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Chapter 1

Introduction
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1.1 Background – Biomass-based vs fossil resources

The global demand for energy has been steadily growing in the last 
decades. The major drivers for this trend are a growth in global popu-
lation and higher welfare levels. The main sources for primary energy 
generation are fossil-based ones, like coal, oil and gas, see Figure 1 
for details.

Due to the anticipated depletion of fossil resources and concerns 
about the environment due to CO2 emissions, there is a huge inter-
est in the generation of renewable energy. Examples of renewable 
resources are solar, wind, geothermal, hydropower and tidal energy. 
However, the estimated share of renewables in the total energy slate 
is still below 20 % (Figure 2). Biomass is expected to play a major role, 
for instance for heat and power generation and for the production of 
biofuels. However, besides conventional biomass burning for cook-
ing and heating, the use of biomass in advanced power and heat gen-
eration and for biofuels is at the moment still limited. 2

In the context of bioenergy, biomass refers to organic material 
from plants and animals. It is abundantly available on earth. About 
a decade ago, the steady growth in biofuels triggered a discussion 
whether it was ethical to use food products like wheat, soy, corn and 
vegetable oils for biofuels generation (food versus fuel debate). As a 
result, the focus has now shifted to the use of non-food biomass like 
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agricultural residues, residues from forestry, pulp and paper indus-
try and municipal waste. Examples are second generation biofuels 
like bioethanol from lignocellulosic biomass and pyrolysis liquids. 3,4,5  

1.1.1 	 Biomass for chemicals

Besides the use for heat and power generation and biofuels produc-
tion, biomass is expected to play an important role in the future chem-
ical industry and particularly for the production of carbon-based 
products like many organic polymers (polyethylene, polypropylene 
and polystyrene). As the available global biomass sources are limited, 

Figure 2. Estimated renewable energy share of global final energy con-
sumption 2

Figure 3. Bio-based product pyramid 6
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particularly when only considering non-food biomass, smart choices 
need to be made regarding the best possible use of biomass. To se-
lect the best option(s), the use of the so called value pyramid is use-
ful (Figure 3). Here, the application sectors are grouped according to 
price and volume, with high volume-low price applications (heat and 
power) at the base and high value-low volume applications at the top. 6

A highly advocated option involves the use of biomass primarily for 
bio-based chemicals production, rationalised by the fact that other 
renewable alternatives are not suitable for the production of the cur-
rent carbon-based chemicals. In this scenario, by-products from bio-
based chemicals production are used for energy generation. 

When using biomass for bio-based chemicals production, two op-
tions may be considered, namely i) the production of existing bulk 
chemical products derived from fossil resources like olefins (butadi-
ene, ethylene, propylene) and aromatics (benzene, toluene, xylene) 
and ii) the production of  novel chemicals with high derivatization 
potential. The latter are also known as platform chemicals: biomass 
derived chemicals with a high application potential that can be pro-
duced in high yields. These platform chemicals may be viewed as the 
biomass-based alternatives for the base chemicals (ethylene, propyl-
ene, aromatics) in the petrochemical value chain. 6,7

1.2 Bio-based platform chemicals 

In 2004, the US Department of Energy (DOE) published a top 12 of 
bio-based platform chemicals, see Figure 4 for details. Initially, more 
than 300 compounds were selected and evaluated based on selection 
criteria like estimated costs of the raw materials, ease of processing, 
selling price, technical complexity, market potential, the possibility 
for direct replacement and novel properties. 7

In 2010, an updated version was published, see Figure 5. Compared 
to the original list in Figure 4, ethanol, furfural, 5-hydroxymethyl
furfural, isoprene and lactic acid were added and a number of organic 
acids (fumaric acid, malic acid, aspartic acid, glucaric acid, glutamic 
acid and itaconic acid) as well as 3-hydroxybutyrolactone were re-
moved. The list was updated by considering additional criteria, such 
as the potential for near-term deployment, anticipated (high) market 
volume and value, market maturity, feedstock flexibility, the poten-
tial for integration with hydrocarbon conversion pathways, compe-
tition with natural gas-derived petrochemicals and the possibility to 
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be synthesized at a lower cost from biomass versus petroleum-based, 
anticipated growth, market pull and favorable life cycle analysis. 8

Recently the National Renewable Energy Laboratory (NREL) made 
an updated version of the top list (see Figure 6). 9 The ranking was 
modified by considering additional selection criteria like the exist-
ence of extensive recent literature, multiple product applicability, 
possibility for direct substitution, potential market, platform poten-
tial and ease for industrial scale-up. 8 Compared to the older versions 
of the list, a number of the components are existing bulk chemicals 
derived from fossil resources and manufactured in million tons per 

Figure 4. Top 12 sugar-derived building blocks 7

Figure 5. Top 10+4 bio-based chemicals 8
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year. As such, it appears that the drop in approach is getting more at-
tention, at the expense of new chemicals. 9

1.3 Selected platform chemicals for study in this thesis

In this thesis, experimental studies will be reported on two main plat-
form chemicals from biomass, HMF and glycerol, with the objective 
to convert them to interesting derivatives using catalytic methodol-
ogy. In the case of HMF, the emphasis will be on the synthesis of re-
duced components like FDM, DMF as well as on the formation of BTO 
and for glycerol it will be on green gas. As such, this introduction will 
focus on the state-of-the-art regarding these transformations. Liter-
ature overviews of the various catalytic systems will be provided, re-
ported and reviewed.   

1.3.1 	 5-Hydroxymethylfurfural (HMF) 

Lignocellulosic biomass is a good starting material for the production 
of C5 (xylose and arabinose) and C6 sugars (fructose, glucose, man-
nose and galactose). The C6 sugars can be converted into 5-hydroxy
methylfurfural (HMF), a versatile furan-type compound. 10 As one of 
the top 10+4 bio-based chemicals, HMF is an interesting precursor 
for bulk chemicals to be applied for polymer synthesis, solvents and 

Figure 6. Updated top 12 chemical building blocks from biomass 9
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other interesting intermediates and pharmaceuticals. 8,11 For example, 
catalytic reduction of HMF allows the synthesis of 2,5-furan dimeth-
anol (FDM), 2,5-dimethyl furan (DMF), 2,5-dimethyl tetrahydrofuran 
(DMTHF), 5-methyl-2-furanmethanol (MFM), 2,5-tetrahydrofuran di-
methanol (THFDM) and 5-methyl furfural (MF), see Figure 7. 12,13 

HMF can also be (catalytically) oxidized to 5-hydroxymethyl-2-furan
carboxylic acid (HMFCA), 2,5-diformylfuran (DFF) and 2,5-furan
dicarboxylic acid (FDCA). 14 The latter is being commercialized by 
Avantium at the moment since it is an important monomer for the 

Figure 7. HMF derivatives 12,13

Figure 8. Possible products of HMF by reductive routes 16,17
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production of polyethylene furanoate (PEF), a renewable polyethylene 
terephthalate (PET) derivative. 15 The studies described in this thesis 
are among others centered around the catalytic reduction of HMF de-
rivatives and as such the state-of-the-art regarding some of the major 
derivatives will be described in the following paragraphs.   

1.3.2 	 2,5-Furandimethanol (FDM)

One of the most interesting HMF derivatives is 2,5-furan dimethanol 
(FDM), see Figure 7 for details. Typically, it may be obtained from HMF 
through catalytic reduction (Figure 8). FDM can be used as a building 
block for polyesters, resins, polyurethanes, and drug synthesis. 16,17 FDM 
can also be further hydrogenated to 2,5-tetrahydrofuran dimethanol 
(THFDM), which may also be used for polymer synthesis. It has been 
shown that THFDM can be catalytically converted to 1,6-hexanediol, 
which may be converted to caprolactam, the monomer for nylon-6 syn-
thesis. Near quantitative yields of THFDM were reported by Buntara et 
al. using 10 wt % Raney-Ni catalyst at 100 oC and 90 bar H2 pressure for 
14 h. THFDM was further hydrogenated to 1,2,6-hexanetriol in high se-
lectivity (97 % at 21 % THFDM conversion). 13 

A large number of studies have been reported on the synthesis 
of FDM through catalytic hydrogenation using heterogeneous (Ta-
ble 1) and homogeneous catalysts (Table 2). Typically the studies are 
highly exploratory and batch reactors were used to assess activity 
and selectivity.

For the heterogeneous catalysts, molecular hydrogen was used as 
the reductant. Relatively mild conditions were applied, for instance 
temperatures between 30–160 oC and pressures between 8 and 
28 bar. Mostly, supported noble metal catalysts were used (Ru, Pd, Pt) 
with Al2O3 as the most common support. Water and water/ 1-butanol 
were used as the solvents. Full conversion and near quantitative 
yields (99 %) of FDM were obtained when using Pt/MCM-41 in water 
at mild conditions (35 oC and pressure of 8 bar H2) 17. Ir-ReOx/SiO2 also 
gave nearly full conversion of HMF (>99 %) and close to quantitative 
yields of FDM (>99 %) at 30 oC and a hydrogen pressure of 8 bar.

Three papers have been reported using continuous reactor set-ups. 
The use of a Raney-Co catalyst, gave full conversion of HMF and 97 % 
FDM yield at 60 oC and a pressure of 35 bar for a LHSV (Liquid Hourly 
Space Velocity) of 1 h-1. A Co-based catalyst (Co/SiO2) was tested at the 
same conditions using a LHSV of 4 h-1 and led to a full conversion of 
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HMF and a FDM yield of 96 %. At about similar reaction conditions 
(60 oC, 35 bar, LHSV of 2 h-1), Pt/Al2O3 resulted in a slightly lower HMF 
conversion (94 %) and FDM yield (92 %). 18

The use of homogeneous catalysts for FDM synthesis has received 
by far less attention compared to the heterogeneous analogues. Cp*Ir 
catalysts have been investigated in detail using formic acid as the hy-
drogen donor and methanol or THF as the solvent. Good results were 
obtained at mild conditions (100 % HMF conversion and 99 % FDM 
yield) of 40 oC for 2 h in a batch reactor, which is similar to the data re-
ported for the heterogenous Pt/MCM-41 catalyst. 14

Table 1. Overview of FDM synthesis from HMF using heterogeneous cata-
lysts

Catalyst Solvent T (oC) P H2 

(bar)
t 

(h)
HMF 

Conversion 
(%)

Yield of 
FDM (%)

Mode Ref

Ru/CeOx 1-Butanol – water 130 28.5 2 100 81 Batch 19

Ru/Mg-Zr 1-Butanol – water 130 28.5 2 100 93 Batch 19

Ru/γ-Alumina 1-Butanol – water 130 28.5 2 92 75 Batch 19

Pd/Al2O3 Water 140 38 4 100 20 Batch 20

Ag/Al2O3 Water 140 38 4 5 5 Batch 20

Ir-ReOx/SiO2 -1 Water 30 8 6 >99 >99 Batch 21

Pt/MCM-41 Water 35 8 2 100 99 Batch 17

Pt/Al2O3 Water 130–160 38 4 100 0 Batch 20

Cu/Al2O3 Water 140 38 4 0 0 Batch 20

Pt/Al2O3 Water 60 35 2 94 92 Continuous 18

Co/SiO2 Water 60 35 4a 100 96 Continuous 18

Raney/Co Water 60 35 1a 100 97 Continuous 18

aLHSV in h-1

Table 2. Overview of FDM synthesis from HMF using homogeneous catalysts a,b

Catalyst Solvent T (oC) P H2 

(bar)
t (h) HMF 

Conversion (%)
Yield of 

FDM (%)
Mode Ref

Ru(TsDPEN-H) Methanol 40 - 2 n.d. 99 Batch 14

Cp*Ir (TsDPEN-H) THF 40 - 2 100 99 Batch 14

Cp*Ir (NHCPh2C6H4) Methanol) 40 - 1 90 99 Batch 14

Cp*Ir (TsDACH) Methanol 40 - 1 83 99 Batch 14

Cp*Ir (TsDPEN-H) Methanol 40 - 16 80 99 Batch 14

a TsDPEN=H2NCHPhCHPhNTs; Cp*=C5Me5; Ts=tosyl;  b Formic acid as the hydrogen donor 
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1.3.3 	 2,5-Dimethylfuran (DMF)

2,5-dimethylfuran (DMF) is attainable from HMF by a catalytic hydro-
deoxygenation route (Figure. 8). DMF has been identified as a second 
generation biofuel/biofuel additive as it has a 40 % higher energy 
density than ethanol (31.5 MJ/L vs 23 MJ/L), which is actually close to 
that of gasoline (35 MJ/L). Compared to ethanol, DMF is immiscible 
with water, which is a major advantage when using it for blending in 
gasoline. DMF has a high octane number (RON=119) and a higher boil-
ing point compared to ethanol (92 oC vs 78 oC). 4,22,23 

A number of catalytic hydro(deoxy)genation systems have been de-
veloped (Table 3). Most of them use hydrogen as the reductant, though 
the use of an alternative hydrogen donor in the form of formic acid 
has also been reported. Typically, the catalytic hydrodeoxygenation 
reaction is carried out in a temperature range between 70–280 oC, 
though most studies are reported in the 180–220 oC range. In by far 

Table 3. Overview of DMF synthesis from HMF

Catalyst Solvent T 
(oC)

P H2 

(bar)
t (h) Conversion 

of HMF (%)
Yield 
of DMF 
(%)

Mode Ref

Ru/C 2-Propanol (a) 190 n.d. 6 100 80 Batch 25

Ru/C THF (a) 190 n.d. 6 92 60 Batch 25

Ru/C Isopropanol (a) 190 n.d. 6 100 81 Batch 25

Ru/C 1-Butanol 260 n.d. 1.5 100 60 Batch 26

Ru/Co3O4 THF 130 7 24 >99 93 Batch 27

Pd Ethanol (b) 140 - 21 >99 16 Batch 28

Pd/C Water-SC CO2 80 100 
(CO2)

2 100 100 Batch 17

Pd/C EMIMCl and acetonitrile 120 62 1 47 15 Batch 23

Pd/C THF (c) 70 - 15 100 >95 Batch 14

Pd/C Dioxane (b) 120 - 15 n.d. >95 Batch 29

PtCo/AC 
& PtCo/GC

1-Butanol 180 10 2 100 98 Batch 24

CuRu/C 1-Butanol (d) 220 6.8 10 100 71 Batch 22

CuRu/C 1-Butanol 220 6.8 10 n.d. 49 Batch 30

CuCrO4 1-Butanol (d) 220 6.8 10 100 61 Batch 22

CuCrO4 1-Butanol 220 6.8 n.d. 100 61 Batch 22

Cu–PMO Methanol 260 n.d. 3 100 48 Batch 31

Ni–W carbide THF 180 40 3 100 96 Batch 32

RaNi 1,4-Dioxane 180 15 15 100 89 Batch 33

Pd/Fe2O3 2-Propanol 180 25 5/12e 100 72 Continuous 34

CuRu/C 1-Butanol 220 17 2 e 100 79 Continuous 22

(a)  20 bar N2  
(b) plus formic acid (c) plus formic acid and H2SO4 

(d) plus NaCl (e) residence time
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the most cases, supported noble metal catalysts are used (Ru, Pd, 
Pt), either as a monometallic catalyst or in combination with a sec-
ond metal (e.g. Cu). The most used support is carbon. A wide range 
of polar organics solvents have been explored, mainly in the form 
of low carbon alcohols, likely due to the good solubility of the sub-
strate-product in these solvents. Most experiments were carried out 
in batch reactor set-ups, and only two papers reported the use of a 
continuous reactor. 

HMF conversions in batch are typically close to quantitative, with 
DMF yields ranging from 15 to close to quantitative. Best results were 
obtained using a Pd/C catalyst in THF and dioxane (>95 % DMF yield) 
and bimetallic Pt catalysts (PtCo/AC and PtCo/GC) in 1-butanol (100 % 
HMF conversion and 98 % DMF yield). 24 A recent interesting finding 
involves the use of supercritical CO2 in combination with water. Near 
quantitative yields of DMF were reported in batch using Pd/C (80 oC 
and 100 bar CO2 for 2 h). 17

1.3.4 	 1,2,4-Benzenetriol (BTO)

A ‘forgotten’ derivative from HMF is 1,2,4-benzenetriol (BTO). It has 
been reported as a byproduct in several studies on particularly HMF 
conversions in water and has potentially interesting applications 
such as the use as precursor for pharmaceuticals and agrochemi-
cals. 16,35 BTO is typically formed from HMF at relatively harsh con-
ditions (e.g. sub- and supercritical water). 36–45 A reaction mechanism 
has been proposed involving the hydrolysis of the HMF furan ring, 
followed by an electrolytic rearrangement to hexatriene and further 
dehydration to form BTO (Figure 9). 36,37

Figure 9.  Proposed mechanism of BTO formation from HMF 36,37 
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A limited number of studies have been reported for BTO synthesis 
(Table 4). Several substrates were tested including D-fructose, D-glu-
cose, HMF and cellulose, though the reported BTO yields are gen-
erally low (max. 25 %). Best results, viz. 25 % BTO yield at 50 % HMF 
conversion were obtained using an aqueous HMF (0.05 M) solution 
as the substrate, without any catalysts, at temperatures between 300 
and 350 oC and a pressure of 280 bar using a residence time of 250 s 
in a continuous setup. 36,37 

Table 4. Overview of studies for BTO production from (monomeric) C6 sug-
ars and HMF

Feed T (oC) P (bar) t (s) Yield of BTO Mode Ref

Cellulose 250 n.d 1800  n.d. Batch 42

D-glucose 300–400 250 70 4 Batch 41

HMF 175–350 250 80–400 n.d. Batch 41

HMF 350–450 250 0–3000 5 Batch 43

D-fructose 330 280 185 9 Continuous 36, 37

D-glucose 340 275 25–204 6 Continuous 39

D-glucose 350–400 400 0.2–1.5 6 Continuous 40

HMF 330 & 350 280 250a 25 Continuous 36, 37

a residence time

1.3.5 	 Glycerol

Glycerol is mentioned in all versions of the published top bio-based 
chemicals. 7,8,9 Glycerol is an excellent building block for 1,3-propane
diol, epichlorohydrin, hydrogen, methanol and mixtures of di- and 
tri-isobutyl ethers. 46 A well-known example is the large scale produc-
tion of epichlorohydrin from glycerol by Solvay (Epicerol process), 
which can be used for the production of epoxy resins, paper chem-
icals, surfactants, elastomers and chemicals for water treatment. 47 
Besides, glycerol may also be used for syngas generation and the 
synthesis of green methane. 

Glycerol is the main byproduct of biodiesel production and gen-
erated in about 10 wt % on plant-oil intake. The amount of glycerol is 
expected to grow substantially in the future due to the anticipated 
growth of the global biodiesel industry (Figure 10). 18,19
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1.3.6	 Glycerol conversion to methane (green gas)

Glycerol reforming to methane has been studied in detail in the last 
decade. It involves the treatment of glycerol in combination with a 
suitable catalyst at elevated temperatures and pressures, often in 
sub- and supercritical water. Several reactions appear to be involved, 
including dehydration and dehydrogenation reactions (Figure 11). 51 

Typically, the reactions produce limited amounts of methane. Meth-
ane formation can be enhanced by using suitable catalysts, particularly 
those which are active for the hydrogenation of CO and CO2 (eq 1–2):

26 
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Figure 11. Mechanism of glycerol gasification by dehydrogenation and dehy-
dration reactions 51 
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CO + 3H2 ↔ CH4 + H2O		  ∆H o = -206.18 kJ/mol		   (1)

CO2 + 4H2 ↔ CH4 + 2H2O		  ∆H o = -165.01 kJ/mol		   (2)

A number of secondary gas phase reactions need to be considered as 
they may alter the composition of the produced gas. These include 
the water gas shift reaction and methane reforming (equation 3–4): 52

CO + H2O ↔ CO2 + H2		  ∆H o = -41.17 kJ/mol		   (3)

CH4 + H2O ↔ CO + 3 H2		  ∆H o = +206.18 kJ/mol		   (4)

An additional reaction to be considered is the Boudouard reaction (eq 5):

2CO ↔ CO2 + C(s)		  ∆H o = -172.43 kJ/mol		   (5)

All reactions are equilibrium limited and thus the composition of the 
gas phase after reaction will be determined by the temperature and 
pressure. Low temperatures are favoured to enhance methane for-
mation and to reduce coke formation. 

Typically glycerol reforming in water is performed at relatively high 
temperatures (230–800 oC) and pressures (240–350 bar), though some 
research has been performed at lower pressures (20–32 bar), see Ta-
ble 5 for details. Typically supported methanation catalysts were used, 
such as Ru, Ni and Pt on various supports (TiO2, Al2O3, C, ZrO2 and SiO2) 
both in batch and continuous set-ups. In some cases, only the supports 
(C and TiO2) were tested. Catalytic reactor wall effects (e.g. Inconel and 
Hasteloy) were explored by Kersten and Rossum. 53,54 

When using batch systems, the reported CH4 yields are relatively low 
(only 7–20 %), see first entries of Table 5. In a continuous set-up (see 
Table 5), a methane yield of 58 % was obtained at 400 oC and a pressure 
of 300 bar for residence times between 7–20 s using a Ru/C catalyst 
and relatively high substrate concentrations (20 wt % glycerol). 55 

1.4 Thesis outline

In this thesis, experimental studies are reported with a focus on the 
conversion of two important bio-based platform alcohols, viz. HMF 
and glycerol, to interesting derivatives with high application poten-
tial. For HMF, the emphasis was on the selective reduction to FDM 
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and DMF and the synthesis of BTO. For glycerol, the product aimed 
for was green gas (Figure 12). The overall objectives were to improve 
the product yields by selection and screening of suitable catalysts 
and to optimize process conditions. In addition, the conversions 
were preferably carried out using environmentally benign solvents 
like water and ethanol.

Table 5. Overview of studies on glycerol reforming in SCWG using 
heterogenous catalysts

Catalyst
Glyc-
erol 
(wt %)

Temp. 
(oC) P (bar) Mode

Reaction/
residence 
time (s)

Results (mol %) Ref.

Ru/TiO2 10 600 n.d. Batch n.d. Conversion: n.d.
Gas composition: 
H2:22; CH4:12

53

Ru/TiO2 17–19 550–700 250 Batch 60 Conversion: 45–90
Gas composition: 
H2:8–15; CO2:8–16; 
CO:30–65; 
CH4:7–20

54

Ru/C 20 400 300 Continuous 7–20 Conversion: n.d..
Gas composition: 

H2 :0–2; CO:0; 
CO2:40–42; 
CH4:56–58

55

Ru/ZrO2 5 510–550 350 Continuous 8.5 Conversion: 100
Gas composition:  
H2:4–55, CO:≤21; 
CO2:≤40; CH4:≤

56

Ru/γ-Al2O3 2.5–40 700–800 241 Continuous 1–4 Conversion: 93–98 
Gas composition: 

H2:42–70 CO:0–4 
CO2:25–35 
CH4:4–20  

57

Ni/Al2O3 10 230 32 Continuous 2400–14400 Conversion: n.d.
Gas composition: 
H2:41–95; 
CO2:6–24; 
CO:≤0.05; 
CH4:≤16

58

Ni/TiO2 

Ni/ZrO2

10 500–650 n.d. Continuous 18000–72000 Conversion: 
<10–72
Gas composition: 
H2: <5–65

59

Ni/TiO2

Ni/SiO2

Ni/ZrO2

n.d. 650 Continuous 18000–72000 Conversion: 
71–100
Gas composition: 
CO:7–44; 
CO2:53–94; 
CH4:≤3

60

Ni/CaO-6Al2O3 3–10 675–725 240–270 Continuous 30–35 Conversion: 
95–100
Gas composition: 
H2:44–67; CO:1–21; 
CO2:16–34

61

TiO2, WO3/TiO2 0.46 400 330 Continuous n.d. Conversion: >99
Gas composition: 
n.d. (focus on liq-
uid products)

62

an.d. = not determined or not reported
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In Chapter 2, the synthesis, characterization and screening of no-
ble-metal-free catalysts and novel copper-doped porous metal ox-
ides (PMOs) with a very low Ru loading for the synthesis of FDM from 
HMF are reported in a batch reactor set-up. Process conditions (tem-
perature, pressure, solvents) were optimized to maximize HMF con-
version and FDM yield. Intermediate products were identified and a 
reaction network is proposed. The stability of the catalysts was inves-
tigated by performing a number of recycling experiments.  

