtained instead of 89% yield for the fresh catalyst. [52]  

Monometallic Ni-catalysts exhibit good stability and recyclability, 

since no nickel leaching neither sintering occurred for example 

from Ni/ZSM-5 catalysts after its use in HMF transformation in 
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THF at 180°C under 2.5 bar hydrogen no nickel leaching neither 

sintering occurred, [22] although DMF yield decreased from 86% 

to 39% in the fifth run. On the other hand, accumulation of 

organic compounds was detected in the spent catalysts by FTIR. 

[22] When the catalyst was calcined at 350°C and reduced with 

hydrogen at 350°C it gave about the same conversion as in the 

first experiment, however, slightly minor DMF yield, being 82%. 

The structure of monometallic Ni/Al2O3 in remained stable and 

no sintering of Ni occurred. [29] Over the spent Ni/Al2O3 catalyst 

several organic compounds could be found on the surface of 

spent Ni/Al2O3 calcined at 850 oC catalysts, such as furan ring, 

substituted furan ring by FTIR [29] and TGA results confirmed this 

giving weight loss. Opposite to high stability of Ni/ZSM-5, [22] 

agglomeration of Co3O4 occurred after sixth consecutive HMF 

transformation at 170°C in 1,4-dioxane under 10 bar confirmed 

by SEM images and 72% decrease of the specific surface area. 

[32]  

The results from reusability tests of bimetallic transition metal 

catalysts show that some of them exhibit good recyclability, e.g. 

Ni/Co3O4 [50] and 2 wt% Ni-20 wt% Co/C. [51] The recyclability of 

bimetallic Ni/Co3O4 was excellent when this catalyst was only 

washed with THF and dried in the vacuum oven giving 75% yield 

of DMF in the first cycle and a slightly higher yield, 78% after six 

cycles. [50] In addition 2 wt% Ni-20 wt% Co/C gave ca. 40% 

yields in the cycles 2- 4 being quite stable. [51] Ni/Co3O4 exhibited 

the same XRD pattern after six experiments showing its stability. 

[50] Ni-MoS2/Al2O3 exhibited a slight activity decreased in HMF 

transformation and the yield of DMF decreased from 95% to 

72% in the fifth experiment, [24] when the catalyst was only 

washed with 2-propanol between the experiments. The activity 

and selectivity decreased for NiZnAl mixed oxide catalyst and 

the DMF yield dropped from 10 % to 4% after the fourth 

experiment in 1,4-dioxane at 180°C under 15 bar hydrogen [29] 

and at the same time more 5-methylfurfuryl alcohol and BHMF 

were formed and carboneous products were accumulated on 

catalyst surface. Severe Ni leaching occurred from Ni/ZrP and 

the DMF yield decreased form 62% to 32% in five experiments 

during HMF transformation in THF. [54] 

A bimetallic Cu-Co@C was not very stable in HMF 

transformation, since a gradual oxidation of Co occurred in the 

catalyst recycling experiment. It was explained in their work [16] 

that when the accumulated carbon layer on the catalyst surface 

disappeared due to collision of catalyst particles with the stirrer 

and reactor walls, it was confirmed by XPS that metallic cobalt 

could be oxidized. Thus the DMF yield at 180°C under 50 bar in 

ethanol decreased over Cu-Co@C catalyst after the sixth 

experiment from 99% yield to 62.3% yield in the tenth run. [16]  

For Mn/Co catalyst both activity and DMF yield decreased. [14] 

The reason for the activity declinement was stated to be the 

disappearance of Co3+ confirmed by XPS after fourth experiment 

in Co/Mn catalysts. [14] 

 

4.5. Transfer hydrogenation 

Several solvents, including methanol, [23] 2-propanol [28] have 

been efficient hydrogen donors in HMF transformation. In [28] 

HMF was transformed over Ru/C at 150°C under 20 bar nitrogen 

in 2-propanol as a solvent giving 44% yield of DMF in 17.3 h. On 

the other hand, only 13% DMF yield was obtained in transfer 

hydrogenation/hydrogenolysis of HMF over Ru/HT at 220°C 

under 5 bar nitrogen in 5 h in 2-propanol, [36] while THF and 1,2-

dimethoxyethane (DME) were not active as hydrogen donors 

under these conditions. The corresponding DMF yield in 2-

propanol under 7 bar hydrogen was after 5 h 40 % showing that 

additional hydrogen is beneficial. 