In Chapter 3, the use of nanopowder copper-based catalysts is re-
ported for the hydrogenation of HMF to DMF in batch reactor set-up. 
Operation conditions were optimized and various alcohol-based sol-
vents were tested to optimize the HMF conversion and the DMF yield. 
Recycling studies were performed to determine the stability of the 
nanopowder catalysts. Besides the use of HMF as the starting mate-
rial, studies were performed to synthesize FDM directly from fruc-
tose in a one pot reaction.   

In Chapter 4, experimental studies are described on the synthe-
sis of BTO from HMF using Lewis and Brønsted acid catalysts in a 
batch set-up. Particular attention was given to byproduct formation 
and particularly the formation of higher molecular weight products. 
For the best catalyst, a range of process conditions was tested to im-
prove the BTO yield. Finally, the use of BTO as a precursor for cy-
clohexanone/cyclohexanol, an important feedstock for caprolactam 
synthesis, was investigated using a hydrogenation approach. 

Figure 12. Overview of thesis content
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In Chapter 5, systematic experimental studies on the reforming of 
glycerol in supercritical water to methane was investigated in a batch 
set-up using supported monometallic Ni and Ru catalysts and bime-
tallic Ni-Ru catalysts. The catalysts were characterized in detail and 
process conditions were optimized to maximize CH4 yield. Catalyst 
stability was assessed for the best catalyst and changes in morphol-
ogy and structure of the catalyst during the reaction were investigated.
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Chapter 2

Tunable and selective 
conversion of 5-HMF to 

2,5-furandimethanol 
and 2,5-dimethylfuran 

over copper-doped 
porous metal oxides



Abstract

Tunable and selective hydrogenation of the platform chemical 
5-hydroxymethylfurfural into valuable C6 building blocks and liq-
uid fuel additives is achieved with copper-doped porous metal oxides 
in ethanol. A new catalyst composition with improved hydrogena-
tion/hydrogenolysis activity is obtained by introducing small amounts 
of Ru dopant into the previously reported Cu0.59Mg2.34Al1.00 struc-
ture. At a mild reaction temperature (100 oC), 2,5-furandimethanol is 
obtained with excellent selectivity up to >99 %. Higher reaction tem-
peratures (220 oC) favor selective deoxygenation to 2,5-dimethyl-
furan and minor product 2,5-dimethyltetrahydrofuran with a com-
bined yield as high as 81 %. Notably, these high product yields are 
maintained at a substrate concentration up to 10 wt % and a low cat-
alyst loading. The influence of different alcohol solvents on product 
selectivity is explored. Furthermore, reaction intermediates formed 
at different reaction temperatures are identified. The composition of 
these product mixtures provides mechanistic insight into the nature 
of the reduction pathways that influence product selectivity. The cat-
alysts are characterized by elemental analysis, TEM, and BET tech-
niques before and after the reaction. Catalyst recycling experiments 
are conducted in batch and in a continuous-flow setup.

Keywords: hydrogenation, 5-hydroxymethylfurfural, HMF, building 
blocks, 2,5-furandimethanol, FDM, 2,5-dimethylfuran, DMF, catalyst, 
copper-doped, porous metal oxide, biomass, biofuels
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able and Selective Conversion of 5-HMF to 2,5-Furandimethanol and 
2,5-Dimethylfuran over Copper-Doped Porous Metal Oxides, Chem-
SusChem 7 (2014) 2266–2275.
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2.1 Introduction

Inedible, carbon-neutral lignocellulosic biomass represents the most 
promising renewable starting material for the synthesis of high-value-
added products. 5-Hydroxymethylfurfural (HMF) was identified by 
the U.S. Department of Energy (DOE) 1 as one of the top ten bio-based 
platform chemicals with significant market potential. 2 This molecule, 
which is derived from the C6 sugar fraction of lignocellulosic biomass, 
mainly by a biphasic solvent approach, 3 may undergo several chemi-
cal transformations to give valuable chemicals and fuels. 4 For exam-
ple, it can be oxidized into 2,5-diformylfuran (DFF) 5 and furan 2,5-di-
carboxylic acid (FDCA) 6 to provide building blocks for the polymer 
industry. It can also be reduced to 2,5-furandimethanol (FDM) or bio-
fuel additive 2,5-dimethylfuran (DMF). 7

FDM has been identified as a useful building block in the synthesis 
of macromolecules. 8 Stoichiometric reduction of HMF with a twofold 
excess of sodium borohydride leads to FDM in 97 % yield. 9 Catalytic 
approaches are more attractive and several examples have already 
been reported. Alamillo et al. described 81 % selectivity to FDM by us-
ing a Ru/CeOx catalyst, with 2,5-tetrahydrofurandimethanol (THFDM) 
as the reduction coproduct. 10 Nakagawa et al. used a Ni–Pd bimetal-
lic catalyst supported on silica for the hydrogenation of HMF with the 
prevailing formation of mixtures of FDM/THFDM and THFDM in a 
yield of up to 96 % under optimized conditions. 11 Recently, the same 
research group reported the use of a highly selective IrReOx/SiO2 
catalyst in the hydrogenation of HMF to form FDM (99 % yield) un-
der mild reaction conditions. 12 Gold nanoclusters supported on alu-
mina showed good activity in the hydrogenation of HMF to FDM (up 
to 96 % yield). 13 Homogeneous catalysts, such as [Ir(Cp*)(TsDPEN)] 
(Cp*=C5Me5; TsDPEN=H2NCHPhCHPhNTs; Ts=tosyl) proved to be very 
active and selective in the transfer hydrogenation of HMF with for-
mic acid, giving 99 % yield of FDM. 14 Furthermore, THFDM and the 
corresponding alcohol derivatives [e.g., 1,2,6-hexanetriol (1,2,6-HT) or 
1,2-hexanediol (1,2-HD)] represent important precursors for the syn-
thesis of polymers. 15 Reductive deoxygenation of HMF leads to DMF. 
Dumesic et al. reported a high yield in the production of DMF (up to 
79 %) directly from fructose in a biphasic process by using a Ru–Cu-
based catalyst. 16 Bell and Chidambaram used glucose as a feedstock 
in ionic liquids or acetonitrile. 17 Hydrogenation of HMF to form DMF 
was achieved with a Pd/C catalyst. Catalytic transfer hydrogenation by 
means of a Ru/C catalyst and isopropanol as the hydrogen donor also 
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led to a DMF selectivity of up to 81 %. 18 Recently, Wang et al. showed 
that Ru/Co3O4 catalysts led to very selective formation of DMF (94.1 % 
from HMF and 75.1 % from fructose, with full substrate conversion). 19 
In a recent paper, Chatterjee et al. reported the use of a Pd/C catalyst 
in supercritical carbon dioxide/water with very high DMF selectivi-
ties. 20 Also, Pd/Fe2O3 was used in a continuous flow setup and proved 
to be effective in the conversion of HMF to DMF (up to 72 % yield). 21 
Elaborately designed bimetallic PtCo nanoparticles encapsulated in 
carbon nanospheres afforded 98 % yield of DMF from HMF; the best 
result related to DMF production reported so far. 22

In general, the clean and selective conversion of HMF is particu-
larly challenging due to the inherent reactivity of this molecule, es-
pecially at higher reaction temperatures. Riisager et al. previously 
showed that HMF could be reduced in supercritical methanol by us-
ing copper-doped porous metal oxides (PMOs), in the temperature 
range of 240–300 oC. 23 The hydrogen equivalents needed for the di-
verse reductions originated from the solvent itself, upon reforming, 
and no higher boiling side products were detected. Although a good 
combined yield of DMF+DMTHF was obtained, product selectivity 
suffered from side processes due to reactive intermediates formed 
through the concomitant methanol reforming process. 

Herein, we report on a tunable and highly selective system for the 
conversion of HMF to either FDM or DMF by using both previously re-
ported noble-metal-free and novel copper-doped PMOs, comprising a 
very low Ru loading, in contrast to many commercial catalysts with a high 
noble-metal content. Biocompatible ethanol is used as a solvent, and 
milder reaction temperatures (100–220 oC) and 50 bar (1 bar=1.105 Pa) 
of H2 pressure are applied. Similarly to the already reported proto-
col in supercritical methanol, there is no evidence for humin forma-
tion, even at HMF concentrations as high as 10 %. Identification of 
the reaction intermediates formed during reduction processes and 
their evolution in time is discussed at various reaction temperatures. 

2.2 Results and discussion

2.2.1 	 Catalyst preparation and characterization

Two different PMO catalysts were prepared by calcination of hydro-
talcite (HTC) precursors. These HTCs were synthesized by coprecip-
itation of Na2CO3 and NaOH with aqueous solutions of aluminum, 
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magnesium, and additional copper salts. In one case, the molar ra-
tio of M3+/M2+ was kept at 1:3, while 20 mol % of the Mg2+ ions were 
replaced with Cu2+. This composition was previously described and 
the corresponding PMO was successfully used to convert various bi-
omass resources. 24 In another case, a new composition was prepared 
by the same method, additionally replacing 2 % of Al3+ with Ru3+ ions. 
Although Ru-Mg-Al 25 and Ru-Cu-Al 26 compositions are known, to 
the best of our knowledge, the corresponding Ru-Cu-Mg-Al HTC and 
PMO has not yet been synthesized or characterized.

The synthesized HTCs were analyzed by powder XRD and dis-
played distinct features consistent with a double-layered structure 
(XRD traces are shown Figure S1 in Supporting Information). 27 The 
XRD patterns were recorded in the 2θ range of 10–70 o, with sharp 
diffraction peaks for lower 2θ values (10–37 o), and broad peaks at 
higher 2θ values (37–70 o); the doublet at 60–62 o is a typical indi-
cation of a crystalline double-layered structure. 27 No diffraction 
peaks related to Cu or Ru oxide crystallites could be detected; this 
observation is in agreement with a homodisperse distribution of 
both metals in the HTC structure. After calcination at 460 oC for 
24 h, PMOs of different compositions were obtained. BET surface 
area values are comparable for both PMOs. There was very good 
agreement between the theoretical and empirical composition, as 
determined by elemental analysis of the PMOs, which indicated 
that all metals were incorporated into the HTC structure. Catalyst 
codes, the corresponding compositions, and BET surface area val-
ues are summarized in Table 1. Additional pore volume and aver-
age pore size values for both catalysts are listed in Table S8 in the 
Supporting Information. 

Table 1. Compositions and BET areas of the PMO catalysts used in this study

Catalyst code [a] Composition theoritical Composition empirical BET area [m2g-1]

Cu20-PMO Cu0.60Mg2.40Al1.00 Cu0.59Mg2.34Al1.00 196

Cu20-Ru2-PMO Cu0.60Mg2.40Al0.98Ru0.02 Cu0.61Mg2.33Al0.98Ru0.02 208

[a] The code indicates the Cu or Ru mol percentage, respectively, with respect to the M2+ or M3+ 
total content. [b] The numbers refer to molar ratios of individual metals, as determined by induc-
tively coupled plasma (ICP) analysis. All metals are normalized to Al.
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2.2.2 	 Tunable and selective conversion of HMF to FDM or DMF

First, we were interested in finding the optimal conditions for selec-
tive carbonyl reduction of HMF to give FDM (Scheme 1). Catalytic runs 
were performed by using HMF (0.5 g) and Cu20-PMO (0.1 g) in etha-
nol under 50 bar of H2 in the temperature range of 80–140 oC for 3 h. 
The selectivity values for the main components are shown in Table 2 
(and see Table S1 in the Supporting Information for all components).

Already at 80 oC, 95 % of the starting material was converted 
into FDM with 91 % selectivity (Table 2, entry 1). Excellent results 
were achieved at 100 oC, with full conversion of the starting ma-
terial and exceptionally high FDM selectivity (>99 %; Table 2, en-
try 2; see also Figure S2 in the Supporting Information for the cor-
responding GC trace). 

At 120 and 140 oC, FDM selectivity decreased due to the formation 
of 5-methylfurfural (MF) and 5-methyl-2-furanmethanol (MFM) in-
termediates (Table 2, entries 3 and 4, respectively). These interme-
diates were also seen in the run performed for a longer time (6 h) 
at 100 oC, albeit to a much lesser extent (91 % FDM; Table 2, entry 5). 
Cu20-Ru2-PMO was also tested at 100 oC for 3 h, and gave rise to 98 % 
FDM selectivity (Table 2, entry 6); a value very similar to the one ob-
tained with Cu20-PMO. In a separate experiment pure FDM (0.489 g) 
was isolated in a yield of 97 % under the optimized reaction condi-
tions (100 oC, 50 bar H2, 3 h). For the corresponding NMR spectra, see 
Figures S3 and S4 in the Supporting Information.

Next, we turned our attention to the more challenging reductive 
deoxygenation of HMF to demonstrate the utility of inexpensive non-
noble-metal-based Cu20-PMO catalyst, as well as Cu20-Ru2-PMO 

Scheme 1. Selective conversion of HMF into FDM at mild reaction temperatures
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catalyst, containing only small amount of Ru, in the production of 
DMF, according to Scheme 2. 

Catalytic runs were first conducted in the temperature range 
140–220 oC at 6 h with Cu20-PMO. The results are summarized in 
Figure 1 (see Table S2 in the Supporting Information for more details).

In all cases, full HMF conversion was seen. In the lower temper-
ature range (100–140 oC), FDM was the main reaction product. At 
180 oC, more desired product was formed, but intermediates FDM 
and MFM were still present in considerable quantities. The best 
product selectivity was achieved at 220 oC; and therefore we chose 
this temperature for further studies. At all reaction temperatures, a 
mixture of DMF and 2,5-dimethyltetrahydrofuran (DMTHF) was ob-
tained, of which DMF was the prevailing product. The yields of DMF 
and DMTHF were determined by using calibration curves and tolu-
ene as an internal standard. The selectivity and yield values are in 
very good agreement, which indicates that no higher boiling point 
side products were formed and all components of the reaction mix-
tures were detected by GC analysis.

Table 2. Selectivity values (determined by GC-FID) in the hydrogenation of 
HMF at mild temperatures for the optimized production of FDM [a]

Entry [a] Catalyst T (oC) FDM THFDM DMF+
DMTHF

MF MFM THMFM 1,2-HD 1,2,6-HT Others 

1 (b) Cu20 80 91 0 0 4 0.2 0 0 0 0.8

2 Cu20 100 >99 0 0.1 0.1 0.1 0 0 0 0.3

3 Cu20 120 89 0 0.7 5 1 0 0 0 3

4 Cu20 140 79 0.3 4 4 5 0.4 2 2 3

5 (c) Cu20 100 91 0.3 0.1 6 1 0 0.2 0.2 0.8

6 Cu20-Ru2 100 98 0 0.2 0.8 0.2 0 0 0 0.3

[a] Reaction conditions: 0.5 g HMF, 0.1 g catalyst, 0.250 mL toluene (internal standard), 20 mL eth-
anol, 3 h reaction time, 50 bars H2 (HMF conversion was >99 % in all entries). [b] HMF conversion 
was 95 %. [c] Reaction time was 6 h.

Scheme 2. Production of DMF and DMTHF at 220 oC
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After only 1 h, a 49 % yield of DMF+DMTHF was obtained with 
Cu20-PMO (Table 3, entry 1; see also Table S7 in the Supporting Infor-
mation for more details). The product yield gradually improved from 
54 % at 3 h to 66 % at 6 h (Table 3, entries 2 and 3). This already sur-
passes our previous results with the same catalysts in supercritical 
methanol. 23 Prolonging the reaction time to 12 and 18 h did not lead 
to any relevant changes (Table 3, entries 4 and 5).

With these promising results in hand, we performed the same se-
ries of reactions with the new Cu20-Ru2-PMO catalyst. Ru is highly 
active for C-O bond hydrogenolysis; 6,18 thus we expected a possible 
cooperative effect between Cu and small amounts of Ru in the new 
catalyst composition. We would like to point out that a low catalyst 
loading was maintained and the weight percentage of Ru in our new 
Cu20-Ru2-PMO was 0.6 %. The Ru loading with respect to the sub-
strate is 0.12 %. The results from these runs are shown in Table 4 (see 
also Table S6 in the Supporting Information). 

A comparison of product yields obtained with Cu20-PMO and 
Cu20-Ru2-PMO is shown in Figure 2. Indeed, the novel catalyst com-
position is very efficient in HMF reduction/deoxygenation. A product 
yield of DMF+DMTHF as high as 55 % at 1 h, 66 % at 3 h, and 70 % at 
6 h was reached with the Cu20-Ru2-PMO catalyst (Table 4, entries 1, 
2, and 3, respectively). The DMF+DMTHF yield further increased to 

Figure 1. Plot of DMF selectivity as a function of reaction temperature with 
the Cu20-PMO catalyst (6 h runs)
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Table 3. Dependence of DMF+DMTHF selectivity and yield on the reaction 
time with the Cu20-PMO catalyst at 220 oC.

Entry [a] t [h]
DMF+DMTHF

DMF/DMTHF ratio
Selectivity (%) [b] Yield (%) [c]

1 1 52 49 3.3
2 3 54 54 5.8
3 6 69 66 3.6
4 12 67 65 3.2
5 18 69 65 3.1

[a] Reaction conditions: HMF (0.5 g), catalyst (0.1 g), toluene (0.250 mL; internal standard), ethanol 
(20 mL), 220 ºC, 50 bar H2. Full conversion in all cases. [b] Determined by GC-FID. [c] Determined 
by calibration curves and internal standard.

Table 4. Dependence of DMF+DMTHF selectivity and yield on the reaction 
time with the Cu20-Ru2-PMO catalyst at 200 ºC

Entry [a] t [h]
DMF+DMTHF

DMF/DMTHF ratio
Selectivity (%) [b] Yield (%) [c]

1 1 55 55 5.9

2 3 68 66 4.2

3 6 71 70 3.4

4 12 79 79 3.4

5 18 77 75 3.3

[a] Reaction conditions: HMF (0.5 g), catalyst (0.1 g), toluene (0.250 mL; internal standard), ethanol 
(20 mL), 220 ºC, 50 bar H2. Full HMF conversion in all cases. [b] Determined by GC-FID. [c] Deter-
mined by calibration curves and internal standard.

Figure 2. Plot of DMF+DMTHF yield with Cu20-PMO and Cu20-Ru2-PMO at dif-
ferent reaction times (dashed lines are added for visual interpretation of data)
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79 % at 12 h; a notable improvement compared with the 66 % yield ob-
tained with Cu20-PMO. 

In general, the product mixtures were very clean, and almost all 
intermediates that might have led to DMF were consumed after 6 h 
(Table S6, Supporting Information). After 18 h, the product yield only 
slightly decreased to 75 %. The yield of DMF+DMTHF could be further 
improved to 80 % after only 6 h by increasing the Cu20-Ru2-PMO load-
ing to 0.250 g (Table 5, entry 5). Slight irregularities in yields were seen 
at 3 h with Cu20-PMO and at 6 h with Cu20-Ru2-PMO, even after repeat-
ing these experiments several times. We tentatively attribute this to ad-
sorption phenomena, although further detailed studies are required. 

In all cases, the formation of DMF was accompanied by the corre-
sponding over-reduction product, DMTHF. The DMF/DMTHF ratio 
remained relatively constant at all reaction times when Cu20-PMO 
was used; however, a slight discrepancy could be seen at 3 h. This is 
the same data point that corroborates the decrease in the overall DM-
F+DMTHF yield. The DMF/DMTHF ratio gradually, but only slightly, 
decreased from 5.9 at 1 h to 3.3 at 18 h with Cu20-Ru2-PMO. This in-
dicates that DMF is not the main source of DMTHF in our system (see 
also the section on reaction pathways and intermediates). The individ-
ual selectivity values of DMF and DMTHF for runs with Cu20-Ru2-PMO 
are shown in Figure 3 (for the corresponding values obtained with the 
Cu20-PMO catalyst, see Figure S5 in the Supporting Information). 

Because the nature of the solvent may have a crucial influence 
on the studied reaction, 18 we evaluated different alcohols, including 
methanol, isopropanol, and MIBC, as reaction solvents with Cu20-
Ru2-PMO and Cu20-PMO (Table 5; for detailed information, see Ta-
ble S3 in the Supporting Information).

Interestingly, significant solvent effects were seen with Cu20-PMO, 
for which the product yield improved from 66 % in ethanol to 77 % 
in isopropanol (Table 5, entries 1 and 2, respectively). Because, dur-
ing these runs, 0.250 g of PMO was used, this result also shows that 
the catalyst loading did not greatly affect the overall product yield, al-
though the DMF/DMTHF ratio slightly changed (Table 3, entry 3 ver-
sus Table 5, entry 1). 

Higher HMF concentrations were adopted to prove the validity of 
our catalytic system in conditions usually affording HMF self-conden-
sation products. Increasing the HMF concentration to 8 wt % (Table 5, 
entry 3) still led to a good product yield of 60 %. This reaction time was 
not enough to fully convert all reaction intermediates (Table S3, en-
try 3 in the Supporting Information). Next, we adopted a 10 wt % HMF 
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concentration while prolonging the reaction time up to 18 h. A color-
less solution, accounting for an excellent 75 % yield of DMF+DMTHF 
and good DMF/DMTHF ratio (Table 5, entry 4), was obtained. For both 
of these runs, a catalyst loading of 0.250 g was maintained. To the best 

Table 5. Selectivity values (determined by GC-FID) with Cu20-PMO and Cu20-
Ru2-PMO catalysts in different solvents and catalyst loading at 220 ºC [a]

Entry Catalyst Solvent

DMF+DMTHF

Selectivity 
(%) [b]

Yield 
(%) [c] D

M
F/

D
M

T
H

F 
ra

ti
o

T
H

FD
M

M
FM

T
H

M
FM

1,
2-

H
D

2-
he

xa
no

l

Others
1 Cu20 EtOH 72 (61+11) 66 5.5 2 2 2 3 <1 18 (12) [e]

2 Cu20 iPrOH 81 (64+17) 77 3.8 3 - 3 5 3 5

3 [f] Cu20 iPrOH 69 (59+10) 60 5.9 2 10 3 3 1 12

4 [g] Cu20 iPrOH 80 (70+10) 75 7.0 1 2 1 4 1 11

5 Cu20-Ru2 EtOH 84 (65+19) 80 3.4 1 <1 3 3 <1 8

6 Cu20-Ru2 iPrOH 81 (63+18) 79 3.5 1 - 3 7 5 3

7[b] Cu20-Ru2 iPrOH 84 (65+19) 78 3.4 1 - 3 6 3 3

8[c] Cu20-Ru2 iPrOH 84 (65+19) 81 3.4 2 1 7 2 2 2

9 [d] Cu20-Ru2 MeOH 18 (17+1) 17 17.0 1 2 1 3 - 75

10 Cu20-Ru2 MIBC 70 (54+16) n.d. 3.3 2 - 3 8 10 7

[a] Reaction conditions: 0.5 g HMF, 0.250 g catalyst, 0.250 mL toluene (internal standard), 20 mL 
solvent, 220 ºC, 6 h (unless otherwise stated), 50 bars H2 (HMF conversion was >99 % in all entries). 
[b] Reaction time was 4 h. [c] Reaction time was 1 h. [d] Reaction was carried out with 0.100 g of cat-
alyst. Methyl ether species account for 56 % in the column ‘others’. [e] Number in brackets refers 
to selectivity values for all other minor components excluding two main components at 7.58 and 
7.86 min. [f] The HMF concentration was increased to 8 wt %, maintaining the same solvent vol-
ume (1.258 g HMF/20 mL iPrOH). [g] The HMF zconcentration was increased to 10 wt %, maintain-
ing the same solvent volume (1.572 g HMF/20 mL iPrOH) and reaction time was 18 h.

Figure 3. Individual DMF and DMTHF selectivities plotted separately versus 
reaction time (220 oC, 50 bar H2, EtOH)
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of our knowledge, only Dumesic et al. successfully reported DMF pro-
duction from 10 wt % HMF, albeit in the vapor phase. 16 It is noteworthy 
that no char formation was detected, as evidenced by the clear and 
colorless solution obtained upon dissolving the catalyst residue in 
HNO3 (Figure S14 in the Supporting Information). This was addition-
ally confirmed by thermogravimetric analysis (TGA) of the solids (Fig-
ure S15 in the Supporting Information).

Next, we screened the Cu20-Ru2-PMO composition in different 
solvents at higher catalyst loading. In contrast to Cu20-PMO, no fur-
ther improvement took place when using Cu20-Ru2-PMO in isopro-
panol, for which an almost identical, high yield of 79 % was obtained 
compared with 80 % in ethanol (Table 5, entry 6 versus entry 5). Be-
cause no furan ring-containing reaction intermediates, by only ring-
opening products, were present as minor side products in these runs, 
we first shortened the reaction time to 4 h and subsequently to 1 h to 
enhance the product yields; however, this did not lead to significant 
changes (Table 5, entries 7 and 8). Nonetheless, under these condi-
tions, the reaction afforded the desired product in excellent yield 
(81 %) and selectivity (84 %) after only 1 h (the corresponding GC trace 
is shown in Figure S6 in the Supporting Information).

As expected, the reaction carried out in methanol gave rise to signif-
icant amounts of ethers and only 17 % yield of DMF+DMTHF (Table 5, 
entry 9). Among these ethers, several, namely, 2-(methoxymethyl)-5-
methylfuran; 2,5 bis(methoxymethyl)furan; and [5-(methoxymethyl)
furan-2-yl]methanol (A, B, and C, respectively, shown in Scheme S1 in 
the Supporting Information), were identified by mass and their char-
acteristic fragmentation pattern. Together they accounted for 56 % 
GC selectivity.

The reaction performed in MIBC (Table 5, entry 10) showed lower 
DMF+DMTHF selectivity (the yield could not be determined due to 
the overlap of the internal standard with the solvent peak), but the 
higher boiling point difference between the solvent (131.6 oC) and DMF 
(92–94 oC) allowed an attempt to separate the product by distillation. 
For this experiment, HMF (1.0 g) and Cu20-Ru2-PMO (0.4 g) were used, 
and indeed DMF (0.195 g) could be isolated in 85 % GC purity (for 1H 
and 13C NMR spectra, see Figures S7 and S8 in the Supporting Infor-
mation). This procedure demonstrates that MIBC could be, after opti-
mization, the solvent of choice for easy separation of pure DMF from 
the reaction mixture. 

Furthermore, the catalyst stability at 220 oC was tested. As a repre-
sentative example, the Cu20-Ru2-PMO catalyst was recovered after the 
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4 h run in iPrOH (Table 5, entry 7). Elemental analysis showed very good 
agreement between the fresh catalyst and spent catalyst residue. In ad-
dition, trace-metal analysis of the product solution confirmed no metal 
leaching (see Table S4 in the Supporting Information for more details).

2.2.3 	 Reaction pathways and intermediates

The reaction of HMF with H2 may generate a mixture of several par-
tially reduced products, such as FDM, MF, and MFM, and products 
of ring hydrogenation, such as THFDM and 5-methyl-2-tetrahydro-
furanmethanol (THMFM). Ring-opening products 2-hexanol, 1,2-HD, 
and 1,2,6-HT are also expected under the reaction conditions used. 
We have identified the vast majority of these reaction intermediates 
by GC-MS analysis and authentic standards. The main products and 
pathways are summarized in Scheme 3 (see also Scheme S2 in the 
Supporting Information).

We first studied the composition of reaction mixtures as a function 
of time by using Cu20-PMO at 140 oC to gain an insight into the evolu-
tion of earlier, partially reduced reaction intermediates (Figure 4, see 
also Table S5 in the Supporting Information).

At 140 oC, most of HMF is converted after 1 h and the main pro-
cess is carbonyl reduction to form FDM. FDM represents the main 

Scheme 3. Reaction pathways for HMF conversion with copper-doped PMO 
catalysts
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component of all reaction mixtures up to 12 h, whereupon its amount 
gradually decreases, giving rise to the second main intermediate, 
MFM. This intermediate, upon hydrogenolysis, is converted into the 
desired product, DMF. The amount of MF stays consistently low at all 
reaction times, which indicates that carbonyl hydrogenation is more 
rapid than the loss of the alcohol functionality in HMF. These data also 
indicate that the loss of one -OH from FDM is more rapid than the loss 
of the second -OH from MFM, which is a more persistent intermediate.

The relative amount of all other reaction intermediates (products 
of ring opening or furan ring hydrogenation) stays below 5 %. How-
ever, their presence indicates that these competing pathways can-
not be completely prevented and represents the main bottleneck to-
wards exclusive product formation.

Further studies were conducted by using both Cu20-PMO (see 
Figures S11 and S12 and Table S7 in the Supporting Information) 
and Cu20-Ru2-PMO catalysts (Figure 5 and Figure S9 and S10 and 
Table S6 in the Supporting Information) at 220 oC; the temperature 
most ideal for DMF formation.

At 220 oC with Cu20-Ru2-PMO, the amount of partially reduced reac-
tion intermediates is much lower than that of the runs at 140 oC, and al-
ready after 1 h a significant amount of product DMF+DMTHF is formed. 
One of the reaction intermediates is MFM, which accounts for 14 % 

Figure 4. Composition of the reaction mixture at 140 ºC with the Cu20-PMO 
catalyst
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selectivity, whereas FDM is only present in negligible quantities due 
to its higher reactivity under these conditions. Ring-opening product 
1,2-HD is also present, already after 1 h, in 6 % selectivity. In addition, 
two components belonging to retention times of 7.57 and 7.85 min can 
be detected, which together account for 5%. Their abundance shows 
a decreasing trend over time (2 % after 6 h and <1% after 18 h; see Ta-
ble S6 in the Supporting Information). From all relatively abundant in-
termediates, these are the only ones we have not yet convincingly iden-
tified. However, they could be attributed to products formed from MFM 
because they are also present in significant quantities (≈ 10 %) when 
MFM is used as substrate (see Table 6, entry 2). All other reaction inter-
mediates (included in ‘other compounds’) were present in less than 1 % 
selectivity. At 3 and 6 h reaction time, remaining MFM is gradually con-
sumed, giving rise to 68 and 71 % DMF+DMTHF selectivity, respectively. 
We attribute the further increase in product selectivity (79 %) seen at 
12 h to desorption of excess material from the catalyst surface (notably, 
the 6 h data point gave slightly decreased product yields). Indeed, after 
6 h, all intermediates that might lead to the product are already con-
sumed. The slight decrease in product selectivity (from 79 to 77 %) at 
18 h could be due to further, slow conversion of DMF (see also Table 6, 
entry 6). In conclusion, the main pathway identified in this study is the 
conversion of MFM to the DMF+DMTHF product within 6 h at 220 oC. 

Figure 5. Composition of the mixture at 220 oC with the Cu20-Ru2-PMO catalyst
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Already in the first hour, a significant amount of desired product is 
formed and its amount remains relatively constant over time.

Similarly, other fully hydrogenated intermediates, such as THFDM, 
THMFM, and ring-opening product alcohols, formed already after 
1 h and are constant over time, with variation in the relative amounts 
below 5 % (for a full description of the reaction intermediates and 
graphs, see Table 7, Figures 6 and 7, and Scheme 4). 

Very similar product profiles were obtained with Cu20-PMO, albeit 
with an overall lower DMF+DMTHF selectivity. The product selectivity 
reaches its maximum (69%) at 6 h, with no significant further changes 
with time (for a full description of the reaction intermediates and graphs, 
see Table S6 and Figures S10 and S11 in the Supporting Information).

Table 6. Conversion of key reaction intermediates with Cu20-PMO at 220 ºC

Entry [a] Substrate Conversion (%)[b]

Intermediates formed (%)

DMF+ DMTHF [b] THFDM [b] M
FM

 [b
]

M
F 

[b
]

T
H

M
FM

 [b
]

1,
2-

H
D

 [b
]

1,
2,

6-
H

T 
[b

]

E
M

M
F 

[b
]

O
th

er
s 

[b
]

1 FDM >99 50 (40+10) 4 13 - 5 14 5 <1 10 (8)

2 MFM 61 38 (33+5) - 39 <1 1 2 - 1 18 (7)

3 [c] MFM 96 79 (60+19) - 4 - 2 <1 - 3 12 (7)

4 MF >99 33 (31+2) - 44 <1 1 3 - 1 17 (7)

5 DMF 2 99 (98+1) - - - - - - - 1

6 [d] DMF 3 99 (97+2) - - - - - - - 1

7 THFDM - - - - - - - - - -

[a] Reaction conditions: substrate (4 mmol), catalyst (0.100 g), toluene (0.250 mL; internal stand-
ard), ethanol (20 mL), 220 oC, 3 h, 50 bar H2. [b] Determined by GC-FID. [c] The experiment was run 
for 12 h. [d] Cu20-Ru2-PMO was used as catalyst. [e] Numbers in parentheses indicate selectivity 
for other compounds, excluding the two main components at 7.58 and 7.86 min.

Table 7. Selectivity and yield values (determined by GC-FID) with Cu20-Ru2-
PMO catalyst at 220 ºC [a]

t 
[h]

DMF+DMTHF FDM THFDM MFM THMFM 1,2-HD 1,2,6-HT EMMF Others[b]

Selectivity (%) [b] Yield (%) [c]

1 55 (47+8) 55 1 2 14 3 6 1 2 16 (11)

3 68 (55+13) 66 <1 2 8 3 6 <1 1 11 (9)

6 71 (55+16) 70 0 2 1 4 10 1 1 10 (10)

12 79 (61+18) 79 0 2 3 4 3 <1 1 8 (7)

18 77 (59+18) 75 0 2 3 5 2 <1 3 7 (7)

[a] Reaction conditions: 0.5 g HMF, 0.1 g Cu20-Ru2-PMO, 0.250 mL toluene (internal standard), 
20 mL ethanol, 220 ºC, 50 bars H2 (HMF conversion was >99 % in all entries). [b] Numbers in brack-
ets refer to selectivity values for all other minor components excluding two main components at 
7.58 and 7.86 min.
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Preliminary kinetic modeling 28 (of runs in ethanol) suggests that 
the main role of Cu20-Ru2-PMO lies in increasing the rate of reduc-
tion of the main reaction intermediate, MFM, to DMF. Because reac-
tion intermediate MFM is a source of ring-opening products and en-
gages in side reactions with ethanol, more rapid reduction of MFM to 
DMF with Cu20-Ru2-PMO explains the cleaner reaction mixtures and 
higher product yields.

Figure 6. Plot of selectivities of the identified and not identified products versus 
reaction time from the hydrogenation of HMF at 220 oC with Cu20-Ru2-PMO

Figure 7. Plot of selectivities to minor products versus reaction time from the 
hydrogenation of HMF at 220 ºC with Cu20-Ru2-PMO
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To gain further insight into the formation pathways of the ring-
opening and furan ring hydrogenation products, we conducted re-
actions at 3 h with the partially reduced reaction intermediates, FDM, 
MFM, MF, and THFDM, and product DMF. The results are summa-
rized in Table 7 and Scheme 5.

Surprisingly, some of these intermediates resulted in the formation 
of considerably more ring-opening products than HMF itself. For exam-
ple, after 3 h, all FDM was consumed and yielded 50 % DMF+DMTHF and 
13 % MFM, whereas the amount of various ring-opening alcohol prod-
ucts combined was as high as 23 % (Table 6, entry 1). This result indicates 
that FDM is the main source of these side products in this system.

Reactions with MFM revealed that this substrate was converted 
at a slower rate (61 % conversion), resulting in a lower quantity of 
DMF+DMTHF, but also less ring-opening products after 3 h compared 
with FDM. The selectivity to the unidentified products is 18 %. Among 
these, 11 % can be attributed to the same two major components at 
7.58 and 7.86 min as those previously seen during HMF conversion 
with Cu20-Ru2-PMO.

Interestingly, at a prolonged reaction time (12 h, Table 6, entry 3), 
most MFM was consumed and delivered higher product selectivity 
at 12 h than HMF itself (Table 6, entry 6 versus Table 3, entry 4). The 

Scheme 4. Reaction pathways in the hydrogenation of HMF using copper 
doped porous metal oxide catalysts in ethanol
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ethyl ether of MFM, 3 % of 2-(ethoxymethyl)-5-methylfuran (EMMF), 
was also detected. This compound can be also seen in the HMF reac-
tions at longer reaction times with Cu20-PMO.

Scheme 5. Conversion of main intermediates with Cu20-PMO catalyst 
(220 oC, 50 bar H2, 3 h, EtOH)
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MF was highly reactive and was fully converted to its reduction 
product MFM. This reaction gave very similar results to the reaction 
in which MFM was used as a substrate. This shows that C=O reduc-
tion is much faster than the hydrogenolysis of MFM to DMF and is in 
agreement with data obtained at 140 oC.

Lastly, the reactivity of product DMF was investigated both with 
Cu20-PMO and Cu20-Ru2-PMO; the former resulted in only 2 % and 
the latter in 3 % conversion after 3 h. The corresponding over-reduc-
tion product, DMTHF, was detected in small quantities, which was 
in agreement with the slight change in the ratio between these two 
components towards longer reaction times. However, DMF is consid-
erably more stable under these reaction conditions than the partially 
reduced intermediates FDM or MFM. Furthermore, no conversion of 
THFDM was seen after 3 h, which was in agreement with previous data.

Overall, the above-described results indicate that ring-opening 
products and DMTHF are likely to originate from partially reduced, 
furanic intermediates and are not from the product DMF or ring hy-
drogenation products THFDM and THMFM. Ring opening of HMF 
and other highly functionalized furan derivatives was also observed 
by Dumesic et al. 10 

It appears that substrates with relatively high amounts of polar 
-OH groups, such as FDM, have more affinity to the catalyst surface.

2.2.4 	 Recyclability tests

Catalyst recycling experiments were performed at 100 oC with Cu20-
PMO (0.1 g) and HMF (0.5 g) for 3 h of reaction time. The catalyst was 
recovered at the end of each run, washed with ethanol and THF, and 
reused after drying overnight at 100 oC. The catalyst activity was 
maintained for 3 cycles, then the FDM selectivity gradually decreased 
to 61, 53, 38, and 19% in the 4th to 7th cycles, respectively (Figure 8). 

After the 7th cycle, the HMF conversion was only 20 %. After this 
run, 72 mg of catalyst was recovered and subsequently calcined at 
460 oC for 24 h. After calcination, the catalyst residue (63 mg) was 
used in a further experiment at 100 oC for 3 h, resulting in 93 % HMF 
conversion and 92 % FDM selectivity. Thus, upon recalcination, the 
catalyst regained its activity. 

We next set up a gram-scale continuous-flow experiment for the 
production of FDM by using similar experimental conditions to those 
used in the corresponding batch reactions. The catalyst remained 
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active for 10 h without remarkable loss of performance and FDM 
formed with very high selectivity (Figure 9).

2.2.5 	 TEM measurements

We carried out TEM measurements for both PMO catalysts before and 
after reaction. Images before the reaction for Cu20-PMO (Figure  10, 
right) and Cu20-Ru2-PMO (Figure 10, left) showed irregular flakes, 
which is a morphology observed in related systems, such as Cu/Cr 
HTC-like materials 9 and Cu/MgAl2O4. 4a No nanoparticles that could be 
CuO or RuO2 were detected by TEM analysis, even at higher magnifica-
tion. We believe that highly dispersed Cu and Ru species are present in 
the PMO structures, as evidenced by the lack of peaks related to these 
metals in the XRD pattern. Additionally, parent Cu/Mg catalysts with 
a copper content comparable to that of our systems (16 wt %) showed 
that very small aggregates (<3 nm) could be formed; 30 the method 
of preparation in our study (coprecipitation to form of regular HTC 
structure additionally involving aluminum) was very likely to improve 
copper dispersion to prevent the formation of visible crystallites of 
CuO. Ternary CuMgAl mixed oxides with a lower copper content did 
not show any crystalline aggregation either.31 

Upon imaging the Cu20-Ru2-PMO (Figure 11, left) and Cu20-PMO 
(Figure 11, right) catalysts after 6 h of reaction time in EtOH, both 
samples showed, in addition to the irregular sheets, dark spherical 
particles with diameters of 10(± 1) and 12(± 2) nm, respectively. These 

Figure 8. Catalyst recycling experiments (HMF 0.5 g), Cu20-PMO (0.1 g), 50 bar 
H2, 100 oC, 3 h



56

could be attributed to clusters of Cu metal, formed by the reduction 
of CuO originally present in the fresh catalyst. Similar behavior was 
previously observed by Ford et al., who used the Cu20-PMO cata-
lyst in supercritical methanol. 32 Further literature precedent attrib-
utes the formation of particles to sintering of copper under reducing 
conditions. 33,4a The influence of this phenomenon on catalyst activity 
and stability should be further investigated with different catalysts 

Figure 9. Continuous flow experiment for the production of FDM
The deviation at 6 h is due to the interruption of the experiment, which was continued the day 
after for additional 4 h. Experimental conditions: 0.3 g Cu20-PMO, 1.5 g HMF in 0.4 L EtOH, 
1.5 mL/min solvent flow, 50 bar, 30 mL/min H2 flow, 100 ºC. Additional 1.0 g HMF in 0.2 L EtOH were 
used after 1 day.

Figure 10. TEM images of fresh Cu20-Ru2-PMO (left) and Cu20-PMO cata-
lysts (right). Scale bar, 50 nm.
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supports. No apparent difference in morphology between the cata-
lyst containing or lacking Ru (Figure 11) could be detected; this was 
likely to be due to an insufficient amount of Ru dopant.

2.3 Conclusions

We developed a tunable and highly selective method for the conver-
sion of HMF to either FDM or DMF (Scheme 6) by using known and 
new HTC-based catalysts.  

These catalysts consisted of inexpensive, earth-abundant starting 
materials and no or a small amount of Ru as the hydrogenation metal, 
and were an economically competitive alternative to commercial no-
ble-metal-based catalysts frequently used in these reactions. Reac-
tions carried out at 100 oC with Cu20-PMO only led to carbonyl reduc-
tion with high selectivity (>99 %) and the isolation of FDM in 97 % yield. 

Figure 11. TEM images of Cu20-Ru2-PMO (left) and Cu20-PMO catalysts 
(right) after 6 h of reaction time (Table 4, entry 3, and Table 3, entry 3, respec-
tively). Scale bar, 50 nm.

Scheme 6. Tunable conversion of HMF to FDM and DMF+DMTHF



58

The catalyst could be recycled and was stable under continuous-flow 
conditions. Higher temperatures (220 oC) favored deoxygenation to 
DMF and DMTHF; the former was the prevalent product. In isopro-
panol, a DMF+DMTHF yield of 81 % was obtained only after 1 h. In ad-
dition, we were able to isolate DMF from a reaction mixture by using 
MIBC under optimized reaction conditions. No catalyst leaching was 
observed under these conditions. Finally, our methodology proved to 
be efficient in the clean conversion of HMF to DMF, even at very high 
substrate concentrations (up to 10 wt %) and low catalyst loadings; 
this represents a distinct advantage of the copper-doped PMOs in the 
clean conversion of HMF.

Current efforts are focused on the development of new catalyst 
compositions, with the aim of minimizing the ring-opening pro-
cesses, and one-pot procedures to allow the production of DMF di-
rectly from fructose or glucose.

2.4 Experimental section

2.4.1	 Catalyst preparation

The HTC catalyst precursors were prepared by a coprecipitation 
method, according to reported procedures 23,32. The new Cu20-Ru2-HTC 
composition was prepared according to the following procedure: A 
solution containing AlCl3·6H2O (11.83 g, 0.049 mol), Cu(NO3)2·2.5H2O 
(6.98 g, 0.03 mol), MgCl2·6H2O (24.40 g, 0.12 mol), and RuCl3·H2O (0.22 g, 
0.001 mol) in deionized water (0.2 L) was added to a solution contain-
ing Na2CO3 (5.30 g, 0.05 mol) in water (0.3 L) at 60 oC under vigorous 
stirring. The pH was maintained between 9 and 10 by addition of small 
portions of a 1 M solution of NaOH. The mixture was vigorously stirred 
at 60 oC for 72 h. After cooling to room temperature, the dark-green 
solid was filtered and resuspended in a 2 M solution of Na2CO3 (0.3 L) 
and stirred overnight at 40 oC. The catalyst precursor was filtered and 
washed with deionized water until it was chloride-free. After drying the 
solid under vacuum for 6 h at 100 ºC, Cu20-Ru2-HTC (15.8 g) was ob-
tained. Cu20-Ru2-HTC (8.75 g) of this material was calcined at 460 oC 
for 24 h in air to give Cu20-Ru2-PMO (4.98 g).
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2.4.2 	 Catalyst test

A stainless-steel autoclave (100 mL) equipped with a mechanical stir-
rer was charged with catalyst (0.100 g), HMF (0.500 g), and toluene 
(0.250 mL; internal standard) in the appropriate solvent (20 mL). The 
reactor was sealed and pressurized with H2 (50 bar), heated to the de-
sired temperature, and stirred at 800 rpm. After the reaction, the au-
toclave was cooled to room temperature, the content was transferred 
to a centrifuge tube, centrifuged, and the reaction mixture was sepa-
rated from the solids by decantation. Samples of the filtered solutions 
were injected into a Hewlett Packard 5890 GC-MS-FID with a Restek 
RTX-1701 capillary column. Selectivity was defined as the ratio of the 
peak area of a given compound to the total area of all the compounds 
produced in the reaction. Yield values were calculated based on the 
use of internal standard and calibration curves.

For the experiment aimed to DMF distillation, HMF (1.0 g, 0.008 mol), 
Cu20-Ru2-PMO (0.4 g), and MIBC (20 mL) were placed in a Parr reac-
tor, pressurized with 50 bar H2, and heated at 220 oC for 4 h. After cool-
ing, the crude mixture was quantitatively transferred to a centrifuge 
tube. The residual solid was washed with additional MIBC (5 mL) and 
the solutions were combined. Distillation of DMF was performed by 
using a 50 mL round-bottomed flask equipped with a cooler and Vi-
greaux condenser. Two colorless fractions were collected at 100 oC 
(0.072 g and 0.123 mg, respectively). After confirming that the compo-
sition of both fractions was identical, these were combined. GC meas-
urements were in accordance with the retention time determined for 
DMF with known standards; 1H and 13C NMR spectroscopic analysis in 
CDCl3 (see Figures S7 and S8 in the Supporting Information) was con-
sistent with known spectral data for DMF.