Different amounts of formic acid were tested as a hydrogen 

donor in HMF transformation over Ni-Co/C catalyst at 210 oC in 

24 h. [51] The results revealed that when increasing the molar 

ratio of FA to HMF from 1 to 10 the yield of DMF increased from 

20 to 98%. Formic acid was very efficient hydrogen donor over 2 

wt% Ni-14 wt% Co/C giving 99 % yield of DMF (Table 5, entry 1). 

[51] It should, however, be noticed here that temperature was high 

and reaction time was long. About the same yield of DMF was 

obtained over 5 wt% Ru/C at 190 °C in 2-propanol in 6 h. [28] 

Over 5 Ni-7-MoS2/Al2O3 mainly etherification of methyl 

furfurylalcohol and HMF with 2-propanol occurred under nitrogen 

atmosphere. [24] 

 
Table 5. The results from transformation of HMF to DMF via transfer hydrogenation. Notation: 2-hexanol (2-HA) 

Entry Catalyst Conditions Conversion 
(%) 

Yield fo 
DMF (%) 

Yield of other 
products 

Dielectric 
constant 

Ref 

1 2 wt% Ni-14 wt% Co/C 210°C, THF, formic acid, 
24 h 

99 79 YMFA=10.2, 
YMF=4.6 

7.52 [51] 

2 5 wt% Ru/C 190°C, 20 bar N2, 2-
propanol, 6 h 

100 81 n.a. 18.3 [28] 

3 0.56 wt% Ru/HT 220°C, 5 bar N2, 2-
propanol, 5 h 

n.a. 13 n.a. 18.3 [36] 

4 2 wt% Ru/MSC-30 (microporous 
carbon) 

125 °C, 2-propanol, 1 h 33 n.a. n.a. 18.3 [46] 

5 20 mol% Cu-PMO (porous metal 
oxide from hydrotalcite) 

300°C, MeOH, 30 min 99 39 Y2-HA=3, 
YDMTHF=6 

Supercritical 
MeOH, n.a. 

[23] 

 
 

4.6. Effect of acids as co-catalysts 
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 The use of homogeneous co-catalysts, such as sulphuric, 

hydrochloric, phosphoric and formic acids together with 

heterogeneous hydrogenation catalysts in HMF transformation 

to DMF has been scarcely studied over various catalysts and 

conditions, which makes their comparison challenging (Table 6). 

[18, 51, 62]  

 

 

 

 
 

 
Table 6. The results from transformation of HMF to DMF using homogeneous acids as cocatalyst under hydrogen atmosphere . Notations the same as in Table 1. 

  

 