2.4.3	 Catalyst recycling tests 

For reusability tests, catalytic runs were performed as described 
above. The catalyst was separated from the reaction solution by cen-
trifugation and subsequent decantation, additionally washed with 
ethanol (1–10 mL), then with THF (1–10 mL), and dried overnight at 
100 oC prior to the next run. After the 7th cycle, catalyst residue (72 mg) 
was recovered. This was additionally calcined at 460 oC for 24 h, re-
sulting in a solid (62 mg). This solid was reused in the 8th run.
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2.4.4	 Continuous-flow experiment for FDM production

The experiment was performed first for 6 h in a 30 cm reactor tube 
charged with Cu20-PMO catalyst (0.3 g) and fed with a solution of 
HMF (1.5 g in EtOH (0.4 L)) at a rate of 1.5 mL.min-1 at 50 bar pres-
sure, 30 mL.min-1 H2 flow, and 100 oC, as in the corresponding batch 
conditions. The next day, additional solution of HMF (1.0 g in EtOH 
(0.2 L)) was added to the reactor and the experiment was performed 
for an additional 4 h under the same experimental conditions as 
those previously described with no relevant changes to the catalytic 
performance.
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Supporting Information

All chemicals and solvents were used as received. 5-methyl-2-furan-
methanol (MFM) 97 % was purchased from Acros Organics. 2,5-di-
methylfuran (DMF, 99 %), 5-methylfurfural (MF, 99 %), 5-(hydroxym-
ethyl)furfural (HMF, ≥99 %), 2,5-dimethyltetrahydrofuran (DMTHF 
96 %, mixture of cis and trans), sodium carbonate (≥99.5 %), alumi-
num chloride hexahydrate (99 %), magnesium chloride hexahydrate 
(≥99%), copper(II) nitrate hemi(pentahydrate) (≥98 %), Ni(II) chloride 
hexahydrate (≥98 %) and Ru chloride hydrate were purchased from 
Sigma Aldrich. 2,5-furandimethanol (FDM, 98 %) was purchased 
from Toronto Research Chemicals. Tetrahydrofuran-2,5-diyl-dimeth-
anol (THFDM) was supplied by GLSyntech.

GC-MS-FID analyses were performed with a Hewlett Packard 5890 
series II plus with a Quadrupole Hewlett Packard 5972 MSD and a 
FID. The GC is equipped with a 60 × 0.25 mm i.d. and 0.25 μm film 
Restek RTX-1701 capillary column and a 1:1 split ratio to the MSD and 
FID was set. Temperature of injector and detector were set at 250 ºC 
and 285 ºC, respectively. The program temperature starts from 40 ºC 

Figure S1. XRD patterns of the hydrotalcite (HTC) precursors and the cor-
responding porous metal oxides (PMO), Cu20-PMO and Cu20-Ru2-PMO, af-
ter calcination. Crystallographic planes are indicated for Cu20-HTC and are 
agreement with the literature. Amorphous PMOs only show residual XRD sig-
nals corresponding to MgO diffraction.
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(10 min) and is then increased up to 250 ºC with a heating rate of 
10 ºC/min.

Hydrotalcite samples were calcined in a Linn High Therm oven 
with controller G 800 P at 460 oC for 24 h. 1H and 13C NMR spectra 
were recorded on a Varian AMX400 spectrometer. Powder Xray anal-
ysis was performed on a Bruker XRD diffractometer using Cu Kα radi-
ation and the spectra were recorded in the 2θ angle range of 10 º–70 º. 

The TEM images were recorded on a FEI T20 electron microscope 
with a slow scan CCD camera at 200 keV. The solid samples were 
suspended in ethanol and deposited on a plain carbon coated cop-
per grids. The surface area was calculated using the standard BET 
method (SBET).1 Microanalyses were performed on a Perkin Elmer in-
strument (Optima 7000DV). Kinetic modeling of the HMF conversion 
to the main intermediates and DMF was performed with DynaFit 4. 2

Table S1. Selectivity values (determined by GC-FID) in the hydrogenation of 
HMF at mild temperatures for the optimized production of FDM [a]

Entry Catalyst 
(-PMO)

T 
(oC)

FDM THFDM DMF+
DMTHF

MF MFM THMFM 1,2-HD 1,2,6-HT Others

1 [b] Cu20 80 90 0 0 4 0.2 0 0 0 0.8

2 Cu20 100 99.2 0 0.1 0.1 0.1 0 0 0 0.3

3 Cu20 120 89 0 0.7 5 1 0 0 0 3

4 Cu20 140 79 0.3 4 4 5 0.4 2 2 3

5 [c] Cu20 100 91 0.3 0.1 6 0.6 0 0.2 0.2 0.8

6 Cu20-Ru2 100 98 0 0.2 0.8 0.2 0 0 0 0.3

[a] Reaction conditions: 0.5 g HMF, 0.1 g catalyst, 0.250 mL toluene (internal standard), 20 mL eth-
anol, 3 h reaction time, 50 bars H2 (HMF conversion was >99 % in all entries). [b] HMF conversion 
was 95 %. [c] Reaction time was 6 h.
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Figure S2. GC trace of FDM production under optimized conditions (>99 %, 
Table S1, entry 2)
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Figure S3. 1H NMR spectrum of FDM (CD3OD, 400 MHz)

Figure S4. 13C NMR spectrum of FDM (CDsOD, 100 MHz)
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Table S2. Selectivity values (determined by GC-FID) in the temperature 
screening for the optimization of DMF production with Cu20-PMO catalyst [a]

T (oC) FDM THFDM DMF+
DMTHF

MF MFM THMFM 1,2-HD 1,2,6-HT Others

100 91 0.1 0.1 6 1 0 0 0 1
140 60 1 9 (8+1) 3 12 1 5 5 4
180 30 3 28 (19+9) <1 24 4 7 1 3
220 <1 3 69 (54+15) 0 6 4 7 <1 11

[a] Reaction conditions: 0.5 g HMF, 0.1 g Cu20-PMO, 0.250 mL toluene (internal standard), 20 mL 
ethanol, 6 h, 50 bars H2 (HMF conversion was >99 % in all entries).

Table S3. Selectivity values (determined by GC-FID) with Cu20-PMO and 
Cu20-Ru2-PMO catalysts in different solvents and catalyst loading at 220 ºC[a]

Entry Catalyst
(PMO)

Solvent DMF+DMTHF (%) THFDM MFM THMFM 1,2-HD 2-hexanol Others
Selectivity Yield

1 Cu20 EtOH 72(61+11) 66 2 2 2 3 <1 18 (12)[e]

2 Cu20 iPrOH 81(64+17) 77 3 - 3 5 3 5
3[f] Cu20 iPrOH 69(59+10) 60 2 10 3 3 1 12
4[g] Cu20 iPrOH 80(70+10) 75 1 2 1 4 1 11
5 Cu20-Ru2 EtOH 84(65+19) 80 1 <1 3 3 <1 8
6 Cu20-Ru2 iPrOH 81(63+18) 79 1 - 3 7 5 3
7[b] Cu20-Ru2 iPrOH 84(65+19) 78 1 - 3 6 3 3
8[c] Cu20-Ru2 iPrOH 84(65+19) 81 2 1 7 2 2 2
9[d] Cu20-Ru2 MeOH 18(17+1) 17 1 2 1 3 - 75
10 Cu20-Ru2 MIBC 70(54+16) n.d. 2 - 3 8 10 7

[a] Reaction conditions: 0.5 g HMF, 0.250 g catalyst, 0.250 mL toluene (internal standard), 20 mL 
solvent, 220 ºC, 6 h (unless otherwise stated), 50 bars H2 (HMF conversion was >99 % in all entries). 
[b] Reaction time was 4 h. [c] Reaction time was 1 h. [d] Reaction was carried out with 0.100 g of cat-
alyst. Methyl ether species account for 56 % in the column ‘others’. [e] Number in brackets refers 
to selectivity values for all other minor components excluding two main components at 7.58 and 
7.86 min. [f] The HMF concentration was increased to 8 wt %, maintaining the same solvent vol-
ume (1.258 g HMF/20 mL iPrOH). [g] The HMF concentration was increased to 10 % wt, maintain-
ing the same solvent volume (1.572 g HMF/20 mL iPrOH) and reaction time was 18 h.

Figure S5. Individual DMF and DMTHF selectivities from the hydrogenation 
of HMF at 220 ºC with Cu20-PMO at different reaction times
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Scheme S1. Hydrogenation of HMF in methanol (only main products are 
shown for sake of clarity) 
Reaction conditions: 0.5 g HMF, 0.1 g Cu20-Ru2-PMO, 220 oC, 50 bar H2, 6 h.

Figure S6. GC trace with labeled main components in the reaction for the op-
timized production of DMF (Table S3, entry 6)

O
OMeHO

O
OMeMeO

O
OMe

A (33%)

B (15%)

C (8%)

O
OHO Cu20-Ru2-PMO

H2, 220 ºC, 6h

O

DMF 
(17%)
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Figure S7. 1H NMR spectrum of DMF isolated by distillation (CDCl3, 400 MHz)

Figure S8. 13C NMR spectrum of DMF isolated by distillation (CDCl3, 
100 MHz)



72

Table S4. Elemental analysis of Cu20-Ru2-PMO (after the reaction) and leach-
ing analysis of the solution [a]

Catalyst Before the reaction After the reaction Leaching analysis (mg/L)

Cu20-Ru2-PMO Cu/Mg/Al/Ru=
0.61/2.33/0.98/0.02

Cu/Mg/Al/Ru=
0.60/2.32/0.98/0.02

Cu <1, Al <1, Mg <1, K <1 Na 
1, Ru <1

[a] Experimental conditions: 0.500 g HMF, 0.250 g catalyst, 0.250 mL toluene (internal standard), 
220 oC, 4h, 20 mL iPrOH, 50 bars H2.

Table S5. Selectivity and yield values (determined by GC-FID) with Cu20-PMO 
at 140 ºC

t (h) FDM DMF+DMTHF MF MFM THMFM 1,2-HD 1,2,6-HT Others
1 89 1 5 2 0.1 0.6 0.3 <1

3 79 4 (3+1) 4 5 0.3 3 2 2.4

6 60 9 (8+1) 3 12 1 5 5 4

18 28 30 (25+4) 1 22 2 4 2 9

[a] Reaction conditions: 0.5 g HMF, 0.1 g Cu20-PMO, 0.250 mL toluene (internal standard), 20 mL 
ethanol, 220 ºC, 50 bars H2 (HMF conversion was >99 % in all entries).

 

Table S6. Selectivity and yield values (determined by GC-FID) with Cu20-PMO 
catalyst at 220 ºC[a]

t [h]

DMF+DMTHF

FDM 1,2-HD 1,2,6-HT
Selectivity 

(%) [b]
Yield 
(%) [c] THFDM MFM THMFM EMMF Others[b]

1 52 (40+12) 49 7 3 17 4 7 2 <1 8 (6)

3 54 (46+8) 54 1 3 18 2 7 1 <1 14 (7)

6 69 (54+15) 66 <1 3 6 4 7 <1 <1 11 (8)

12 67 (51+16) 65 0 3 3 5 9 1 1 12 (11)

18 69 (52+17) 65 0 2 1 5 5 <1 3 14 (12

[a] Reaction conditions: 0.5 g HMF, 0.1 g Cu20-PMO, 0.250 mL toluene (internal standard), 20 mL 
ethanol, 220 ºC, 50 bars H2 (HMF conversion was >99% for all entries). [b] Numbers in brackets 
refer to selectivity values for all other minor components excluding two main components at 7.58 
and 7.86 min.

Table S7. Characterization of pore size and volume of Cu20-PMO and Cu20-
Ru2-PMO catalysts

Catalyst Composition Pore volume (cm3/g) Average pore size (Å)
Cu20-PMO Cu0.59Mg2.34Al1.00 0.96 197

Cu20-Ru2-PMO Cu0.61Mg2.33Al0.98Ru0.02 0.88 169
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Figure S9. Plot of selectivities to major products, including unidentified com-
pounds, versus reaction time from the hydrogenation of HMF at 220 oC with 
Cu20-PMO

Figure S10. Plot of selectivities to minor products versus reaction time from 
the hydrogenation of HMF at 220 oC with Cu20-PMO
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Figure S11. Clear and colorless solutions obtained after dissolving the solid 
catalyst residue (obtained at different HMF starting concentration, 3.2 %, 8 % 
and 10 %) in HNO3

Figure S12. TGA traces of the solid residue obtained after reaction with 8 % 
starting HMF concentration
Reaction conditions: 1.26 g HMF, 0.25 g Cu20-PMO, 20 mL isopropanol, 6 h, 50 bar H2.
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Chapter 3
Copper–zinc alloy nanopowder: 

a robust precious-metal-free 
catalyst for the conversion of 

5-hydroxymethylfurfural



Abstract

Noble-metal-free copper–zinc nanoalloy (<150 nm) is found to 
be uniquely suited for the highly selective catalytic conversion of 
5-hydroxymethylfurfural (HMF) to potential biofuels or chemical 
building blocks. Clean mixtures of 2,5-dimethylfuran (DMF) and 
2,5-dimethyltetrahydrofuran (DMTHF) with combined product 
yields up to 97 % were obtained at 200–220 oC using 20–30 bar H2. 
It is also possible to convert 10 wt % HMF solutions in CPME, with 
an excellent DMF yield of 90 %. Milder temperatures favor selective 
(95 %) formation of 2,5-furandimethanol (FDM). The one-pot con-
version of fructose to valuable furan-ethers was also explored. Re-
cycling experiments for DMF production show remarkable catalyst 
stability. Transmission electron microscopy (TEM) characterization 
provides more insight into morphological changes of this intrigu-
ing class of materials during catalysis.

Keywords: hydrogenation, 5-hydroxymethylfurfural, HMF, build-
ing blocks, 2,5-furandimethanol, FDM, 2,5-dimethyltetrahydrofuran 
(DMTHF), catalyst, copper-zinc.
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3.1 Introduction

The development of new, robust, and efficient catalysts, primarily 
ones that consist of earth-abundant metals, is of crucial importance 
and will enable the sustainable chemical conversion of nonedible 
lignocellulosic biomass resources 1 or platform molecules derived 
from such resources. 2 One of the most versatile platform chemicals 
is 5-hydroxymethylfurfural (HMF), 2,3 which can be readily obtained 
from sugars. 3b Various conversion routes have been investigated 4 
and among these, reductive methods are of special importance. 4a A 
variety of new methodologies have been developed for selective car-
bonyl reduction to give 2,5-furan dimethanol (FDM) at milder temper-
atures. 5 More extensive deoxygenation of HMF to potential biofuels 
or the fuel additive 2,5-dimethylfuran (DMF) has been first proposed 
by Dumesic. 6a A number of very efficient catalysts, mainly based on 
Ru 6 or other noble metals, have been developed since, 2,7 including 
very efficient examples that use milder temperatures. 8 In contrast, 
only a few non-precious-metal-based catalysts have been reported. 
Recently Fu et al. described a Ni-W carbide catalyst that gave up to 
96 % DMF yield. 9 Zhu et al. reported on Raney Ni catalysts with good 
DMF yields (88.5 %) at 180 oC. 10 Despite these promising results, the 
development of inexpensive, precious metal-free, and highly effec-
tive catalysts for this transformation is still highly desired.

Herein, we report on the use of a robust, sustainable, and commer-
cially available new catalyst class that allows for modular and highly 
selective conversion of HMF to either FDM (up to 95 %) or DMF (up to 
90 %). Under optimized conditions remarkably clean mixtures of the 
two biofuels DMF and DMTHF (97 % yield) can be obtained.

Previously we reported on the use of copper-doped porous metal 
oxides 11 in the conversion of HMF and other biomass resources. 12 
Although a promising combined DMF and DMTHF 11b yield of about 
80 % was obtained, ring-opening processes could not be completely 
prevented owing to the strong interaction of the relatively basic sup-
port with HMF and derived intermediates FDM and MFM (shown in 
Scheme 1). 

Thus, we set out to investigate other suitable classes of copper-
containing catalysts, preferably ones that do not readily undergo de-
activation (e.g., by sintering) at elevated temperatures, 13 and possess 
a relatively large surface area. We turned our attention to commer-
cially available copper nanopowders, which are relatively unexplored 
in catalysis.
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3.2 Results and discussion

We first screened commercial copper-containing nanopowders of dif-
ferent composition (characterized by elemental analysis and XRD, see 
Table S1 and Figure S1) in the conversion of HMF to DMF (Scheme 1). 
All reactions were carried out in ethanol at 220 oC using 30 bar H2 pres-
sure for 6 h (Figure 1; Supporting Information, Table S2). 

Scheme 1. Hydrogenation/hydrogenolysis of HMF to DMF and DMTHF mix-
ture (dashed arrows show the simplified pathway involving intermediatte 
FDM and MFM)

Figure 1. Comparison of the product distribution (GC selectivities) obtained 
in the HMF hydrodeoxygenation over different copper nanopowders. 
Conditions: 0.500 g HMF, 0.100 g copper nanopowder, EtOH (20 mL), 220 oC, 30 bar H2, 6 h (n.i: 
not identified; r.o.: ring-opening products). The corresponding numerical values are displayed in 
Table S2.
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Complete or nearly complete (95 % with CuZnFe2O4) conversion 
of HMF was achieved with all tested nanopowders, but variations in 
the composition of the obtained product mixtures were significant. 
Copper nanopowder showed a good (55 %) DMF+DMTHF yield, with 
a DMF/DMTHF ratio of 20:1. Ether 2-(ethoxymethyl)-5-methylfuran 
(EMMF) was found as a main reaction product, and a small amount of 
ring-opening and hydrogenation products were also seen.

In this run many smaller peaks were also detected, which ac-
counted for about 20 % of unidentified products, likely caused by 
the relatively high loading of copper (20 wt %). As a comparison with 
CuO, a low DMF yield was found, and the biggest fraction of the prod-
uct mixture (50 %) consisted of FDM and MFM, indicating an overall 
slower reaction. Similarly, mixed copper-iron oxide nanopowder led 
to only 45 % product. CuZnFe2O4 of similar composition performed 
better (73 % product yield), however 12 % of the products still re-
mained unidentified. Best among the tested catalyst was the CuZn na-
noalloy, which afforded 75 % DMF+DMTHF yield with a DMF/DMTHF 
ratio of 14:1, while the two main ‘precursors’ to DMF (FDM and MFM) 
still represented 13 % of the product mixture after 6 h reaction time. 
Overall, the cleanest product mixtures were obtained with this cata-
lyst since only 3 % of the products were unidentified.

Thus CuZn nanopowder was selected for further studies (Support-
ing Information, Table S3). First, the reaction time was prolonged to 
18 h to ensure a full conversion of intermediates (FDM and MFM). In-
deed, the product yield improved from 75 % to 83 %. Adjusting the 
H2 pressure allowed for a further small increase to a very good, 88 % 
product yield. The solvent engaged to a small extent in side reac-
tions, as evidenced by the formation of 5 % EMMF (Table S3 in Sup-
porting Information, Scheme 1). To minimize these side processes 
and improve product yields even further, bulkier alcohol solvents 
were screened, as was earlier reported with copper porous metal ox-
ides. 11b Indeed, with iPrOH and methyl isobutyl carbinol (MIBC) ex-
cellent product yields were obtained (91 % and 93 % respectively). No 
corresponding etherification products were observed with bulkier al-
cohols. The quantity of unidentified compounds was below 3 %. In-
terestingly, the DMF/DMTHF ratio reduced from 14:1 in EtOH to 4:1 in 
MIBC (Figure 2).

Ethereal solvents such as 2-MeTHF (2-methyltetrahydrofuran) and 
CPME (cyclopentyl methyl ether) were also tested. 2-MeTHF, which is 
directly accessible from renewable resources, 14 performed compara-
bly high to MIBC and iPrOH. To our delight CPME, a favorable solvent 
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with low toxicity and negligible peroxide formation 15 afforded the 
highest DMF+DMTHF yield (97 %; see Supporting Information Fig-
ure S8 for the corresponding GC trace). This practically means that 
upon HMF conversion under these conditions, analytically pure fuel 
mixtures were obtained. 

In both these solvents, the DMF/DMTHF ratio was lower than in 
ethanol. Figure 3 shows an overview of the increase of the overall 
DMF+DMTHF yield from ethanol to CPME; however, at the expense of 
the DMF/DMTHF ratio.

The reaction conditions were further optimized in CPME. The reac-
tion time could be reduced to 3 h at 200 oC with no apparent change 
in product yield, but increase in DMF content (Table 1, entries 1–3). To 
our delight, even concentrated HMF solutions (1 wt %) were cleanly 
converted into a mixture of DMF and DTMHF (94 % yield; entry 4 
and Figure 2) in CPME, while DMF yield was 90 %. Similarly a 10 wt % 
HMF solution was converted in MIBC at 220 oC and longer reaction 
time, albeit with slightly lower DMF+DMTHF yield (88 %). Interest-
ingly, a 5 wt % catalyst loading (3 wt % Cu), typical for noble metal cat-
alysts was adopted in CPME solvent with full substrate conversion, 
89 % combined fuel yield, and excellent DMF/DMTHF ratio of 35:1. 
This holds much promise for future upscaling, and continuous oper-
ation of this system.

Figure 2. Effect of different solvents for DMF+DMTHF production 
(0.500 g HMF, 0.100 g CuZn, 220 oC, 18 h, 20 bar H2). On the right, the 10 wt % HMF experiment was 
conducted in CPME (1.72 g HMF, 0.2 g CuZn, 200 oC, 6 h, 20 bar H2).
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nIn addition, 5-(ethoxymethyl)furfural (EMF) was used as starting 
material instead of HMF in CPME (220 oC, 18 h, 20 bar H2). This ether 
also underwent hydrogenolysis, resulting in good DMF+DMTHF yield 
(78 %). The corresponding EMMF, a potential fuel additive was de-
tected as second major product (10 %). This is promising regarding 
possible DMF production directly from hexoses, through HMF ethers.16

The catalyst residues from the 10 wt % runs in CPME and MIBC 
were recovered and analyzed by transmission electron microscopy 
(TEM), and compared with the fresh catalyst (Figure S4). The spent 
catalyst recovered from the run in CPME (Table 1, entry 4) mainly 
showed agglomerated particles with a core-shell structure. However, 
after reaction in MIBC (Table 3, entry 7), spike-shaped objects were 
visible on the catalyst surface in addition to coagulated rounded par-
ticles, also present in the fresh catalyst. For further direct morpholog-
ical comparison, the reaction was also carried out in CPME using the 
same experimental conditions as in MIBC (10 wt % HMF, 220 oC, 18 h). 
No spiked objects were detected and cleaner product mixtures and 
higher DMF+DMTHF yields were observed in CPME. This shows that 
changes in catalyst morphology are dependent on the nature of the 
solvent and might influence catalytic activity.

The local composition of the spiked nanostructures was deter-
mined by energy dispersive X-ray (EDX) analysis, which revealed 
that these mostly comprise zinc (>90 %) as highlighted by elemental 
analysis and lattice constant value (Figure 3 and Supporting Infor-
mation S5).

In the bulk, core-shell structures in which the zinc is covering 
highly copper-dense particles were observed. These morphological 
changes in the alloy structure are probably due to copper migration, 
which becomes relevant above 200 oC. 17 Despite these variances, only 

Table 1. DMF+DMTHF production in CPME solvent

Entry (a) t (h) T (oC) DMF+DMTHF yield (%) (b) DMF/DMTHF ratio (b)

1 6 220 97 3:1

2 6 200 97 5:1

3 3 200 96 5:1

4 (c) 6 200 94 18:1

5 (d) 18 220 89 35:1

[a] Reaction conditions: 0.500 g HMF, 0.100 g CuZn, 20 mL CPME, 0.250 mL decane, 20 bar H2. Full 
HMF conversion. [b] Determined by GCFID. [c] 10 wt % HMF concentration (1.72 g HMF in 20 mL 
CPME) and 0.2 g catalyst were used (7 % Cu/HMF ratio). [d] 2.00 g HMF in 30 mL CPME, 40 bar H2, 
and 0.1 g catalyst were used (3 % Cu/HMF ratio).
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a slight difference between the bulk composition of the spent cata-
lyst (MIBC) and the fresh catalyst could be determined by ICP analy-
sis (Supporting Information Table S7), showing practically no metal 
loss into the solution. In addition, combustion analysis detected an 
elevated carbon content (0.6 %; Supporting Information Table S7) in 
the spent catalyst (MIBC), and accordingly thermogravimetric anal-
ysis (Supporting Information, Figure S2) showed a slight (<2 %) de-
crease in weight between 100 oC and 400 oC, which can be attributed 
to adsorbed organics. 