The drawback using homogeneous co-catalysts is their 

corrosiveness. Very promising results were obtained in the 

presence of HCl as a cocatalyst with a noble metal catalyst, 

supported on hydrophobic carbon, i.e. PdAu/C in HMF 

transformation to DMF. [62] In their work [62] the DMF yield of 

more than 99% was obtained over PdAu/C in the presence of 

HCl as a co-catalyst under mild conditions, i.e. at 60°C using 

hydrogen purge from a balloon in THF in 6 h. Other works 

reporting the use of sulphuric acid, [18, 51] phosphoric acid [51] and 

formic acid [51] were not so good. Sulphuric acid was used as a 

co-catalyst with Ir/SiO2 in HMF transformation under mild 

conditions, 60°C under 10 bar hydrogen. [18] High conversion of 

HMF was obtained in 6 h, however, the main product was the 

primary hydrogenation product, BHMF and the yields of BHMF, 

DMF and DMTHF after 300 min were 62% and 19% and 19%, 

respectively. [18] This result is interesting, i.e. despite of the 

presence of sulphuric acid catalyst retained still its 

hydrogenation activity. On the other hand, overhydrogenation of 

DMF was not observed in HMF transformation over Ni-Co/C at 

210 °C under 10 bar hydrogen in the presence of sulphuric acid 

in 6 h [51] giving 99% conversion and 5-methylfuran as a main 

product indicating too high hydrogenolysis activity of the 

catalysts. Phosphoric acid assisted HMF transformation, 

performed at 130 oC over Ni-Co/C was more selective towards 

DMF formation in comparison to sulphuric acid, but HMF 

conversion remained only 40% [51] and in case of formic acid the 

conversion of HMF was only 11 %. As a conclusion it can be 

tstated that a high yield of DMF could be obtained under mild 

conditions over PdAu/C catalyst in the presence of HCl. 

 

5. Kinetics, modelling and reaction mechanism 

Kinetics in HMF transformation to DMF has been intensively 

studied over several catalysts, both on noble metal [20, 35, 36, 38, 43, 

44, 52, 55] or bimetallic noble metal catalysts [53,61] and transition 

metal catalysts. [51, 54] Reaction network is very complicated, 

since in the first step three parallel routes are possible, namely 

hydrogenolysis, dehydration and decarbonylation forming BHMF, 

MFU and FA, respectively (Figure 1). DMF can be formed via 

the two former routes. On the other hand, decarbonylation of 

HMF is not desired. In kinetic analysis it can be seen that noble 

metal catalysts are highly active in hydrogenation producing 

BHMF mainly as a primary product, [20, 35, 38, 44, 52, 55] although over 

Pt supported on graphene oxide MFU was the main product 

even at a relatively low temperature, 120°C. [43] In addition MFU 

was also obtained as a primary product over transition metal 

catalysts, [22, 26] which also require typically higher reaction 

temperatures. Overhydrogenation of DMF to DMTHF can also 

be a challenge, especially with highly dispersed metal catalysts 

(Figure 6) [20, 35, 38] and over Co3O4, [32] while over several nickel 

containing catalysts DMF concentration is increasing with 

increasing time (Figure 7). [26, 54]  

 
Figure 6. HMF conversion (■), yields of DMF (●), BHMF (x), DMTHF (+), 2-HA 
(▲) and other products (o) as a function of time in HMF transformation over 

Ru/CNT at 150°C under 20 bar in dioxane adapted from [38]. 
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Entry  Catalyst Conditions Conversi
on (%) 

Yield fo 
DMF 
(%) 

Yield of other 
products 

Dielectric constant Ref 

1  1 wt% Ir/SiO2 
(Cl)+H2SO4 

60°C, 10 bar 
hydrogen, THF, 6 
h 

74 23 YBHMF=35, 
YDMTHF=12 

7.52 [18] 

2  0.47 mmol Pd-0.47 
mmol Au/C+HCl 

60°C, 4 l H2 (from 
balloon) THF, 6 h 

100 96 YMFA= 2 
YMF=1 

7.52 [62] 

3  2 wt% Ni-20 wt% 
Co/C+H3PO4 

130°C, 10 bar H2, 
THF, 6 h 

40. 20 YMF=11 
 

7.52 [51] 
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Figure 7. Amounts of HMF (■), DMF (●), MF (x) and others (+) in HMF 

transformation over 7-Ni-30-W2C on active carbon at 180°C under 40 bar 
hydrogen in THF adapted from [26]. 

 

Very intensive hydrogenation and ring-opening of DMF was 

observed especially at high temperature, 200 oC over 5 wt% 

Ru/CNT already after 2 h [38] and thus reaction time should be 

carefully controlled. On the other hand, limited hydrogenation of 

DMF can be explained by catalyst deactivation, especially over 

Ni catalysts. [26] Even higher hydrogen pressure enhanced 

overhydrogenation for example over Pd-Cs-H0.5PW12O40/K-10. 