Recycling experiments were successfully performed in both these 
solvents, with better performance in CPME. Experiments in MIBC 
were carried out with 0.5 g HMF and 0.2 g CuZn at 220 oC for 15 h 
(Supporting Information Figure S7 and Table S9). Interestingly, with 
decreasing activity, the DMF/DMTHF ratio increased up to 30:1, the 
2nd cycle representing an almost perfect DMF selectivity. After the 2nd 
cycle, the product yield gradually decreased from ca. 90 % (1–2nd cy-
cle) to 17 % (4th cycle). Notably, calcination of the spent catalyst after 

Cu
Zn

Figure 3. TEM image of spent catalyst after the run at 10 wt % HMF concen-
tration in MIBC (Table S3, entry 7)
In the insert, a magnification of a spikedlike object and the corresponding elemental mapping by 
EDX are provided
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the 4th run at 500 oC for 6 h recovered the catalytic activity and even 
the DMF/DMTHF ratio in the 5th run was precisely identical to the in-
itial value. Accordingly, TEM analysis of the catalyst recovered af-
ter the 4th run showed core-shell structures (Supporting Informa-
tion, Figure S6), not present in the original solid; this morphological 
change together with the presence of organics adsorbed on the cata-
lyst surface might be the cause of deactivation. After calcination, the 
morphology of the catalyst (Figure S6) displays a substantial regen-
eration of the original alloy structure. The transition from a core-shell 
structure into a homogeneous alloy has already been reported. 18

The catalyst has proven even more stable in CPME (Figure S7 and 
Table S10). Recycling tests in CPME were performed at 220 oC using 
0.5 g HMF and 0.2 g CuZn nanoalloy. No relevant loss in catalytic ac-
tivity was observed in the first 5 cycles (ca. 90 %), then the DMF+D-
MTHF yield decreased to 66 % after the 6th cycle, and 3 % product 
yield was observed in the 7th cycle, corresponding to a total of 3.5 g 
HMF converted. At this point, calcination was performed and the 
initial activity regained. From the above experiments it can be con-
cluded that CuZn is a robust and highly active catalyst for the conver-
sion of HMF to DMF, suitable for continuous-flow setup.

The specific roles of the copper and zinc metals in catalysis, or their 
oxides, which might also be present in smaller amounts, has yet to 
be elucidated. Recent photoelectron spectroscopy studies reported 
the formation of zinc oxide islands on particle surface in CuZn nano-
alloys. 19 The presence of the ZnO phase was confirmed during XRD 
analysis of the CuZn nanopowder (Figure S1). The beneficial effect on 
DMF production of acidic Zn2+ sites contained in Pd/Zn/C catalysts 
was recently proposed by Abu Omar et al. 20 It seems plausible that 
active Cu0 species are responsible for hydrogenation/hydrogenoly-
sis with the assistance of Lewis-acidic ZnO sites. Similar synergistic 
effects were observed in a recent catalytic application. 21 Cooperative 
effect in bimetallic noble metal catalysts designed for HMF to DMF 
conversion has been recently reported. 22

Particle size is a crucial parameter, and determining ideal size 
ranges is essential for catalytic application of ‘brasses’. 5d,23,27 We have 
briefly addressed this point by comparing the catalytic activity of com-
mercially available CuZn alloys of various sizes. Indeed, CuZn alloys 
with 25–250 μm and <25 μm particle size showed low activity at 220 oC 
for 6 h in EtOH, thus it appears that the <150 nm size is crucial. For fu-
ture studies, several procedures for the synthesis of different nano-
sized CuZn structures with a bottom-up approach are available. 23
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Another important aspect, using the commercially obtained CuZn 
nanopowder, is the reproducibility of results regarding batch to batch 
variations. No significant variation (within 6 %) in DMF selectivities 
was observed when using four different batches from two different 
suppliers (Supporting Information Table S8).

Next, the copper zinc nanopowder was tested in the hydrogenation 
of HMF at mild temperature to provide useful diol building blocks 
(Scheme 2).

It is known that α,ω-diols, for example, 1,6-hexanediol are impor-
tant polymer precursors. 24 A screening of various commercial cata-
lysts was carried out in ethanol at 120 oC for 3 h (for detail see Sup-
porting Information Table S5-S6). All catalysts prefentially afforded 
either THFDM (2,5-tetrahydrofurandimethanol), depending on com-
positions. The best FDM selectivity (95 %; Supporting Information, 
Figure S9 for GC trace) was achieved with the CuZn nanoalloy while 
>99 % THFDM, was obtained over Pd/Al2O3 as a mixture of cis and 
trans isomer in 9:1 ratio (Supporting Information, Table S5, entry 7; 
Figures S10–S12).

Given the excellent performance of the CuZn nanoalloy in FDM 
formation, we next attempted the more challenging one pot dehy-
dration/hydrogenation reaction starting directly from fructose. An 
elegant approach for obtaining HMF and its ethers from fructose in 
isopropanol solvent has recently been reported. 25 First, fructose de-
hydration was conducted at 120 oC in iPrOH using different acid res-
ins. HMF (4) and the corresponding isopropyl ether (5) were the main 
products, their ratio being dependent on the type of acidic catalyst 
used (Scheme 3; Supporting Information, Table S11). 

Amberlyst 15 and Nafion SAC-13 preferentially afforded HMF while 
with Dowex 50WX8 resin ether, 5 was found as main product. At-
tempts to hydrogenate the crude mixtures with CuZn nanopowder 
after removal of the acidic resin by simple filtration were moderately 
successful. 1, 2, and 3 were obtained in modest yields (20 % in both 

O
OHO CuZn, H2

 
(70 bar)

EtOH, 120 ºC, 3hEtOH, 120 ºC, 3h

Pd/Al2O3, H2
 
(70 bar)

HMF

O
OHHO

O
OHHO

cis+trans
 THFDM FDM

(95%)(>99%)

Scheme 2. Selective formation of useful diol building blocks from HMF
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with Nafion SAC-13 and Amberlyst 15 were hydrogenated using 120 oC 
and 30 bar H2. Interestingly, the corresponding one-pot process start-
ing directly from fructose with CuZn catalyst and Nafion SAC-13 or 
Amberlyst 15 (Supporting Information, Table S13) was more success-
ful. In this case, fructose conversion was 96 % using Nafion SAC-13 
and 1 and 2 were found as only products in 1 % and 33 % yields, re-
spectively. With Amberlyst 15, a good combined 50 % yield of 1 and 
2 was observed at full fructose conversion, in addition 7 % FDM was 
detected. These results compare well with the yields found in the lit-
erature using noble metal catalysts. 26

3.3 Experimental section

General procedure for hydrogenation reactions: in a typical experi-
ment, a glass insert containing 5-(hydroxymethyl)furfural (0.500 g), 
the catalyst (0.100 g) and toluene or decane (0.250 mL, internal stand-
ard) in the appropriate solvent (20 mL) was placed in a 100 mL stain-
less-steel Parr reactor. After purging 3 times with H2, the reactor was 
pressurized at the desired pressure, heated, and stirred with a me-
chanical stirrer (600 rpm). After reaction, the reactor was cooled down 
to room temperature and the mixture was filtered and injected into a 
GC-MS-FID to determine conversion, product selectivity, and yield (by 
internal standard method). For characterization of the spent catalyst, 
the reaction mixture was centrifuged and the solid was washed two 
additional times with acetone and dried at 110 oC for 6 h. Recycling ex-
periments are described in detail in the Supporting Information.

O
OH

OHHO

OHHO

iPrOH, 120 ºC
H2

 
(30 bar)

CuZn, H+ cat.
O

HO OR
O

RO OR
+

1 2

O
HO OH

3

+

H+ cat.

iPrOH, 
120 ºC

O
O OH

+ O
O OiPr

4 5

CuZn, iPrOH

120 ºC, 30 bar H2

Scheme 3. One-pot and two-step strategies for the valorization of fructose in 
iPrOH
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3.4 Conclusions

In conclusion, a noble-metal-free copper–zinc nanoalloy is applied 
for the first time in the highly selective hydrodeoxygenation of HMF 
to biofuels (up to 97 % DMF+DMTHF yield) and diol building blocks 
(up to 95 % FDM). Alloys play a crucial role in heterogeneous cataly-
sis, however, ‘nanobrasses’ are not yet explored in catalysis. 5d,27 Re-
cent reports identify CuZn alloys as promising systems for metha-
nol 23a and dimethylether synthesis. 21 Based on these studies and the 
results reported in this paper, we foresee a more general use of ‘nano-
brasses’ in the conversion of renewable resources in the future.
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Supporting Information

Materials and methods

All solvents and reagents were used as received without further pu-
rification. 2,5-dimethylfuran (DMF, 99 %), 5-(hydroxymethyl)furfural 
(HMF, ≥99 %), 2,5-dimethyltetrahydrofuran (DMTHF, 96 %, mixture of 
cis and trans), Cu, Cuo, CuZn, CuZnFe2O4 and CuFe2O4 nanopowders, 
CuZn powder (60 mesh), Nafion® SAC-13, Amberlyst® 15 and Dowex® 
50WX8 were purchased from Sigma Aldrich. 5-hydroxymethyl
furfural (98 %) was purchased from Alfa Aesar. 5-Methyl-2-furan-
methanol (MFM, 97%) and D-(-)-fructose were purchased from Acros 
Organics. 2,5-furandimethanol (FDM, 98 %) was purchased from 
Toronto Research Chemicals. Tetrahydrofuran-2,5-diyl-dimethanol 
(THFDM) was supplied by GLSyntech. 

GC-MS-FID analyses were performed with a Hewlett Packard 5890 
series II plus with a Quadrupole Hewlett Packard 5972 MSD and a 
FID. The GC is equipped with a 60 × 0.25 mm i.d. and 0.25 μm film 
Restek RTX-1701 capillary column and a 1:1 split ratio to the MSD and 
FID was set. Temperature of injector and detector were set at 250 ºC 
and 285 ºC, respectively. The program temperature starts from 40 ºC 
(10 min) and is then increased up to 250 ºC with a heating rate of 
10 ºC/min. 

HPLC analyses were conducted on a Agilent Technologies equip-
ment consisting of a HP 1050 isocratic pump and a Waters 410 dif-
ferential refractometer. The HPLC is equipped with a Bio-Rad organic 
acid column Aminex HPX-87H and analyses were operated at 60 ºC 
with 5 mM aqueous solution of sulfuric acid as eluent at a flow rate of 
0.55 mL/min. 
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1H and 13C NMR spectra were recorded on a Varian AMX400 spec-
trometer. The TEM images were recorded on a FEI T20 electron mi-
croscope with a slow scan CCD camera at 200 keV. The solid samples 
were suspended in ethanol and deposited on a plain carbon coated 
copper grids. For EDX analysis, molybdenum windows with a holey 
carbon film were used.

Microanalyses for metal content were performed on a ICP Perkin 
Elmer instrument (Optima 7000DV) while combustion analysis was 
carried out on a EA3000 Elemental Analyser. Thermogravimetric 
analysis was performed on a TGA 7 instrument from Perkin-Elmer; 
the samples were heated in a nitrogen atmosphere with a heating 
rate 10 ºC/min and a temperature range between 25–900 ºC.

Recycling experiments 

Copper zinc alloy nanopowder (0.200 g), 5-(hydroxymethyl)furfural 
(0.500 g), decane (0.250 mL, internal standard) and the appropriate 
solvent (MIBC or CPME, 20 mL) were placed in a 100 mL stainless 
steel Parr reactor using a glass insert. The reactor was purged three 
times with H2 and pressurized at 20 bar. The temperature was set at 
220 ºC and the reaction mixture was stirred with a mechanical stirrer 
for the desired reaction time. After cooling down and releasing the 
pressure, the mixture was centrifuged and the recovered solid was 
washed twice (1× reaction solvent, 1× acetone, 10 mL each) while the 
supernatant was directly analyzed by GC-MS-FID for determining 
the product yield (based on calibration curves and internal standard). 
The solid was dried at 100 ºC for 3 h and used for the next run. The 
recalcination of the spent catalysts after the 5th (in case of MIBC) and 
7th (in case of CPME) was performed in a Linn High Therm oven with 
controller G 800 P at 500 oC for 6 h.

Fructose dehydration and sequential hydrogenation 

In a 25 mL glass vial, fructose (0.450 g), the appropriate acidic resin 
(0.090 g), iPrOH (5 mL) and dioxane (0.020 mL, internal standard) 
were placed. The vial was sealed and heated in an oil bath to 120 oC 
for 6 h. The mixture was filtered through a PTFE filter and analyzed 
by HPLC and 1H NMR to determine fructose conversion and product 
selectivity. After dilution to 15 mL with additional iPrOH, the resulting 
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solution was placed in a glass insert in a 100 mL stainless steel Parr 
reactor equipped with mechanical stirrer. CuZn nanoalloy (0.100 g) 
and decane (0.100 mL) were added, the autoclave was pressurized 
with H2 (30 bar) and heated to 120 oC. After 6 h, the reactor was cooled 
down and the mixture was filtered and analyzed by GC-FID. Product 
1, 2, and 3 yields were determined using calibration curves and inter-
nal standard.

Tandem fructose dehydration/reductive etherification

A glass insert was loaded with fructose (0.450 g), CuZn nanopowder 
(0.100 g), acidic resin (5 wt % Amberlyst® 15 or 20 wt % Nafion® SAC-13) 
and iPrOH (10 mL) and placed in a 100 mL Parr reactor equipped with 
mechanical stirrer. The reactor was pressurized with H2 (after purg-
ing for 3 times), heated to 120 oC and stirred at 600 rpm for 12 h. After 
cooling down, the residue was filtered and the solution was analyzed 
by HPLC and GC-FID. Product 1, 2 and 3 yields were determined based 
on calibration curves and internal standard.

Table S1. Particle size (the analytical technique used is reported in brackets) 
and elemental composition (determined by ICP analysis) of commercial cop-
per nanopowders (Sigma Aldrich)

Nanopowder Particle size Cu (wt %) Zn (wt %) Fe (wt %)

Cu 40–60 nm (SAXS) 98.9 - -

CuO <50 nm (TEM) 88.2 - -

CuFe2O4 <100 nm (BET) 27.3 - 46.3

CuZnFe2O4 <100 nm (BET) 20.1 21.1 26.8

CuZn <150 nm (SEM) 59.9 33.0 -
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Products obtained during catalytic conversion of HMF over various Cu 
nanopowders in different solvents

Table S2. Products and product selectivity values (in percentages, deter-
mined by GC-FID) obtained during the conversion of HMF using different 
copper nanopowders in ethanol solvent (a)

Catalyst DMF+DMTHF (b) MFM EMMF THMFM FDM THFDM 1,2- HD 2,5- HD n. i.

Cu 60+3 (55) 2 11 1 - - 2 - 21

CuO 30+1 (30) 20 1 <1 34 1 1 1 11

CuFe2O4 46+4 (45) 17 - 2 7 3 4 6 11

CuZnFe2O4
(c) 66+8 (73) <1 5 6 2 - - - 12

CuZn 70+6 (75) 12 1 1 1 1 2 3 3

[a] Reaction conditions: 0.500 g HMF, 0.100 g catalyst, 20 mL EtOH, 0.250 mL toluene (internal 
standard), 220 oC, 30 bar H2, 6 h. Full HMF conversion. [b] Yields (calculated based on calibration 
curves and an internal standard) are reported in brackets. [c] 95 % HMF conversion.

Table S3. Products and product selectivity values (determined by GC-FID) ob-
tained during the conversion of HMF using CuZn nanopowder in different 
solvents (a)

Entry Solvent DMF+
DMTHF (b) (%)

MFM 
(%)

EMMF 
(%)

THMFM 
(%)

FDM 
(%)

THFDM 
(%)

1,2- HD 
(%)

2,5- HD 
(%)

n. i. 
(%)

1(c) EtOH 80+5 (84) 4 2 1 - 1 1 1 5

2 EtOH 83+6 (88) <1 5 1 - 1 1 1 2

3 iPrOH 80+11 (91) 2 - 1 <1 <1 1 2 2

4 MIBC 73+20 (93) - - 2 - - 2 2 2

5 MeTHF 71+22 (91) - - 2 - - 1.5 1.5 2

6 CPME 71+26 (97) - - 2 - - 1 - <1

7 (d) MIBC 74+17 (88) - - 2 - - 2 3 2

[a] Reaction conditions: 0.500 g HMF, 0.100 g catalyst, 20 mL solvent, 0.250 mL internal standard 
(decane or toluene), H2 (20 bar), 220 oC, 18 h. Full HMF conversion. [b] Yields (calculated based on 
calibration curves and an internal standard) are reported in brackets. [c] 30 bar H2 were applied. 
[d] A 10 wt % HMF concentration (1.67 g HMF in 20 mL MIBC) and 0.3 g catalyst were used.
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Table S4. Products and product selectivity values (in percentage, determined 
by GC-FID) obtained during the conversion of HMF using CuZn nanopowder 
in CPME solvent(a)

Entry DMF+DMTHF (b) MFM THMFM 1,2-HD 2,5-HD n. i.

1 80+16 (96) - 1 2 <1 <1

2 80+16 (96) <1 1 2 <1 <1

3 90+5 (95) <1 1 - <1 3

4 (c) 90+5 (94) <1 <1 - <1 3

5 (d) 91+3 (89) <1 1 <1 1 3

[a] Reaction conditions: 0.500 g HMF, 0.100 g catalyst, 20 mL CPME, 0.250 mL decane, H2 (20 bar). 
Full HMF conversion. [b] Yields (calculated based on calibration curves and an internal standard) 
are reported in brackets. [c] 10 wt % HMF concentration (1.72 g HMF in 20 mL CPME) and 0.2 g cat-
alyst were used. [d] 2.00 g HMF in 30 mL CPME) and 0.1 g catalyst were used (3 % Cu/HMF ratio).
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Scheme S1. Proposed reaction network of HMF hydrodeoxygenation over 
copper nanopowders in ethanol solvent
Structures of intermediates abbreviated in Tables S2-S3
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Catalytic conversion of HMF to useful diols using various commercial 
catalysts

Description on main findings

The best selectivity to FDM (95 %) among the tested catalyst was ob-
tained with the CuZn nanopowder (Table 5, entry 1) showing that this 
is a superior catalyst for the modular conversion of HMF. As compar-
ison, catalysts D and G, both based on copper and Ni supported on 
SiO2 and SiO2/ZrO2, respectively, showed good selectivity to FDM (Ta-
ble S5, entry 2 and 3). With NiCu/CeO2/ZrO2 and Ni Raney alloy (Ta-
ble S5, entry 4 and 5) a preferential hydrogenation of the furan ring 
was observed (54 % and 94 % THFDM, respectively). Noble metal 
based catalyst preferably gave THFDM as major product with the ex-
ception of Pt/C, which also reduced HMF to FDM with good selectivity 
(82 %, Table S5, entry 6). Very clean formation of THFDM (up to >99 % 
THFDM, Table S5, entry 7) was observed with Pd supported on alumin-
ium oxide. The hydrogenation of the furan ring by Pd catalysts has 
been previously reported.1 Furthermore, Ru/C gave THFDM with high 
selectivity (Table S5, entry 10) while Ru/Al2O3, afforded an almost equi-
molar mixture of FDM and THFDM (Table S5, entry 9). The reduction 
to THFDM preferentially gave the cis isomer in all the experiments, 
ranging in a 5/1 to 10/1 the ratio between cis and trans isomer. 

Table S5. Products and product selectivity values (determined by GC-FID) ob-
tained in the screening of commercial catalysts for the production of diols 
FDM and THFDM

Entry (a) Catalyst Conversion (%) FDM (%) THFDM 
(%)

DMF 
(%)

THMFM 
(%)

MFM 
(%)

MF 
(%)

1(c) CuZn >99 95 - - - <1 3

2 Cat. D 96 88 10 (8/1) - - <1 2

3 Cat. G 85 84 14 (7/1) - - 1 1

4 NiCu/CeO2/ZrO2 >99 44 54 (9/1) - <1 1 1

5 Ni Raney >99 4 94(10/1) - <1 <1 <1

6 Pt/C 92 89 5 (5/1) 1 1 1 3

7 Pd/Al2O3 >99 <1 >99 (9/1) - <1 - -

8 Pd/C >99 - 89 (5/1) 2 8 - -

9 Ru/Al2O3 >99 42 55 (9/1) - <1 <1 2

10 Ru/C >99 4 88 (10/1) 3 4 - <1

[a] Reaction conditions: 0.500 g HMF, 0.100 g catalyst, 20 mL ethanol, 120 oC, 70 bars H2, 3 h. [b] In 
brackets, the ratio between the cis and trans isomer is reported. [c] Unidentified products <2 %. 
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Table S6 Detailed composition and suppliers of the commercial catalysts 
screened for FDM and THFDM production (used in screening shown in Ta-
ble S5)

Catalyst Composition Supplier
Cat. D Ni (57.9 wt %) Cu (7 wt %) on SiO2 (35.1wt %) BTG,* BIC

Cat. G Ni (36.5 wt %), Cu (2.3 wt %) on SiO2 (11.6 wt %), ZrO2 (39 wt %) BIC

Ni-Cu/CeO2-ZrO2 Ni-Cu (38.3 wt %), CeO2-ZrO2 (10.4 wt %) BIC

Ni Raney Ra-Ni(≥89 wt %) in H2O Sigma Aldrich

Pt/C Pt (5 wt %) on C Sigma Aldrich

Pd/Al2O3 Pd (5 wt % on Al2O3) Sigma Aldrich

Pd/C Pd (5 wt % on C) Sigma Aldrich

Ru/Al2O3 Ru (5 wt % on Al2O3) Fluka

Ru/C Ru (5 wt %) on C Sigma Aldrich

*BTG: Biomass Technology group (Enschede, The Netherlands)

XRD Characterization of nanopowders

Copper nanopowder, shows three typical peaks for the CuO phase (▲) 
at 2θ values of 44 º, 51  º and 76 º 2 corresponding to the crystalline planes 
(111), (200) and (220), respectively, plus minor peaks attributed to CuO 
(△) likely due to partial oxidation upon exposure of the sample to air. 
These peaks are found in the diffraction pattern of the corresponding 
CuO nanopowder, in agreement with the phases previously reported. 3 
XRD pattern of CuO nanoalloy displays predominant β-CuZn (■) 4 and 
CuO (▲) phases, which give rise to two overlapped peaks at around 
42 o for the (210) and (111) planes. The minor presence of ZnO crystal-
lites (□) was confirmed by the diffraction pattern of pure ZnO nan-
opowders, 5 while no metallic Zn was detected. Both copper ferrite 6 
and copper zinc ferrite 7 show a cubic structure according to previous 
report, the peaks at 30.5, 35.2, 57.0, 62.8 and 74.1 attributed to (220), 
(311), (511), (440) and (533) crystals planes of CuFe2O4 structure (●), 
plus a small impurity due to CuO crystallites (44 o). 
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Figure S1. XRD patterns of fresh copper nanopowders: Cu nanopowder (1), 
CuO nanopowder (2), CuZn nanoalloy (3), ZnO nanopowder (4), copper ferrite 
nanopowder (5) and copper-zinc ferrite nanopowder (6)

7.

3.

1.

5.

8.

6.

4.

2.
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Characterization of the spent catalyst in MIBC

Figure S2. XRD pattern of CuZn after the run with 10 wt % HMF in MIBC (Ta-
ble S4, entry 7)
The Figure shows diffraction peaks related to Cu, CuZn and ZnO phases.

Figure S3. Thermogravimetric analysis on the spent catalyst after the run 
with 10 wt % HMF in MIBC 
(220 oC, 18 h, more details shown in Table 3, entry 7)

Table S7. Elemental composition of the fresh and spent CuZn catalyst after 
the run with 10 wt % HMF in MIBC (220 oC, 18 h, more details shown in Table 3, 
entry 7) determined by ICP analysis of the solids

Sample Cu Zn C H

Fresh catalyst 59.9 % 33.0 % 0.1 0.1

Spent catalyst 58.9 % 32.5 % 0.6 0.1
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TEM Characterization

(a) (b)

(c) (d)

Figure S4. TEM image of the fresh CuZn nanopowder (a) and spent CuZn na-
nopowder after reaction with 10 wt % HMF in MIBC (220 oC, 18 h) (b), 10 wt % 
HMF in CPME (200 oC, 6 h) and (d) 10 wt % HMF in CPME (220 oC, 18 h). Bar 
scale: 50 nm.
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Figure S5. TEM images of the spent catalyst after the run with 10wt % HMF 
in MIBC (220 oC, 18 h, see Table 3, entry 7) showing a spike-like object at high 
magnification (on the top, left) and the corresponding STEM image (on the 
top, right, spectrum 1)

Elemental analysis on the spiked material (on the bottom, left) and 
a selected area in the bulk (on the bottom, right, spectrum 4) are also 
reported, showing that the spiked objects mainly comprise zinc while 
in the bulk the expected copper to zinc ratio (6:4) is found.

Figure S6. TEM images of spent catalyst in MIBC (after 4 recycling tests, left) 
and the corresponding regenerated catalyst (calcined after 4 recycling tests, 
right). Bar scale: 50 nm
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Table S8. Comparison of catalytic activity (DMF+DMTHF yield displayed) of 
different batches of CuZn nanopowders (conditions: 0.500 g HMF, 0.100 g 
CuZn, 200 ºC, 20 bar H2, 3 h)

Nanopowder DMF+DMTHF yield DMF/DMTHF ratio
Sigma Aldrich (lot #04808ABV) 96 5/1

Sigma Aldrich (lot #MKBQ4035V) 90 6/1

Sigma Aldrich (lot #MKBQ4035V) calcined in air at 
460 oC for 5 h

92 4/1

US Research Nanomaterials, Inc. (99.9 %, 40 nm-
100 nm, Cu:Zn=6:4)

93 4/1

Figure S7. Left: recycling runs in MIBC (0.500 g HMF, 0.200 g CuZn, 20 mL 
solvent, 220 oC, 20 bar H2, 15 h)
Right: recycling runs in CPME (0.500 g HMF, 0.200 g CuZn, 20 mL solvent, 220 oC, 20 bar H2, 6 h; 
Note: a different batch of CuZn was used). Between the runs, the solid was dried at 100 ºC for 3 h 
and used for the next run. The recalcination of the spent catalysts after the 5th (in case of MIBC) 
and 7th (in case of CPME) was performed at 500 oC for 6 h.

Table S9. GC-FID selectivities in the recycling tests for DMF+DMTHF produc-
tion in MIBC.[a]

Cycle CuZn
(mg)

DMF+DMTHF MFM THMFM FDM 1,2-HD n.i.Yield Selectivity
1 0.200 62+27 62+27 - 2 - 4 5

2 0.188 89+3 90+3 0.5 1 - - 5.5

3 0.181 49+1 66+2 1 0.5 - - 30.5

4 0.177 17.7+0.3 34+0.5 11 - 10 - 44.5

5 0.170 63+24 63+26 0.2 2.5 - 0.3 8

[a] Reaction conditions: 0.5 g HMF, 20 mL MIBC, 20 bar H2, 220 ºC, 0.250 mL decane (internal 
standard), 15 h
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Table S10. GC-FID selectivity in the recycling tests for DMF+DMTHF produc-
tion in CPME (a)

Cycle CuZn
(mg) HMF

DMF+DMTHF
MFM THMFM FDM 1,2-HD n.i.

Yield Selectivity

1 0.202 5 68+22 68+22 - 3 0.5 1 1.5

2 0.183 5 62+26 62+26 - 5 0.4 0.6 1

3 0.175 6 85+6 85+6 - 1.4 0.1 - 1.5

4 0.168 7 77+3 81+3 0.1 1.5 0.1 - 7.3

5 0.161 8 76+3 81+3 - 2 - - 6

6 0.158 9 65+2 78+1 1 2 - - 9

7 0.160 65 3+0.1 5+0.1 3 - 9 - 18

8 0.131 7 77+9 77+9 - 1 0.2 - 5.8

[a] Reaction conditions: 0.500 g HMF, 20 mL CPME, 20  bar H2, 220 ºC, 0.250 mL decane (internal 
standard), 6 h

GC traces of representative catalytic runs

Figure S8. GC trace of a representative run for HMF conversion to DMF in 
CPME as a solvent (Table 3, entry 6)
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Figure S9. GC trace of a representative run for HMF conversion to FDM 
(120 ºC, Table S5, entry 1)

Figure S10. GC trace of a representative run for HMF conversion to THFDM 
(120 ºC, Table S5, entry 7)
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1H and 13C-NMR spectra of isolated products

Figure S11. 1H-NMR spectrum of mixture of cis and trans THFDM isomers 
(CDCl3, 400 MHz)

Figure S12. 13C-NMR spectrum of THFDM (CDCl3, 100 MHz)
Small picture shows cis/trans ratio
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Figure S13. 1H-NMR spectrum of diisopropyl ether 1 (CDCl3, 400 MHz)

Figure S14 13C-NMR spectrum of diisopropyl ether 1 (CDCl3, 100 MHz)
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Figure S15. 1H-NMR spectrum of isopropyl ether 2 (CDCl3, 400 MHz)

Figure S16. 13C-NMR spectrum of isopropyl ether 2 (CDCl3, 100 MHz).
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Table S11. Dehydration of fructose in iPrOH with different acidic resins

Entry (a) Acidic resin Conversion (%) (b) 4 (%) (c) 5 (%) (c) Isopropyl levulinate (%) (c)

1 Amberlyst ® 15 >99 55 24 21
2 Nafion ® SAC-13 94 83 17 -
3 Dowex ® 50WX8 99 5 81 13

(a) Conditions: fructose (0.450 g, 2.5 mmol), acidic resin (0.090 g, 20 %), iPrOH (5 mL), dioxane 
(0.050 mL), 120 ºC, 6 h. (b) Determined by HPLC. (c) Determined by 1H NMR

Table S12. Reduction of mixtures obtained in Table S11 with CuZn nanoalloy 
catalyst

Crude mixture (Table 11) 1 (%) (b) 2 (%) (b) 3 (%) (b)

Entry 1 1 17 2
Entry 2 7 12 5

(a) Conditions: crude mixture (entry 1 and 2, Table S11), CuZn nanopowder (0.100 g), iPrOH (15 mL), 
decane (0.100 mL), 120 ºC, 6 h, 30 bar H2. (b). Yield % determined by GC-FID (based on calibration 
curve and internal standard)

Table S13. One-pot fructose conversion to FDM and furanyl ethers

Entry Acidic resin Conversion (%) (b) 1 (%) (c) 2 (%) (c) 3 (%) (c)

1 Amberlyst ® 15 >99 1 49 7
2 Nafion ® SAC-13 96 1 33 -

(a). Conditions: fructose (0.450 g, 2.5 mmol), CuZn nanopowder (0.100 g), acidic resin (5 wt % Am-
berlyst® 15 and 20 wt % Nafion® SAC-13), iPrOH (10 mL), dioxane (0.050 mL), 120 ºC, 12 h, 30 bar 
H2. (b). Determined by HPLC. c Determined by GC-FID (based on calibration curve and internal 
standard)
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Chapter 4
Lewis acid catalysed conversion 

of 5-hydroxymethylfurfural to 
1,2,4 benzenetriol, an overlooked 

bio-based compound



Abstract

5-hydroxymethylfurfural (HMF) is a platform chemical that can be 
produced from renewable carbohydrate sources. HMF can be con-
verted to 1,2,4-benzenetriol (BTO) which after catalytic hydrodeoxy-
genation provides a route to cyclohexanone and cyclohexanol. This 
mixture, known as KA-oil, is an important feedstock for polymeric 
products such as nylons which uses benzene as feedstock that is 
obtained from the BTX fraction produced in oil refineries. There-
fore, the conversion of HMF to BTO provides a renewable, alterna-
tive route towards products such as nylons. However, BTO is usually 
considered an undesired byproduct in HMF synthesis and is only ob-
tained in small amounts.  Here, we show that Lewis acid catalysts can 
be utilized for the selective conversion of HMF to BTO in sub-super 
critical water. Overall, up to 54 mol % yield of BTO was achieved at 
89 % HMF conversion using ZnCl2. Lewis acids that provide limited 
Brønsted acidity (ZnCl2, Zn(OTf)2 and Fe(OTf)2) displayed the highest 
selectivity towards BTO. Lewis acids like Hf(OTf)4 and Sc(OTf)3 led to 
aqueous solutions with higher pH and gave increased selectivity to-
wards levulinic (up to 33 mol %) and formic acid instead of BTO. This 
reactivity is associated with well-known Brønsted acid mediated con-
version of HMF. Catalytic hydrodeoxygenation of BTO towards cy-
clohexanone in water was achieved in up to 45 % yield using 5 wt % 
Pd on Al2O3 combined with AlCl3 or Al(OTf)3 as catalysts. Addition-
ally, a mild selective oxygen induced dimerization pathway of BTO 
to 2,2’,4,4’,5,5’-hexahydroxybiphenyl (5,5’-BTO dimer) was identified.

Keywords: 5-hydroxymethylfurfural, HMF, platform chemicals, 1,2,4- 
benzenetriol, BTO, hydrodeoxygenation,cyclohexanone, cyclohexanol, 
lewis acid, brønsted acid catalytic, catalyst

A. J. Kumalaputri, C. Randolph, E. Otten, H. J. Heeres and P. J. Deuss, 
Lewis acid catalysed conversion of 5-hydroxymethylfurfural to 
1,2,4-benzenetriol, an overlooked bio-based compounds (submitted)
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4.1 Introduction

Due to the depletion of fossil-based feedstocks and the environmen-
tal concerns related to their use, the production of chemicals from re-
newable resources is of major importance for achieving a sustainable 
chemical industry. Aromatic compounds play an important role in 
the chemical industry, relying mostly on oil derived benzene-toluene-
xylenes (BTX). 1,2 For example, benzene is used to produce phenol and 
bisphenol A as well as KA (ketone-alcohol) oil via cyclohexane, which 
are two processes important for industrial polymeric products such 
as nylons (Scheme 1).

Scheme 1. Chemical routes towards KA oil and nylons, highlighting the route 
presented in this work relying on renewable biomass feedstocks

Biomass is an abundant and globally distributed renewable car-
bon resource suitable for the production of chemicals. Despite re-
cent progress exemplified by the production of aromatics from 
lignin or routes from carbohydrate sources to p-xylene and mix-
tures of BTX, the production of aromatic chemicals from biomass is 
still a challenge. 1–12

5-hydroxymethylfurfural (HMF) is a renewable platform chemical 
that can readily be obtained from natural carbohydrate sources and 
can be transformed into biofuels and valuable bio-based chemicals 
such as 2,5-furandimethanol (FDM), 5-methylfurfural (MF), 5-methyl-
2-furanmethanol (MFM) and 2,5-dimethylfuran (DMF). 5,12 An interest-
ing product that is often reported as a side-product in the production 
and conversion of HMF is 1,2,4-benzenetriol (BTO). 13,14 BTO is an an-
tioxidant and offers a suitable platform for the production of phar-
maceuticals, agrochemicals and dyes. 15,16 BTO is supposedly formed 
via hydrolysis of the furan ring in HMF, which is later rearranged to 
a hexatriene ring through an electrolytic rearrangement followed by 
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dehydration, which seems relatively favoured in aqueous processes 
at higher temperatures and with relatively long reaction times. 13,14,17–23

In the 1990’s, van Bekkum and co-workers looked at the optimi-
zation of the sub-critical reaction conditions for the conversion of 
HMF to BTO and achieved up to 25 mol % BTO yield in a continuous 
setup. The process was run with a 0.05 M aqueous HMF feed, tem-
peratures between 330 and 350 ºC, 280 bar pressure and residence 
times around 250 s. 13,14 Higher yields were difficult to obtain due to 
competing reactions such as the formation of levullinic acid as well 
as humin formation. Additionally, BTO itself was reported to be un-
stable leading to unknown degradation products. Even under ambi-
ent conditions, BTO slowly degrades in solution hampering accurate 
analysis. 23 In this work, for the first time the catalytic formation of 
BTO from HMF is presented as a method to significantly increase its 
rate of formation and selectivity. In particular, Lewis acids that have 
relatively low Brønsted acidity such as ZnCl2, Zn(OTf)2 and Fe(OTf)2 
were effective. Additionally, the main degradation pathway for BTO is 
identified which provides insight into how it can be suppressed and 
appropriately corrected for analysis. Finally, we also demonstrate the 
hydrodeoxygenation of BTO to cyclohexanone to provide a sustaina-
ble route to important polymeric products that avoids the use of fos-
sil feedstocks (Scheme 1).

4.2 Results and discussion

4.2.1 	 Exploratory reactions including 5,5’-BTO dimer formation

An initial screening of reaction conditions in a batch reactor setup in 
the absence of catalyst showed that indeed 1,2,4-benzenetriol (BTO) 
can be obtained in significant amounts (17  mol %) from 5-hydroxy
methylfurfural (HMF) at sub-critical conditions (300 ºC, P0 120 bar N2, 
Pfinal up to 300 bar and 30–60 min of reaction time). 13,14 Under these 
conditions the HMF conversion is over 95 mol %. An initial explor-
atory catalyst screening showed that the addition of (Lewis acidic) 
salts such as FeCl2 and MgCl2 provided increased yields of BTO (up 
to 30 mol %). In addition to BTO, levulinic acid (LA) and formic acid 
(FA) were detected, which are products formed through the hydra-
tion of HMF as well as some minor side products and significant 
amounts of char that could readily be filtered from the product mix-
ture (Scheme 2). 
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Scheme 2. Lewis acid catalysed conversion of 5-hydroxymethylfurfural (HMF) into 1,2,4-benzentriol (BTO) 
and detected side products formed in the reaction also showing the formation of the 5,5’-BTO dimer and 
further oligomers 
 

In line with previous reports we found that the analysis of BTO can be obstructed due the 

degradation of BTO in solution. 18,21-22 This is typically ascribed to the formation of dimers and 

oligomers of unknown structure which are likely to relate to its reported air and light 

sensitivity.24
 To get more insight into the observed loss of BTO in our reaction samples, we made 

an effort in studying the degradation of BTO in solution (See SI section S5). We found that when 

exposed to air at room temperature, BTO selectively reacts with itself to form a 5,5’ C-C bonded 

homodimer (5,5’-BTO dimer, Scheme 2) that could be isolated as a black powder. This material 

was fully characterized and crystalized from water to give the molcular structure shown in Figure 

1 (Figure S1 and Table S1).  

 

 
Figure 1. Molcular structure of the 5,5’-BTO dimer (2,2’,4,4’,5,5’-hexahydroxybiphenyl) obtained from  
single crystal X-ray diffraction showing 50% probability ellipsoids. Hydrogen atoms and water solvate 
molcules are omitted for clarity 
 

When a solution of BTO was heated, oligomers formed that were shown to be connected 

through the 3 and 5-position of BTO (Figure S2). These BTO degradation pathways could be 

Scheme 2. Lewis acid catalysed conversion of 5-hydroxymethylfurfural 
(HMF) into 1,2,4-benzentriol (BTO) and detected side products formed in 
the reaction also showing the formation of the 5,5’-BTO dimer and further 
oligomers

In line with previous reports we found that the analysis of BTO can 
be obstructed due the degradation of BTO in solution. 18,21–22 This is 
typically ascribed to the formation of dimers and oligomers of un-
known structure which are likely to relate to its reported air and light 
sensitivity. 24

 To get more insight into the observed loss of BTO in our 
reaction samples, we made an effort in studying the degradation of 
BTO in solution (See SI section S5). We found that when exposed to 
air at room temperature, BTO selectively reacts with itself to form a 
5,5’ C-C bonded homodimer (5,5’-BTO dimer, Scheme 2) that could be 
isolated as a black powder. This material was fully characterized and 
crystalized from water to give the molecular structure shown in Fig-
ure 1 (Figure S1 and Table S1). 

Figure 1. Molecular structure of the 5,5’-BTO dimer (2,2’,4,4’,5,5’-hexahydroxy
biphenyl) obtained from single crystal X-ray diffraction showing 50 % prob-
ability ellipsoids. Hydrogen atoms and water solvate molecules are omitted 
for clarity
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When a solution of BTO was heated, oligomers formed that were 
shown to be connected through the 3 and 5-position of BTO (Fig-
ure  S2). These BTO degradation pathways could be suppressed by 
working under oxygen-free conditions. Long term storage of the BTO 
solutions could also be achieved by exclusion of air. An aqueous solu-
tion of BTO which had argon bubbled through it for an hour and which 
was stored under exclusion of air showed retention of BTO and no sig-
nificant 5,5’-BTO dimer formation for over 10 months (as long as the 
experiment was run). This observation also explains why extensive 
degassing of the HMF to BTO reaction solutions is essential for obtain-
ing measurable amounts of BTO. Therefore, before each experiments 
in which BTO was formed from HMF, the reactor was flushed three 
times with 120 bar of N2. Even though this prevented dimerization of 
the formed BTO in the reactor some 5.5’-BTO dimer was still observed 
upon HPLC analysis (up to 10 mol %). This is likely caused by the for-
mation of 5.5’-BTO dimer during the sample preparation for HPLC 
analysis which was not performed under exclusion of air. For this rea-
son, we quantified the amount of 5.5’-BTO dimer by HPLC analysis and 
subsequently corrected the BTO yield accordingly (see SI section S3).

4.2.2 	 Lewis acid catalysed formation of BTO at subcritical 
conditions 

Following the successful application of FeCl2 and MgCl2 in our first 
screening, a wider range of Lewis acid catalysts were applied to 
study the reaction in more detail. This was done by following the 
progress in time by a set of batch reactions at subcritical conditions 
(300 ºC, >120 bar) and different reaction times by addition of 1.2 mM 
(2.4 mol %) Lewis acid catalyst (Figure 2a–c). 

Figure 2d shows the error of a set of quadruplicate experiments for 
the reaction using ZnCl2 and the non-catalysed reactions to demon-
strate the reproducibility of the experiments. The rate of HMF con-
version is clearly enhanced by all metal salts showing full conversion 
within 10 min. For several catalysts, while the reaction without cat-
alyst takes about 40 min to reach full conversion. Overall, the HMF 
conversion rate showed the following order in increase for this set of 
metal salts: Hf(OTf)4 > La(OTf)3 > Yb(OTf)3 > Ce(OTf)4  ≈ Fe(OTf)3 > FeCl2 

≈ Fe(OTf)2 > HOTf  > EuCl2 > Zn(OTf)2 > ZnCl2 > MgCl2.
Additionally, the selectivity for BTO increased for all applied cat-

alysts when compared the reaction without catalyst, however, the 
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maximum yields obtained and the reaction time at which this is 
achieved is remarkably different. The maximum yields were in-
creased to over 20 mol % for all catalysts and just over 40 % for 
Zn(OTf)2 and ZnCl2 (compared to 15 mol % maximum yield of BTO for 
the reaction without catalyst). While for the reaction without catalyst 
the maximum yield of BTO is achieved after 30 min, most of the cata-
lysed reactions achieved their highest yield within 20 min. An excep-
tion was when MgCl2 was used which provided a reaction progress 
similar to that of the reaction without catalyst nevertheless achieving 
a maximum BTO yield of 38 mol %. BTO appeared to be a relatively 
stable product under these reaction conditions as it only slowly re-
acted away with longer reaction times. 

In order to compare the performance of the different catalysts, the reac-
tion progress after 20 min was plotted in Figure 3a in order of the hydrol-
ysis constants (pKh, equations 1–3) of the different metal ions at 25 ºC. 25 

Mn+ + H2O → MOHn-1+ + H+ 					      (1)
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Figure 2. Lewis acid catalysed conversion of 5-hydroxymethylfurfural (HMF) 
into 1,2,4-benzentriol (BTO) and detected side products formed in the reac-
tion also showing the formation of the 5,5’-BTO dimer and further oligomers
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Kh = ([MOHn-1+] + [H+]) / [Mn+] 					      (2)
pKh = -log Kh 							        (3)

This shows that when Lewis acids are used with higher pKh, a higher 
yield of BTO is obtained. On the other hand, Lewis acids with a low pKh 
produced lower amounts of BTO and in general increased amounts of 
levulinic acid (LA) and formic acid (FA). The formation of LA and FA 
from HMF is known to be catalysed by Brønsted acids 22 and therefore 
the hydrolysis of the metal ions releasing H+ can have a major influence 
on the reaction outcome. To illustrate this further, the pH of the solu-
tion before the reaction was measured. This provided an indication 
that more acidic media led to more LA and FA formation (Figure 3b). 

However, no definite correlation was found, which is likely caused 
by the presence of competing reactions towards humins. Brønsted 
acids are known to promote the formation of humins which is the ma-
jor product obtained in the reaction without catalyst or when triflic 
acid is added to the reaction. Lewis acid that gave the highest BTO 
yield (Fe and Zn) are classified as relatively soft Lewis acids com-
pared to the others used in these reactions indicating that polariza-
bility of the charged species might also play a role. 26,27 The use of tri-
flate salts resulted in slightly higher BTO yields compared to chlorine 
salts indicating some additional influence of the counter ion.

Figure 3. Lewis acid catalysed formation of BTO from HMF as well as yields of 
levulinic acid (LA) and comparison to the results to the pKh of the lewis acid 
salts to LA acid formation 
(HPLC, IS = DMSO, Conditions; 5 mL 0.05 M aqueous HMF and 1.2 mM cat., T = 300 ºC, Po = 120 bar 
N2, t = 20 min).
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4.2.3 	 Further optimization of the reaction conditions 

Experiments were performed for further optimization of the reaction 
conditions. For these experiments Zn(OTf)2 and ZnCl2 were selected 
as best performing catalysts achieving the highest yields of BTO un-
der the reaction conditions used for catalyst screening. Of these two 
catalysts, ZnCl2 is the cheaper option but can lead to significant cor-
rosion of metal surfaces exposed to the reaction medium and there-
fore has to be handled with care. Firstly, the reaction temperature 
was varied from 300–450 ºC (Figure 4). 

As expected the HMF conversion rate increases with the increase 
of temperature. At higher temperature conversion rapidly increases, 
but seems to level off. For example at 450 ºC after 10 min the HMF 
conversion is the same as that observed after 5 min (around 90 %). 
This could be due to the liquid reaching a supercritical state, which 
would for pure water be achieved at around 375 ºC.

Figure 4. The reaction progress of the ZnCl2 catalysed formation of BTO from 
HMF at different temperatures 
(each t data point represents a separate experiment). a) Conversion of HMF and b) BTO yield 
(HPLC, IS = DMSO, Conditions; 5 mL 0.05 M aqueous HMF and 1.2 mM ZnCl2, Po = 80–120 bar N2 
depending on the final temperature)
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A similar decrease in conversion was observed in reactions at tem-
peratures above 375 ºC in which no catalyst was added (Figure  S4). 
This could be due to a change in the polarity of water heated above 
the critical point possibly even causing precipitation. This could in-
dicate that the conversion of HMF is rapid under reaction conditions 
but does not proceed further once the critical point is reached. As for 
HMF conversion, the BTO yield increases with increasing tempera-
ture and seems to reach an optimum around 425 ºC where a yield of 
55 % is reached for ZnCl2 as catalysts at 89 mol % HMF conversion 
and 3 min reaction time respectfully. Very similar results were ob-
tained for Zn(OTf)2 (Figure S3). At elevated temperatures the BTO 
yield sharply decreased in time indicating that it is not a stable prod-
uct under these conditions and the reaction time has to be carefully 
tuned to obtain the maximum yields.