[20] Ring-opening of DMTHF can also occur e.g over Pt/GO 

exhibiting small metal particles [43] and over Ni/ZrP. [54]  

A comparison of TOF was made for three different Ru supported 

catalysts, 5 wt% Ru/AC, 5 wt% Ru/C and 5 wt% Ru/CNT [31] at 

the same conversion level 30%. The results revealed that the 

ratio for their TOF was as follows: 1 : 1.6 : 22.7 and the best 

catalyst, Ru/CNT exhibited the smallest Ru particle size. It was 

proposed in their work via the first order rate equation that the 

transformation of HMF is rate limiting step, while formation of 

DMF is very fast over highly dispersed Ru catalysts. It was also 

pointed out that with a low metal loading, readsorption of the 

primary product BHMF is limited due to lack of active sites thus 

inhibiting its further transformation tom MFA and DMF.  

The reaction network in HMF transformation is very complex 

including three possible primary reactions (Figure 1), namely 

decarbonylation, [19] hydrogenation [20] and dehydration. [22, 26, 43] 

Decarbonylation can occur e.g. over Pd surface, [63] while 

hydrogenation typically occurs over noble metal catalysts. [20, 35, 

38, 44, 52, 55] Dehydration requires an acidic catalyst, such as 

Ni/ZSM-5 [22] or Ni-W2C on active carbon giving methylfurfural as 

a primary product (Figure 7). [26] In addition even Pt supported 

on graphene oxide promoted dehydration of HMF, [36] Because 

acidity in the later work was not measured, it is difficult to acess 

the role of graphene on dehydration in that study. DMF can be 

formed either via hydrogenation or dehydration route, while 

decarbonylation is undesired. Very important for selective DMF 

formation is also to avoid both overhydrogenation and 

overhydrogenolysis requiring optimized catalyst properties, such 

as a small metal particle size and a limited reaction time as well 

as an optimized acidity. 

Kinetic modelling of HMF transformation of DMF has been very 

scarcely studied. [18, 20] In [20], Langmuir-Hinshelwood-Hougen-

Watson (LHHW) mechanism was applied. The model includes 

both acid (S1) and metal (S2) sites [20] and dissociative 

adsorption of hydrogen was assumed. The rate equations for 

each step were derived as follows: 

−𝑟1 = −
𝑑𝑐𝐴

𝑑𝑡
= 𝑘1𝑐𝐴𝑆1

𝑐𝐻𝑆2                   (1) 

𝑟2 =
𝑑𝑐𝐵

𝑑𝑡
= 𝑘1𝑐𝐴𝑆1

𝑐𝐻𝑆2
− 𝑘2𝑐𝐵𝑆1

𝑐𝐻𝑆2
    (2) 

𝑟3 =
𝑑𝑐𝐷

𝑑𝑡
= 𝑘2𝑐𝐵𝑆1

𝑐𝑆2
− 𝑘3𝑐𝐷𝑆1

𝑐𝐻𝑆2
      (3) 

𝑟4 =
𝑑𝑐𝐸

𝑑𝑡
= 𝑘3𝑐𝐷𝑆1

𝑐𝐻𝑆2
                        (4) 

It was also assumed that adsorption and desorption steps are 

very fast. After deriving, the concentrations of intermediates and 

taking into account total balance of catalytic sites the following 

rates could be derived: 

𝑐𝐴

𝑑𝑡
=

𝑘1𝐾𝐴𝑐𝐴√𝐾𝐻2𝑝𝐻2𝑤

[1+𝐾𝐴𝑐𝐴+𝐾𝐵𝑐𝐵+𝐾𝐷𝑐𝐷+𝐾𝐸𝑐𝐸][1+√𝐾𝐻𝑝𝐻2+𝐾𝑊𝑐𝑊]
         (5) 

−
𝑐𝐵

𝑑𝑡
=

[𝑘1𝐾𝐴𝑐𝐴−𝑘2𝐾𝐵𝑐𝐵]√𝐾𝐻2𝑝𝐻2𝑤

[1+𝐾𝐴𝑐𝐴+𝐾𝐵𝑐𝐵+𝐾𝐷𝑐𝐷+𝐾𝐸𝑐𝐸][1+√𝐾𝐻𝑝𝐻2+𝐾𝑊𝑐𝑊]
      (6) 