In addition to the strange effect of supercritical conditions on the 
HMF conversion, product selectivity seems to switch toward furan 
at elevated temperature (up to 22 mol %, see Table S2). Also, in reac-
tions without catalyst furan becomes the major product. Additionally, 
when HMF was thermally converted in the absence of a solvent, furan 
is the main reaction product (Figure S5). Next, the ZnCl2 concentra-
tion was varied between 0.14 and 10 mM (0.28–20 mol %) at 400 ºC 
(Figure 5).

Only a slight increase in the rate of HMF conversion can be ob-
served, but even with a small amount of catalyst a dramatic effect can 
be observed in the yield of BTO compared to a reaction without cat-
alyst (7 mol % vs 33 mol % after a 5 min. reaction using 0 or 0.14 mM 
ZnCl2 respectively). The BTO selectivity reaches a maximum at 1.2 mM 
and with higher catalyst concentrations the maximum yield of BTO 
seems to plateau around 50 mol %. The use of an increased catalyst 
concentration leads to the formation of more 2-cyclopenten-1-one 
and methylfurfural (2-CP and MF, Scheme 2, Table S2). Similar obser-
vations were made when the HMF concentration was decreased (Fig-
ure S6 and S7). However, when the HMF concentration was increased 
to 0.1 and 0.25 M the selectivity for BTO dropped to around 10 %, 
which is likely caused by excessive char/humin formation, which is 
consistent with earlier reports. 22,23 Additionally, increased amounts 
of furan, furfural and methylfurfural are observed. Overall, in the 
setup used, the maximum yield of BTO was around 55 mol % using 
Zn(OTf)2 or ZnCl2 as catalyst at 400–425 ºC, 80 bar initial N2 pressure, 
5 mL 0.05 M aqueous HMF and a reaction time of around 5 min.  
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4.2.4 	 Catalytic hydrodeoxygenation of BTO 

Next, the catalytic hydrodeoxygenation of BTO to cyclohexanone was 
demonstrated. Cyclohexanone together with cyclohexanol is a indus-
trial relevant compound mixture known as KA-oil, an intermediate 
in the production of nylons (Scheme 1). For this purpose, a mixture 
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Figure 5 The reaction progress of the ZnCl2 catalysed formation of BTO from 
HMF at different temperatures 
(each t data point represents a separate experiment). a) Conversion of HMF and b) BTO yield 
(HPLC, IS = DMSO, Conditions; 5 mL 0.05 M aqueous HMF, T = 400 ºC, Po = 70–110 bar N2).
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of 2.5 mmol BTO in 25 mL water pressurized to 50 bar H2 with 0.1 g 
Pd/Al2O3 (5 wt %) and 0.1 g AlCl3 as catalysts and heating the reactor to 
a temperature of 250 ºC followed by rapid cooling (Scheme 3). Up to 
45 mol % yield of cyclohexanone (major product) could be achieved 
this way. AlCl3 is known to be quite corrosive under the used reaction 
conditions. Therefore, Al(OTf)3 was applied as a less corrosive alter-
native. At exactly the same conditions Al(OTf)3 led to somewhat lower 
cyclohexanone yield (36 %).  

The used catalytic system is inspired on a reported procedure for 
the catalytic hydrodeoxygenation of phenol which is achieved as 
milder conditions (50 ºC, 10 bar H2) but a total reaction time of 7 h and 
in dichloromethane as solvent. 28 Water is an excellent greener alter-
native solvent for such hydrodeoxygenation reactions. 29 Under these 
conditions no cyclohexanone formation was observed for the cata-
lytic hydrodeoxygenation of BTO even at longer reaction times and 
both in water and dichloromethane as solvent. As mentioned above 
in water at increased temperature the reaction is successful. The re-
quired increased reaction temperature is likely the result of the addi-
tional hydrodeoxygenation steps required for the conversion of BTO 
to cyclohexanone compared to the same reaction from phenol. In the 
reaction mixture, also products such as 4-hydroxycyclohexanone, 
1,2-cyclohexadiol (cis and trans), 1,4-benzenediol, furan, cyclopen-
tene, methanol, glycerol, acetic acid and levulinic acid were detected. 
Some of the detected compounds (cis and trans 1,2-cyclohexadiol 
and 4-hydroxycyclohexanone) are likely intermediates towards cy-
clohexanone and hexanol, however, longer reaction times did not 
lead to higher yield as these appeared not to be entirely stable under 
the reaction conditions (Table S3). 

4.3 Conclusions 

This study displays the potential for the production and use of 
1,2,4-benzenetriol (BTO) as a novel bio-based product that can be ob-
tained via catalytic conversion of 5-hydroxymethylfurfural (HMF) 
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hydrodeoxygenation of phenol which is achieved as milder conditions (50 °C, 10 bar H2) but a 

total reaction time of 7 h and in dichloromethane as solvent. 28 Water is an excellent greener 

alternative solvent for such hydrodeoxygenation reactions. 29 Under these conditions no 

cyclohexanone formation was observed for the catalytic hydrodeoxygenation of BTO even at 

longer reaction times and both in water and dichloromethane as solvent. As mentioned above in 

water at increased temperature the reaction is successful. The required increased reaction 

temperature is likely the result of the additional hydrodeoxygenation steps required for the 

conversion of BTO to cyclohexanone compared to the same reaction from phenol. In the 

reaction mixture also products such as 4-hydroxycyclohexanone, 1,2-cyclohexadiol (cis and 

trans), 1,4-benzenediol, furan, cyclopentene, methanol, glycerol, acetic acid and levulinic acid 

were detected. Some of the detected compounds (cis and trans 1,2-cyclohexadiol and 4-

hydroxycyclohexanone) are likely intermediates towards cyclohexanone and hexanol, however, 

longer reaction times did not lead to higher yield as these appeared not to be entirely stable 

under the reaction conditions (Table S3).  

 

4.3  Conclusions  

This study displays the potential for the production and use of 1,2,4-benzenetriol (BTO) as a 

novel bio-based product that can be obtained via catalytic conversion of 5-

hydroxymethylfurfural (HMF) under supercritical conditions in water. The presented procedure 

Scheme 3. Catalytic hydrodeoxygenation of BTO to cyclohexanone in water 
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under supercritical conditions in water. The presented procedure 
for the catalytic conversion of HMF to BTO relies on the use of Lewis 
acid catalysts that enables the production to up to 55 mol % BTO 
from HMF in water under supercritical conditions. In particular, cat-
alysts with high pKh and low Brønsted acidity such as ZnCl2, Zn(OTf)2, 
Fe(OTf)2 and MgCl2 appeared suitable catalysts showing significant 
improvement compared to the uncatalysed reaction which yields up 
to 15 mol % BTO. When Brønsted acid catalysts are used HMF is con-
verted into humins, levulinic acid and formic acid instead. Highest 
yields were obtained under supercritical conditions (400 ºC, 280 bar). 
In addition, a BTO dimerization pathway as well as oligomerization 
was described which could lead to undesired product formation if 
not appropriately addressed. It was shown that these reactions can 
be suppressed by exclusion of air. Additionally, selective dimeriza-
tion can be performed under controlled conditions leading to the iso-
lation of 2,2’,4,4’,5,5’-hexahydroxybiphenyl (5,5’-BTO dimer), a com-
pound that also has potential for use as starting material for other 
bio-based products. Other products that can be obtained from BTO 
and its dimer will be part of future investigations.

Among many synthetic possibilities BTO offers, the demonstrated 
catalytic hydrodeoxygenation of BTO to cyclohexanone comprises a 
new route towards bio-based nylons. Both reaction steps described 
can be performed in water as an ideal green solvent. Although the 
conversion of HMF to BTO requires relatively high temperatures and 
pressures, this conversion is atom efficient with a cheap catalyst sys-
tem and therefore relatively easy to perform when suitable equip-
ment is available. As BTO selectivity should be increased, future re-
search will focus on further optimization of the reaction conditions, 
catalyst and in particular reactor set-ups. For example, implementa-
tion of a continuous flow reactor would allow for improved control 
over residence times, which is crucial for achieving high BTO yields 
and the possibility for an integrated conversion to cyclohexanone.
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Supporting Information

Materials and methods

All materials were used without further purification. HMF with a 
≥99 % purity was purchased from Sigma-Aldrich. Milli-Q water was 
used for all experiments and analysis. The chemicals which were 
used as the analysis standards are: 1,2,4-benzenetriol with 99 % pu-
rity (Sigma-Aldrich), formic acid with ≥95 % purity (Sigma-Aldrich), 
acetic acid with 100 % purity (Merck), levulinic acid with 98 % purity 
(Sigma-Aldrich), glycerol with ≥99.5 % purity (Sigma-Aldrich), acetone 
with 99.8 % purity (Boom), 1,4-benzenediol  with ≥99 % purity (Fluka), 
5-methyl furfural 99 % purity (Sigma-Aldrich), furan with ≥99 % 
purity (Sigma-Aldrich), furfural with 77 % purity (Sigma-Aldrich), 
2-butanone with ≥99 % purity (Sigma-Aldrich), 2-cyclopenten-1-one 
with 98 % purity (Sigma-Aldrich). Dimethyl sulfoxide which was used 
as the internal standard has a purity ≥99.9 % (J.T.Baker). All the cat-
alysts which were used in this experiment are commercial cata-
lysts, both the metal catalysts and the salt catalysts. The metal cata-
lysts are Ru/TiO2 (2 wt %) homemade, Ru/C (5 wt %) from Kaida, Ru/C 
(5 wt %) from Sigma-Aldrich, Pt/C (5 wt %) from Sigma-Aldrich, Cu/Zn 
alloy (np <150 nm) from Sigma-Aldrich, and Ni/SiO2.Al2O3 (65 wt %) 
from Sigma-Aldrich. The salt catalysts which were used are euro-
pium (II) chloride with 99 % purity (Sigma-Aldrich), iron (II) chloride 
with 98 % purity (Sigma-Aldrich), anhydrous magnesium (II) chlo-
ride with ≥98 % purity (Sigma-Aldrich), zinc (II) chloride with ≥98 % 
purity (Sigma-Aldrich), trifluoromethanesulfonic acid with ≥99 % pu-
rity (Sigma-Aldrich), iron (II) trifluoromethanesulfonate with 98 % 
purity (Strem), zinc (II) trifluoromethanesulfonate with 98 % purity 
(Sigma-Aldrich), iron (III) trifluoromethanesulfonate with 90 % purity 
(Sigma-Aldrich), lanthanum (III) trifluoromethanesulfonate hydrate 
(Sigma-Aldrich), scandium (III) trifluoromethanesulfonate with >98 % 
purity (TCI), ytterbium (III) trifluoromethanesulfonate (Sigma-Aldrich), 
cerium (IV) trifluoromethanesulfonate hydrate (Sigma-Aldrich), haf-
nium (IV) trifluoromethanesulfonate with 98 % purity (Alfa Aesar).
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Experimental procedure 

HMF to BTO

A batch reactor made in-house from SS 316 and with a volume of 
14.2 mL was used to study the conversion of HMF to BTO (see Fig-
ure S1). The maximum pressure of the reactor is 300 bar. The feed 
volume, setpoint temperature, and the initial pressure of N2 deter-
mine the final pressure. The reactor was loaded with 2.5–10 mL of 
an aqueous feed solution of 0.01–0.25 M of HMF, with a catalyst in-
take of 0.14–10 mM. The reactor was closed and was flushed 3 times 
using 120 bar of N2. After no leakage was detected, the reactor was 
pressurized with N2, from 40–120 bar depending on the experimental 
conditions (reaction temperature between 300–450 ºC and feed vol-
ume between 2.5–10 mL). Then the reactor was submerged in a tem-
perature controlled fluidized sand bath. A thermocouple was placed 
next to the reactor to monitor the temperature. A schematic drawing 
is shown below.

Figure S1. Experimental set up for HMF conversion to BTO

The moment the reactor was submerged was set as t0. The reaction 
was performed for 3–120 min. The reactor was taken out from the flu-
idized sand bath and submerged in a fluidized sand bath at room tem-
perature for about 20 min. The pressure was released by opening the 
valve carefully and then the reactor was opened. For analysis, 0.1 g di-
methyl sulfoxide (DMSO) was added as the internal standard to the re-
actor before work-up. Then the solution was filtered (cellulose acetate 
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membrane 0.2 µm FP, Whatman) to ensure the complete removal of 
solids. (Part of the results are outlined in more detail in Table S2).

Analysis method for BTO

The composition of the liquid phase was determined using an Agilent 
1200 HPLC consisting of a Hewlett Packard 1200 pump, a Bio-Rad or-
ganic acid column (Aminex HPX-87H), an RID and a UV detector. The 
mobile phase consists of an aqueous sulphuric acid (5 mM) solution 
which was set at a flow rate of 0.55 cm3 per min. The column was op-
erated at 60 ºC. The analysis of a sample was complete in 80 min. The 
concentrations of each compound in the product mixture were deter-
mined using calibration curves obtained by analyzing standard solu-
tions and internal standard of known concentrations. The conversion 
of the HMF and the yield of BTO (and others products) were calcu-
lated using equation 1–3.
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Hydrodexoygenation of BTO

A Parr batch reactor (SS 316) with a volume of 100 mL was used for 
the experiments (Figure S2). The maximum pressure of the reactor 
is 340 bar and the maximum temperature is 350 ºC. The autoclave 
is surrounded by a heating mantle (metal block) with an electrical 
heater and a cooling system (air and water). A mechanical stirrer was 
used and was set to 600 rpm. A PRV (Pressure Release Valve) was 
installed for safety. This autoclave was equipped with a dip tube for 
sampling. A bomb vessel was installed for feed injection using N2 gas.  

Figure S2. Experimental set up for hydrodeoxygenation of BTO

The reactor was loaded with 25 mL of mQ water containing 2.5 mmol 
of BTO and 0.1 g of Pd/Al2O3 and 0.1 g of AlCl3 or Al(OTf)3. The reactor 
was closed and flushed 3 times using 90 bar of N2. After no leakage was 
detected, the reactor was filled in with 50 bar of H2. Then the reactor 
was set to the desired temperature (30–250 ºC).

When the temperature reached the set-point, the time was set at 
t0. The reaction time was between 0–5 h. The reactor was cooled and 
the pressure was released by opening the valve carefully (to prevent 
liquid loss). Subsequently, 500 µL of a 0.1 g/10 mL dimethyl sulfoxide 
(DMSO) was used as the internal standard for analysis. Then the solu-
tion was filtered (cellulose acetate membrane 0.2 µm FP, Whatman) to 
ensure the complete removal of solids.
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Furthermore, the reaction was performed in the absence of oxygen 
to prevent BTO dimerization and oligomerization. BTO and the cat-
alysts (Pd/Al2O3 and Al(OTf)3) were placed in the reactor as solids af-
ter which it was directly flushed 10 times using 60 bar of N2. Also, the 
solvent (mQ water) was degassed for about 1 h before injecting to the 
reactor. The whole mixture was then flushed 3 times using 100 bar N2.

Supplementary data BTO dimerization/oligomerization

5,5-BTO dimer isolation and characterization

When an aqueous solution of 1,2,4-benzenetriol (BTO), which has the 
appearance of a grey/beige powder (Figure S3, left picture), was left 
in time exposed to air the solution slowly darkened (Figure S3, mid-
dle picture), resulting in a very dark solution with a precipitate which 
can be isolated as a black powder after washing with water, to remove 
unreacted BTO, and drying (Figure S3, right picture).

Figure S3. An aqueous solution of 1,2,4-benzenetriol (BTO), which has the ap-
pearance of a grey/beige powder (left picture), was left in time exposed to air 
the solution slowly darkened (middle picture), resulting in a very dark solu-
tion with a precipitate which can be isolated as a black powder after washing 
with water, to remove unreacted BTO, and drying (right picture)
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This black powder was confirmed to be the BTO dimer 2,2’,4,4’,5,5’- 
Hexahydroxybiphenyl (5,5’-BTO dimer) by NMR (see below) and X-ray 
diffraction of a recrystallized fraction from water yielding very brittle 
black needles (also below, Figure S4). 

Figure S4. An aqueous solution of 1,2,4-benzenetriol (BTO), which has the ap-
pearance of a grey/beige powder (left)

1H- and 13C-NMR spectra of 5,5’-BTO dimer in d6-DMSO (400 MHz/ 
100 MHz respectively) are shown below (assignment also using a APT 
and gHSQC experiment, see Figure S5 and S6). 
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Figure S5. 1H-NMR spectra of BTO dimer

Figure S6. 13C-NMR spectra of BTO dimer
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X-ray crystallography

A single crystal of 2,2’,4,4’,5,5’-hexahydroxybiphenyl was mounted 
on top of a cryoloop and transferred into the cold nitrogen stream 
(100 K) of a Bruker-AXS D8 Venture diffractometer. Data collection 
and reduction was done using the Bruker software suite APEX3. 1 The 
final unit cell was obtained from the xyz centroids of 5785 reflections 
after integration. A multiscan absorption correction was applied, 
based on the intensities of symmetry-related reflections measured 
at different angular settings (SADABS). The structures were solved 
by direct methods using SHELXT 2 and refinement of the structure 
was performed using SHLELXL. 3 The carbon-bound hydrogen atoms 
were generated by geometrical considerations, constrained to ideal-
ised geometries and allowed to ride on their carrier atoms with an 
isotropic displacement parameter related to the equivalent displace-
ment parameter of their carrier atoms. The oxygen-bound hydrogen 
atoms were tentatively located in a difference Fourier map, which in-
dicated that those on O1 and O3 were likely disordered over two po-
sitions (in line with the expected hydrogen-bonding network). The 
hydrogen atom on O2 were generated by geometrical considerations, 
constrained to an idealised geometry and allowed to ride on O2 with 
an isotropic displacement parameter related to the equivalent dis-
placement parameter of O2. The hydrogen atoms on O1 and O3 (each 
oxygen having a 50/50 ratio of two O-H orientations) were obtained 
from a difference Fourier synthesis and constrained to O-H distances 
of 0.84 Å, with isotropic displacement parameters related to the 
equivalent displacement parameters of their carrier atoms. The hy-
drogen atoms on the water molecule (O1W) were constrained to have 
O-H distances of 0.86 Å, with a H-H distance of 1.47 Å. Crystal data and 
details on data collection and refinement are presented in Table S1.
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Table S1. Crystallographic data for 2,2’,4,4’,5,5’-hexahydroxybiphenyl

Chem. formula 286.23
Mr 286.23
Cryst syst Monoclinic
Color, habit dark brown, needle 
Size (mm) 0.71 × 0.14 × 0.03 
Space group P2/n
a (Å) 3.8541(4)
b (Å) 6.0625(5)
c (Å) 24.554(2)
α, deg 90
β, deg 94.163(4)
γ, deg 90
V (Å3) 572.21(9)
Z 2
ρcalc, g.cm-3 1.661

µ(Mo Kα ), cm-1 0.142

F(000) 300
Temp. (K) 100(2)
θ range (deg) 3.328–26.372
Data collected (h,k,l) −4:4, −7:7, −30:30
No. of rflns collected 9007
No. of indpndt reflns 1168
Observed reflns 1076 (Fo ≥2 s(Fo))
R(F) (%) 6.68
wR(F2) (%) 17.29
GooF 1.039
Weighting a,b 0.0640, 2.9567 
Params refined 110
Restraints 7
Min, max resid dens −0.666, 0.529 

Figure S1. Molecular structure of 2,2’,4,4’,5,5’-hexahydroxybiphenyl (5,5’-BTO 
dimer), showing 50 % probability ellipsoids. The two hydrogens shown at O1 
and O3 have a relative 50/50 probability ratio as described in the text above
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Mechanism for BTO dimer and oligomer formation

When the aqueous solutions of BTO were exposed to base or heated 
to 60 oC the reaction became more complex showing the formation 
of trimers and higher oligomers of BTO by LCMS (ES-). These were 
shown by 1H-NMR to be mainly coupled through the 3 and 5 positions 
of BTO as relatively only the hydrogen on the 6 position can be ob-
served in the final product (Figure S2).

An addition of a small amount of hydrogen peroxide caused com-
plete conversion of BTO in less than a min (but unselective coupling). 
These observations, combined with the observed suppression of the 
reaction upon degassing of the reaction (see manuscript), led us to 
believe the reaction goes through a oxygen induced radical dimeri-
zation and oligomerization. The regioselectivity is believed the result 
of prefered localization of the radical on the 3 and 5 position due to 
resonance and preference reactivity on the 5 position due to steric 
hinderance of the 3 position (see scheme below).

Figure S2. 1H-NMR (d6-DMSO) of the oligomeric material
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Scheme 3. The dimerization mechanism of BTO

Supplementary Data HMF to BTO reactions

Figure S3 a) Conversion of HMF and b) BTO yield using Zn(OTf)2 as catalyst 
at different temperatures and reaction times 
(Conditions; 5 mL 0.05 M aqueous HMF and 1.2 mM Zn(OTf)2, Po = 80–120 bar N2 depending on the 
final temperature, analysis by HPLC using dimethylsulfoxide as internal standard)
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Figure S4 Blank reactions (no catalyst). Conversion of HMF and product yields 
(Conditions; 5 mL 0.05 M aqueous HMF, Po = 40–120 bar N2 depending on the final temperature, 
t = 15 min)

Figure S5 Thermal conversion of HMF without solvent or catalyst
(Feed = 0.0631 g HMF, T = 300–425 oC, Po  = 110 bar N2 depending on the final temperature, 
t = 5 min)
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Figure S6  a) Conversion of HMF and b) BTO yield using different feed con-
centrations and reaction times 
(Conditions; 5 mL 0.01–0.25 M aqueous HMF and 1.2 mM ZnCl2, T = 400 oC, Po = 70–120 bar N2, 
analysis by HPLC using dimethylsulfoxide as internal standard)

Figure S7 a) Conversion of HMF and b) BTO yield using different feed concen-
trations, total volume and reaction times 
(Conditions; 2.5–10 mL 0.025–0.1 M aqueous HMF and 1.2–2.4 mM ZnCl2, T = 400 oC, 
Po = 40–120 bar N2 depending on the final temperature, analysis  by HPLC using dimethylsulfoxide 
as internal standard)
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Chapter 5
Glycerol methanation 
in supercritical water: 

a systematic catalyst 
screening study using mono- 

and bimetallic supported 
Ru and Ni catalysts



Abstract

We here report a catalyst screening study on the methanation of 
glycerol in supercritical water. A number of mono-and bimetallic 
Ru and Ni catalysts were prepared on various supports such as TiO2, 
SiO2, ZrO2, CeO2, Al2O3, C and C nanotubes. The reactions were car-
ried out in a batch reactor set-up using 10 wt % of glycerol in water, 
pressures between 200 and 300 bar at 400 oC for 20 min. Selectivity 
to gas phase components proved to be a strong function of the cata-
lyst used, with the Ru catalysts giving mainly methane whereas the Ni 
catalysts mainly produced hydrogen. Intermediate performance was 
observed for the bimetallic Ru-Ni catalysts. The best results when 
aiming for methane were obtained using the monometallic Ru/TiO2 
catalyst (2 wt %), which gave a methane yield of 1.43 mol/mol glycerol  
at essential quantitative glycerol conversion. The gas phase in this 
case consisted of 40 mol % of methane, which is 4 % below the cal-
culated equilibrium value. Stability of this catalyst was investigated 
by performing several recycle experiments, showing a significant 
reduction in catalytic activity after 5 runs. Regeneration of the cata-
lyst proved possible by an oxidative treatment. Catalyst characteriza-
tion studies of fresh and spent catalyst reveal that coke formation on 
the catalyst is the main source for deactivation, in line with the recy-
cle/regeneration studies.    