𝑐𝐷

𝑑𝑡
=

[𝑘2𝐾𝐵𝑐𝐵−𝑘3𝐾𝐷𝑐𝐷]√𝐾𝐻2𝑝𝐻2𝑤

[1+𝐾𝐴𝑐𝐴+𝐾𝐵𝑐𝐵+𝐾𝐷𝑐𝐷+𝐾𝐸𝑐𝐸][1+√𝐾𝐻𝑝𝐻2+𝐾𝑊𝑐𝑊]
         (7) 

𝑐𝐸

𝑑𝑡
=

𝑘3𝐾𝐷𝑐𝐷√𝐾𝐻2𝑝𝐻2𝑤

[1+𝐾𝐴𝑐𝐴+𝐾𝐵𝑐𝐵+𝐾𝐷𝑐𝐷+𝐾𝐸𝑐𝐸][1+√𝐾𝐻𝑝𝐻2+𝐾𝑊𝑐𝑊]
         (8) 

in which A is HMF, B is BHMF, D denotes DMF, E stands for 

DMTHF, W for water and w is catalyst loading. 

The activation energies for HMF transformation were determined 

via modelling being for formation of BHMF, DMF and DMTHF 

were 61.5, kJ/mol, 36.8 kJ/mol and 75.8 kJ/mol, respectively 

showing clearly that at higher temperatures formation of DMTHF 

is favoured. [20] The data was validated with experimental data 

shown in Figure 8. 

 
Figure 8. Kinetics and modelling of HMF transformation to DMF over Pd-

Cs/K10 catalyst at 90°C under 10 bar hydrogen. Notations: (●) HMF, (□) 
BHMF, (▲) DMF and (x) DMTHF, line denotes predicted values adapted from 
[20].  
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Catalyst deactivation was also taken into account in HMF 

transformation over Ir/SiO2 in the presence of sulphuric acid. [18] 

In their work [18] first order rate equations containing an empirical 

deactivation function was applied as follows for formation of 

BHMF, DMF and DMTHF: 

𝑟𝐻𝑀𝐹→𝐵𝐻𝑀𝐹 = 𝑘1𝑐𝐻𝑀𝐹𝑎            (9) 

𝑟𝐵𝐻𝑀𝐹→𝐷𝑀𝐹 = 𝑘2𝑐𝐵𝐻𝑀𝐹𝑎   (10) 

𝑟𝐷𝑀𝐹→𝐷𝑀𝑇𝐻𝐹 = 𝑘3𝑐𝐷𝑀𝐹𝑎   (11) 

In which activity a is: 

𝑎 = 𝑎0𝑒−𝑘𝑑𝑡               (12) 

The initial activity a0 is unity and kd is rate constant for 

deactivation. The rate equations were combined with batch 

reactor mass balance: 

1

𝜌

𝑑𝑐𝐻𝑀𝐹

𝑑𝑡
= 𝑟𝐻𝑀𝐹→𝐵𝐻𝑀𝐹            (13) 

1

𝜌

𝑑𝑐𝐵𝐻𝑀𝐹

𝑑𝑡
= 𝑟𝐻𝑀𝐹→𝐵𝐻𝑀𝐹 − 𝑟𝐵𝐻𝑀𝐹→𝐷𝑀𝐹  (14) 

1

𝜌

𝑑𝑐𝐷𝑀𝐹

𝑑𝑡
= 𝑟𝐵𝐻𝑀𝐹→𝐷𝑀𝐹 − 𝑟𝐷𝑀𝐹→𝐷𝑀𝑇𝐻𝐹  (15) 

1

𝜌

𝑑𝑐𝐷𝑀𝑇𝐻𝐹

𝑑𝑡
= 𝑟𝐷𝑀𝐹→𝐷𝑀𝑇𝐻𝐹              (16) 

where 𝜌 is catalyst bulk density, ri and ki denote rates and rate 

constant. ModEst software [90] was used for kinetic modelling and 

parameters were estimated using Levenberg-Marquardt 

algorithm by minimizing the error function: 

𝑄 = ∑(𝐶𝑖,𝑡 (𝑒𝑠𝑡) − 𝐶𝑖,𝑡 (exp))
2
           (17) 

where i and t denote components and times and 𝐶𝑖,𝑡 (𝑒𝑠𝑡)  is 

estimated concentration and 𝐶𝑖,𝑡 (exp)  experimental ones. The 

experimental data was sufficiently well described by the model 

with the goodness of the fit being above 99%. [18] 

 

6. Continuous Operation 

Several researchers have studied continuous production of DMF 

from HMF. [27, 33, 34, 40, 47, 49] It is well-known, that continuous 

operation is performed under mass transfer limitations opposite 

to batch reactor studies, which normally are made under a 

kinetic regime. Only one work was found demonstrating a 

comparative study using Pt/C in a batch and in a fixed bed down 

flow reactors in HMF transformations [49] clearly showning that by 

adjusting the residence time high yields of DMF were obtained 

even over Pt/C catalysts. In continuous HMF transformation over 

15 wt% Ni-15 wt% Cu/ZrO2 at 275°C under 15 bar hydrogen in 

butanol as a solvent the time-on-stream (TOS) behaviour 

showed that initially large amount of DMTHF was formed (Figure 

9), while after 10 h TOS 23% yield of DMF was obtained and it 

was nearly the same after 24 h TOS. [47] It was, however, stated 

that some decrease of Ni dispersion confirmed by XPS occurred 

during catalytic reaction. In [40] the experiments were performed 

with complete HMF conversion making difficult to fully assess 

catalyst performance and deactivation.  

The effect of Cu loading on ZrO2 was tested in continuous HMF 

transformation to DMF. [40] Their results showed that low coke 

formation was observed for Cu/ZrO2 catalysts when the degree 

of metallic copper increased [40] and the best result was obtained 

with an optimum amount of Cu on ZrO2, 15 wt%, while less 

metallic Cu was present in 20 wt% Cu. [40] Unfortunately, several 

experiments with different catalysts were performed with 100% 

HMF conversion making a quantitative comparison of these 

results difficult analogously to the results in [47]. Time-on-stream 

behaviour was also shown for HMF transformation over 

bimetallic 1 wt% Ru-15 wt% Cu/ZrO2 at 200 oC under 15 bar 

hydrogen in 1-butanol as a solvent. [40] HMF conversion reached 

steady-state level, ca. 95% 

 
Figure 9. Time-on-stream behaviour of in HMF transformation over 15 wt% Ni-
15 wt% Cu/ZrO2 catalyst at 275 °C under 15 bar hydrogen in 1-butanol 

showing increasing DMF yield ( ) and decreasing DMTHF yield ( ) as 

a function of time-on-stream in [47]. Copyright from Elsevier Ltd. 

 

after 6 h after and it remained constant during the experiment up 

to 10 h. DMF yield increased initially up to 48 % in 4.5 h, after 

which it dropped to a constant level of 18 %. During the 

experiment catalyst was coking and at the same time the 

amount of Cu species declined and the formation of byproducts 

increased. In their work also HMF prepared from glucose 

containing some impurities was also tested as a feed. The 

results showed that less DMF was formed, i.e. the maximum 

DMF yield was only 16.4%. [40] 

Continuous mode HMF transformation to DMF was studied over 

Ni-catalyst supported on hierarchical micro-mesoporous Zn-

containing carbon cubes, which were prepared via nitrogen 

treatment of squaric acid-Zn-complex at 900°C. [34] Thereafter 

nickel was loaded on the carbon cubes via incipient wetness 

method. This catalyst, denoted as (Ni@SAZn-PC) and tested in 

HMF transformation at 150°C under 6 bar hydrogen for 21 h in a 

fixed bed reactor, retained its activity well, although some minor 
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leaching of Ni occurred. [34] Furthermore, alloyed catalysts 

Pt6Ni/C and Pt3Ni/C were very active and selective catalysts in 

HMF transformation at 160°C under 33 bar hydrogen [33]. In [33] 

different space times were tested during 4 h time-on-stream and 

typically DMF yield increased with increasing space-time to 

82 %. Unfortunately time-on-stream behaviour was not shown in 

this work. The alloy catalyst was efficiently suppressing furan 

ring adsorption, although some overhydrogenation occurred 

forming DMTHF and hexanedione. It was also claimed that 

especially diketones are very reactive causing catalyst coking.  

 

7. Future Research Perspectives 

Future research needs in HMF transformation to DMF are 

obvious since several challenges have been identified in this 

reaction, including relatively catalyst leaching, [25, 54] coking [40] 

and catalyst deactivation especially in continuous operation. [40] 

Typically monometallic catalysts where metal is embedded into 

organic matric and bifunctional catalysts have been very 

successful in HMF transformation with limited over-

hydrogenation. [16, 21, 26, 31, 33, 44, 51, 52, 62] Especially transition metal 

catalysts would be economically more viable in comparison to 

noble metal catalysts. Metal particles on reducible supports have 

shown promising results in HMF transformation to DMF. [39] One 

interesting future direction would be to study atomic layer 

epitaxy method to develop catalysts with small metal particles on 

reducible supports as discussed in the literature [92]. Although 

this method is not novel, [93] it still attracts attention in developing 

catalysts for selective hydrogenation/hydrogenolysis reactions. 

The deep knowledge regarding the balance between acid and 

metal sites is scarce and these topics have only been studied in 

a few works. [29]  

From the reaction point of view, low initial HMF concentrations 

have been typically used limiting its industrial application [43, 54] 

Interestingly it was revealed that the role of solvent in HMF 

transformations is interconnected with hydrogen solubility and 

hydrogen pressure and for example in water as a solvent high 

DMF yields were obtained only under high hydrogen pressures. 

Transfer hydrogenation might be cheaper than to apply high 

hydrogen pressures, but it often requires long reaction times. [51] 

HMF transformations should be performed in a continuous 

reactor with lower than 100% conversion allowing a proper 

comparison with the batch reactor data generated under kinetic 

a regime. Such comparison would aid in elucidation of mass 

transfer limitations on the product distribution and catalyst 

deactivation with time-on-stream. 

 

8. Conclusions 

Catalytic transformations of biomass derived 5-

hydroxymethylfurfural to a potential liquid fuel, 2,5-dimethylfuran, 

is an interesting, very complex reaction, which is worth to be 

studied. The main challenges in this reaction are relatively low 

reactant concentrations, the requirement of an active tailor made 

bifunctional catalyst exhibiting selectivity towards the 

intermediate product, 2,5-dimethylfuran and avoiding its 

overhydrogenation to 2,5-dimethyltetrahydrofuran. A balance 

should be kept between a desire to promote dehydration and a 

danger of hydrogenolysis caused by too high acidity. The 

highest yields of 2,5,-dimethylfuran have been obtained with 

bimetallic Cu-Co catalysts supported on carbon and over Ni 

supported on nitrogen rich carbon in the temperature and 

pressure range of 180 – 200°C and 5 - 30 bar hydrogen in a 

batch reactor. With a careful control of residence time it is also 

possible to reach relatively high yields of 2,5-dimethylfuran even 

over Pt/C. The role of the solvent, catalyst deactivation and 

kinetic modelling were also summarized in the review.     

 

 

Keywords: 2,5-dimethylfuran • bifunctional catalyst • 5-hydroxymethylfurfural  
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Recent developments in transformations of biomass derived 5-hydroxymethylfurfural to potential liquid 
fuel, 2,5-dimethylfuran acid are critically summarized. The highest yield of 2,5-dimethylfuran (>98%) from 
5-hydroxymethylfurfural obtained over bimetallic Cu-Co supported on carbon as well as over Ni 
supported on nitrogen containing mesoporous carbon at 180 oC and 5 bar hydrogen and 200oC under 30 
bar hydrogen, respectively.  The main challenges in transformation of 5-hydroxymethylfurfural to 2,5-
dimethylfuran are low reactant concentration, overhydrogenation and hydrogenolysis and catalyst 
deactivation. A proper catalyst should have optimized metal dispersion and amount of acidic sites. 
Results from continuous operation and kinetic modelling in transformation of 5-hydroxymethylfurfural to 
2,5-dimethylfuran were also summarized. 
 

 

 

 

 