Keywords: glycerol, methanation, supercritical water gasification, 
scwg, methane, green gas, Ru catalyst, Ni catalyst, Ni-Ru catalyst, ti-
tania support.

A. J. Kumalaputri, H. J. Heeres, Glycerol methanation in supercritical 
water: a systematic catalyst screening study using mono- and bime-
tallic supported Ru and Ni catalysts (to be submitted)
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5.1 Introduction

The production of biodiesel inevitably leads to the formation of glyc-
erol. The amount of glycerol is expected to grow substantially in the 
future due to the anticipated growth in the biodiesel industry. 1,2 As 
such, novel outlets for glycerol need to be developed, for instance for 
the generation of bio-based chemicals, syngas, to be used for biofuel 
generation (Fischer-Tropsch/FT, dimethyl ether/DME) or for green 
gas. 3 Supercritical water gasification (SCWG) of biomass, using both 
of solids (wood, straw) or liquids (e.g. glycerol) is an emerging technol-
ogy that has received considerable attention over the last decade. 4–6 

SCWG is typically performed at severe reaction conditions with 
pressures exceeding 200 bar and temperatures up to 800 ºC. The 
technology is particularly suited for wet feeds. 7–11 The raw product 
gas contains mainly H2, CO2, CO and CH4, of which the exact composi-
tion can be steered by process conditions and the catalyst type. 1 

Thermodynamic calculations dictate that CH4 is preferably formed 
at low temperatures (<500 ºC) whereas CO and H2 rich gases are fa-
voured at elevated temperatures (>500 ºC). An advantage of the pro-
cess is that the gas products become available at high pressures 
(>200 bar), which eliminates the use of an expensive compression 
step. 12,13 In addition, the gas is relatively clean and most of the con-
taminants remain in the water phase. 14

The maximum amount of methane is obtained when the biomass 
source is quantitatively converted to methane and CO2 without the 
formation of CO and hydrogen. For glycerol, the overall stoichiometry 
is given in eq 1.
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Thus, a maximum methane yield of 1.75 mol per mol of glycerol con-
verted is attainable, giving a dry gas composition of at maximum 
58 mol % methane and 42 mol % CO2. When aiming for methane, ther-
modynamics dictate that operation at low temperature is required. 
Thus, to obtain high glycerol conversions and high amounts of meth-
ane in the gas phase, the use of catalysts is essential. The catalysts 
need to be active for different reactions in the network viz. (i) the ini-
tial decomposition of glycerol into water-soluble intermediate prod-
ucts (e.g. acrolein); (ii) the conversion of these intermediate products 
to gas phase components; and (iii) gas phase reactions like the water 
shift reaction and methanation of CO and CO2.
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Well known catalysts for SCWG are homogeneous catalysts such 
as metal salts (NaHSO4, ZnSO4), supported noble metal catalysts (Ru, 
Pd, Pt, Ir) and non-noble metal catalysts (e.g. Ni, Co, Cu) on several 
supports as CeO2, Al2O3 and La2O3. An overview of catalyst studies us-
ing heterogeneous catalysts for glycerol gasification is given in Ta-
ble S1 and S2. 15–28

Ru and Ni based catalysts have shown significant activity for meth-
ane production when using glycerol as the feed. 29 We recently reported 
an exploratory catalyst screening study with a number of Ni catalysts 
(i.e. Ni/ZrO2, Ni/CaO–6Al2O3 and NiCu/CeZrO2) at a wide range of tem-
perature (375–700 oC) and pressures (255–270 bar). A continuous flow 
reactor made from Incoloy 825 was used with residence times between 
8–87 s. Quantitative glycerol conversion could be achieved. For these 
Ni catalysts, the gas phase was enriched in hydrogen (44–67 mol % H2, 
1–21 mol % CO and 16–34 mol %). 30 The observation that Ni catalysts 
are better for hydrogen production was also confirmed by Iriondo et al. 
for a Ni/Al2O3-La2O3 catalyst. In a continuous fixed-bed reactor operated 
at a WHSV (Weight Hourly Space Velocity) of 1.25 h-1, glycerol conver-
sions of at least 37 mol % were obtained at relatively low temperatures 
(225 oC) and pressures (30 bar). The gas phase contained 32 mol % of hy-
drogen, 28 mol % of CH4 and CO2 (40 mol %). 31 

The use of a bimetallic Ni-Pt catalyst supported on alumina for glyc-
erol reforming in supercritical water in a continuous fixed bed reactor 
was reported by Brilman et al. (15 wt % of glycerol, 2 mL/min flowrate, 
WHSV of 17.86 h-1) at a temperature of 450 oC and a pressure of 250 bar. 
Quantitative glycerol conversion was observed at these conditions, giv-
ing a gas phase consisting of 46 mol % of H2 and 20 mol % of CH4. Catalyst 
deactivation was not a major issue and runtimes of 85 h were possible. 32

Particularly Ru catalysts have shown to be active catalysts for the 
methanation of glycerol. For instance, Kersten et al. reported the use 
of Ru/TiO2 at 600 oC and a pressure of 300 bar. The reactions were 
performed in quartz capillaries for 1 min and gave 20 mol % of meth-
ane in the gas phase at 52–60 mol % glycerol conversion (17 wt % 
glycerol as the feed with addition of 1–3 wt % NaOH). 16 Byrd et al. re-
ported the use of Ru/γ-Al2O3 at high temperature (800 oC) and pres-
sure (241 bar) in a fixed-bed flow reactor using residence times be-
tween 1–4 s. Almost full glycerol conversion (>99 %) was observed 
and the gas phase contained up to 20 mol % of CH4. 21 The use of a 
Ru/ZrO2 catalyst for glycerol gasification was reported by May et al. at 
temperatures between 510–550 ºC and 350 bar pressure. Higher gas-
ification efficiencies were observed when prolonging the residence 
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time (up to 8.5 s) and at higher temperatures. However, carbon bal-
ance closure was limited until a maximum of 80 %. 20 

Recently, the use of a bimetallic Ni-Ru catalyst on an alumina 
support was reported for the gasification in supercritical water at 
500–700 oC and pressure of 275 bar in a continuous set-up. In this 
case, the aqueous fraction of a pyrolysis liquid was used as the feed. 
Carbon-to-gas efficiencies of 0.91 mol/mol C and a methane yield of 
0.26 mol/mol C were reported. The catalyst was stable for runtimes 
of 6 h (WHSV = 3 h-1). 33 

We here report a systematic screening study on the use of het-
erogeneous catalysts for the catalytic gasification of glycerol in su-
percritical water with the objective of obtaining a methane-rich gas 
phase at high glycerol conversion and high carbon-to-gas efficien-
cies (limited coke formation). Such screening studies at well-defined 
conditions are lacking in the literature, particularly in the low tem-
perature regime (<500 oC) where methane formation is thermody-
namically favoured. A number of monometallic Ru and Ni and bime-
tallic Ru-Ni catalysts were prepared. Several supports tested viz. TiO2, 
ZrO2, CeO2, Al2O3, carbon, carbon nanotubes (multi-walled) and SiO2. 
Reactions were carried out in a batch set-up using 10 wt % glycerol in 
water was used as the feed at 400 oC for 20 min batch time. The best 
catalysts on the titania support were characterized in detail. Stability 
of this catalyst was investigated by performing several recycle exper-
iments. Characterization of fresh and spent catalysts reveal was per-
formed to study possible catalyst deactivation pathways.

5.2 Materials and methods

All chemicals were used as received. Glycerol with a purity ≥99.5 % 
was purchased from Sigma Aldrich. Ru (III) nitrosyl nitrate [Ru(NO)
(NO3)x(OH)y] with 31.3 wt % Ru was obtained from Alfa Aesar. Ni (II) 
nitrate hexahydrate [Ni(NO3)2.6H2O] with 99.999 % purity was from 
Sigma Aldrich. n-butanol (99 %) was purchased from Across Organic, 
polyethylene glycol (PEG) with an average Mw of 950–1050 was from 
Sigma Aldrich. Activated carbon (particle size <100 µm) was bought 
from Merck. Titanium dioxide (TiO2, pure anatase, average parti-
cle size 21 nm, ≥99.5 %), silicon dioxide (SiO2, average particle size 
5–15 nm, 99.5 % purity), zirconium (IV) dioxide (ZrO2, particle size 
<100 nm), aluminium oxide (Al2O3, ≥98 % purity), cerium (IV) oxide 
(CeO2, 99.995 % purity), multi walled carbon nanotubes (OD L 6–9 nm 



152

with 5 µm particle size, ≥95 % purity) were obtained from Sigma 
Aldrich. Milli-Q water was used for all experiments.

5.3 Experimental procedure 

5.3.1 	 Catalyst preparation

A. Monometallic Ru-catalysts (2 wt % Ru)

Ru (III) nitrosyl nitrate (0.2134 g) and PEG (1.76 g) were added to a sol-
vent mixture of water-n-butanol (75–25  vol %, 120 mL) and heated till 
reflux for 2 h. The support (3 g), which was pre-calcined at 600 oC for 
16 h (except for carbon and carbon nanotubes, which were pre-calcined 
at 120 oC for 4 h) was added under vigorous stirring for 3 h. The solvent 
was distilled off and the resulting solid was calcined at 400 oC for 5 h in 
ambient air. The sample was heated up with a rate of 10 oC/min. The cat-
alysts were used for the experiments without a reduction step and as 
such it is assumed that in-situ activation by molecular hydrogen occurs.  

B. Monometallic Ni catalysts (2 wt % Ni)

A similar procedure as given above for Ru was followed except that Ni 
(II) nitrate-hexahydrate (0.313 g) was used. 

C. Bimetallic Ni-Ru catalysts (2 wt % Ni, 0.3 wt % Ru)

A similar procedure as given above for Ru was followed except that 
0.313 g of Ni (II) nitrate-hexahydrate and 0.032 g of Ru (III) nitrosyl 
nitrate were used as the precursors.

5.3.2 	 Description of the batch set-up

A homemade SS-316 reactor (14.2 mL) equipped with a pressure indi-
cator was used for the batch experiments (Figure 1). The maximum 
allowable pressure of the reactor is 300 bar. Typically, the reactor was 
loaded with 5 mL of an aqueous feed solution consisting of 10 wt % 
glycerol in water and catalyst (10 wt % on glycerol). The reactor was 
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closed and submerged in a temperature controlled fluidized sand 
bath (Figure 1). 

Figure 1. Schematic representation of the batch reactor set-up used in this study

The reaction time was set at zero when the reactor was placed in 
the sand bath. A typical reaction time is 20 min. After reaction, the 
reactor was taken out from the hot fluidized sand bath and rapidly 
cooled by placing it in another fluidized sand bath at room tempera-
ture for about 20 min. The final pressure after cooling the reactor to 
room temperature was recorded. The weight of the gas phase was de-
termined by taken the difference of the weight of the reactor before 
and after gas release. Subsequently, the reactor was depressurized 
and the gas phase was collected in a gas bag (SKC Tedlar 1-2 L sample 
bag with a polypropylene septum fitting) for further analysis by GC. 

5.3.3 	 Analysis

A. Gas phase analysis

The composition of the gas phase was determined by GC-TCD using 
a Hewlett Packard 5890 Series II GC equipped with an Porablot Q 
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Al2O3/Na2SO4 column and a molecular sieve (5 Å) column. The injec-
tor temperature was set at 150 oC, the detector temperature at 90 ºC. 
The oven temperature was kept at 40 oC for 2 min then heated up to 
90 oC at 20 oC/min and kept at this temperature for 2 min. The col-
umns were flushed for 30 seconds with gas sample before starting a 
measurement. A reference gas from Westfalen AG with known com-
position (55.19 % H2, 19.70 % CH4, 3 % CO, 18.1 % CO2, 0.51 % ethylene, 
1.49 % ethane, 0.51 % propylene and 1.50 % propane) was used for 
quantification of the individual components. 

B. Liquid phase analysis

The total organic carbon (TOC) content of the liquid phase was ana-
lyzed using a TOC analyzer (TOC-VCSH, Shimadzu). Before analysis, 
the sample was filtered to ensure the complete removal of solids. The 
samples were diluted with water to be in the measuring range of the 
apparatus. 

5.3.4 	 Catalyst characterization

Transmission Electronic Microscopy (TEM) analyses were performed 
to determine the average metal nanoparticle size of the catalysts. 
Samples were dispersed in ethanol using ultrasound and deposited 
on a mica grid with a carbon coating. The samples were measured 
using a Philips CM12 at an acceleration voltage of 120 kV. 

The actual metal composition of the Ru/TiO2 catalyst (2 wt % of Ru) 
and the liquid phase composition after a representative catalytic ex-
periment were determined using ICP (Inductively Coupled Plasma). 
Solid samples were digested in a mixture of HNO3 (7 mL), HCL (1 mL) 
and HF (2 mL) at 200 oC for 2 h in a CEM Mars 5 microwave and then 
diluted to 50 mL with double-distilled water, while liquid samples 
were directly dissolved in a HNO3 solution and then diluted. ICP anal-
yses were carried on a Perkin Elmer Optima 7000 DV ICP-OES.

Thermo Gravimetric Analyses (TGA) were used to quantify coke 
formation after a representative catalytic experiment. The TGA test 
was done on a Perkin Elmer thermogravimetric analyzer TGA7 in 
an inert atmosphere (N2). The samples (approximately 10 mg) were 
placed in the device and heated from 20 to 900 oC with a heating rate 
of 10 oC/min.
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Nitrogen physisorption experiments were performed using a Mi-
cromeritics ASAP 2020 at −196.2 oC. Prior to analysis, samples (in the 
range of 0.15–0.20 g) were degassed at 200 oC for 10 h in vacuum con-
ditions. Surface area was calculated using the BET (Brunauer-Em-
mett-Teller) method, and the micropore volume (Vm) was quantified 
using the t-plot method. Pore size distributions (PSD) and mean val-
ues were obtained from the desorption branch data. The BET surface 
area was determined by considering the amount of gas adsorbed at 
a relative pressure of 0.98 in the desorption branch. The adsorption 
branch of the isotherms were used to determine the pore size distri-
butions (PSD). The PSD maximum was taken as the mean pore size.

The equilibrium gas phase compositions at different temperatures, 
pressures and glycerol intakes were determined according to a pub-
lished procedure by our group, 30 with equilibrium correlations for 
the methanation reaction taken from the Catalyst Handbook. 34 Non 
ideality was introduced using the Redlich-Kwong-Soave equation. 35 
Critical properties and acentric factors were taken from literature 
sources. 36 

The equilibrium composition of gas phase components in case of 
full glycerol conversion was calculated by using the software pack-
age Matlab. The results of these calculations are shown in the follow-
ing Figures S1 and S2 (see Supporting Information).

The carbon-to-gas efficiency (CGE) is defined as the ratio of the to-
tal carbon (g) present in the product gas (Øc, gas) and the carbon in 
the feed (Øc, feed, eq. 2).
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The carbon in the feed (Øc, feed) was calculated from the intake of 
glycerol. The carbon in the product gas (Øc, gas) was determined 
from the amount of gas formed and the gas phase composition. The 
carbon conversion (Ḉ) was calculated from the amount (g) of carbon 
in the feed (Øc, feed) and the amount of carbon (g) in the water phase 
after reaction as measured by TOC (Øc, effluent) (eq. 3).  
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The difference between Ḉ and CGE is the amount of coke formed. In 
case the difference is zero, coke formation is negligible. 

The methane yield is defined as the mols of methane formed di-
vided by the mols of glycerol in the feed (eq 4). The amount of methane 
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formed during reaction was calculated from the amount of gas phase 
formed, as determined gravimetrically, and the composition of gas 
phase (GC). 
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5.4 Results and discussion

5.4.1 	 Blank experiments

Reactions in the absence of a catalyst were performed with 10 wt % 
glycerol in water at 400 ºC for 20 min batch times. Significant amounts 
of gas phase components were not formed for these reactions (CGE 
<1 wt %). However, considerable amounts of black solids were present 
after reaction, indicative for glycerol conversion to coke. As such, a 
catalyst seems required to gasify the glycerol at these conditions. 

5.4.2	 Catalyst screening using the monometallic catalysts

A total of 14 monometallic catalysts were tested with Ru or Ni as the 
active metal (2 wt %) on various supports (Al2O3, active carbon, car-
bon nanotubes, CeO2, SiO2, TiO2 and ZrO2). Experiments were per-
formed in batch at 400 oC for 20 min with 10 wt % glycerol in water 
and 10 wt % catalyst on glycerol. The maximum pressure was be-
tween 180–285 bar, the exact value depending on the catalyst used. 
The catalysts were used in the oxidised form without a pre-reduction, 
thus assuming that reduction occurs in situ. The occurrence of an in-
situ reduction to active Ru(0) species has recently been proven by us-
ing operando X-ray absorption spectroscopy. 37,38 

All experiments were performed at least in triplicate and showed 
good reproducibility with a standard deviation lower than 3 %. Typi-
cally, the gas phase after reaction consisted of CO, CO2, CH4 and some 
higher hydrocarbons, the exact amount being a function of the cata-
lyst. Char formation was also depending on the type of catalyst and 
ranged from 2 wt % for the best and 27 wt % for the worst catalyst.
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A. Results for the monometallic Ru catalysts

The results for the catalyst screening experiments with the monome-
tallic Ru catalysts are provided in Figure 4. Considerable differences 
in catalyst performance were observed, with CGE values between 
5 and up to 90 %. Best results when considering CGE were obtained 
for the titania (88 %) and carbon support (91 %), the worst results 
were obtained using silica (5 %).

The most abundant gas phase component is CH4, with amounts 
ranging from <1 to 40 mol %. Highest amounts of methane in the 
gas phase were found for Ru/TiO2 (40 mol %), which is 12 % be-
low the calculated equilibrium value at these conditions (52 mol %). 

Figure 4. Results for glycerol gasification using monometallic Ru catalysts
Top: gas phase composition and CGE; Bottom: CH4 yields as a function of catalyst type. Horizontal 
lines: calculated gas phase equilibrium compositions
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Methane yields were between 1.43 mol/mol for Ru/TiO2 and less than 
<0.001 mol/mol for Ru/SiO2. Thus, we can conclude that support ef-
fects play a major role and that the best catalyst performance was 
obtained for Ru/TiO2. 

A comparison between the amount of methane in the gas phase 
(mol %) and data reported in the literature for various Ru catalysts 
and process conditions for glycerol reforming in supercritical wa-
ter is given in Figure 5. It shows that the amount of methane in the 
gas phase is highest for the Ru/TiO2 catalyst used in this study. These 
good results are likely due to the relatively low temperature in combi-
nation with a relatively long batch time.   

B. Results for the monometallic Ni catalysts	

Results for the experiments with the monometallic Ni catalysts are 
given in Figure 6. The catalysts are by far less active than the cor-
responding Ru complexes and the carbon-to-gas efficiencies (CGE) 
were all below 40 %. Best results regarding CGE were again found for 
the titania support (38 %), with up to 4 mol % of CH4 in the gas phase, 
though this value is significantly lower than for Ru (88 %). In addition, 
a considerable change in the gas phase composition was observed 
when compared to Ru, with H2 being favored in all cases. This change 

Figure 5. CH4 contents in the gas phase for glycerol reforming in water using 
Ru based catalysts
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in selectivity is in line with literature data, showing that Ni catalysts 
are more efficient for hydrogen generation. 39 

5.4.3	 Catalyst screening using bimetallic Ni-Ru catalysts

For comparison, a number of bimetallic Ni-Ru catalysts on different 
supports were prepared with 2 wt % Ni and 0.3 wt % Ru loading and 
tested for the gasification of glycerol (Figure 7). Compared to both the 
monometallic Ru and Ni catalysts (Figure 5 and 6), the CGE is in gen-
eral higher and between 70 % and 90 %. As such, the bimetallic cata-
lyst are more active for gasification than the monometallic ones. Best 
results were observed carbon and silica, whereas the performance 

Figure 6. Results for glycerol gasification using monometallic Ni catalysts
Top: gas phase composition and CGE; Bottom: methane yields as a function of catalyst type. Hori-
zontal lines: calculated gas phase equilibrium compositions
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Figure 7. Results for glycerol gasification using bimetallic Ni-Ru catalysts
Top: gas phase composition and CGE; Bottom: methane yields as a function of catalyst type. Hori-
zontal lines: calculated gas phase equilibrium compositions

Figure 8. Comparison of the performance of the various catalysts on the TiO2 sup-
port. Left: gas phase composition and CGE; Right: methane yields as a function 
of catalyst type. Horizontal lines: calculated gas phase equilibrium compositions
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of the titania support was at the low end. Of interest is the gas phase 
composition for the bimetallic catalyst, which contains mainly hydro-
gen (23–52 mol %) and limited amounts of methane (<15 mol %). The 
amount of hydrogen is higher than predicted based on equilibrium 
considerations (7 %, Figure 6), indicative for kinetic control. It is well 
possible that primary liquid phase reactions occur to a significant ex-
tent with the formation of hydrogen (e.g. dehydrogenations) and that 
the rate of gas phase reactions (water gas shift, CO and CO2 hydro-
genation to methane) is low when using these bimetallic catalysts.

As such, we can conclude that bimetallic catalysts are very prom-
ising catalysts for the conversion of glycerol to hydrogen at relatively 
low temperatures with rates, as expressed by the CGE, which are by 
far higher than for the monometallic catalyst. Apparently, the pres-
ence of Ru in the catalyst increases the reaction rates considerably 
(even at the low amounts of 0.3 wt %), though methanation is sup-
pressed and hydrogen is the main product gas. 

5.4.4 	 Catalyst selection for dedicated experiments  

The primary aim of this study was to obtain a product gas with a high 
amount of methane in combination with a high methane yield, which 
was realized when using Ru as the catalyst and TiO2 as the support 
(see Figure 5). Titania was selected instead of active carbon, which 
also showed good performance, as catalyst regeneration by an oxi-
dative treatments in case of catalyst deactivation (vide infra) is more 
facile for TiO2 than for activated carbon. In addition, TiO2 has shown 
good hydrothermal stability compared to other inorganic supports, 
which is also preferred when considering catalyst stability. 40 

A comparison between the performance of the Ru, Ni and Ni-Ru 
catalyst on the TiO2 support is given in Figure 8, showing that the 
monometallic Ru catalyst is the best choice for methanation.

5.4.5 	 Optimization of catalyst intake and catalyst metal loading

To increase the CGE and the methane yield for the Ru/TiO2 , the pre-
ferred methanation catalyst in this study, the catalyst intake and the 
metal loading of the catalysts were varied. Experiments were carried 
out at 400 oC for 20 min batch times with 10 wt % of glycerol in water.
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A. Effect of catalysts intake

The catalyst (2 wt % Ru) intake was varied between 10 wt %, 20 wt % 
and 30 wt % on glycerol and the results are given in Figure 9. The com-
position of the gas phase did not change dramatically, with methane 
being the main component. The main difference is the observation of 
a reduction of the amount of hydrogen at higher catalyst intakes. Re-
markably, the carbon-to-gas efficiency was reduced considerably at 
higher catalyst intakes. So far, we do not have a sound explanation for 
these findings. As such, a catalyst intake of more than 10 wt % does 
not lead to improvements regarding methane yields. 

B. Effect of metal loading of the catalyst 

In all screening experiments, 2 wt % of Ru/TiO2 was used. A number 
of catalysts was prepared with lower (0.3, 1 wt %) and higher metal 
loadings (5 wt %) and were tested for glycerol gasification. The cat-
alyst intake for each experiment was constant (10 wt % on glycerol). 
The results are given in Figure 10. The CGE efficiency increased from 
0.3 to 2 wt % and then leveled off. In addition, the amount of methane 
in the gas phase also increased steadily at higher catalyst intakes and 
reached a maximum value of 48 % for a catalyst with 5 wt % of Ru. As 
a result, the methane yields increase with metal loading and reach a 
value of 1.5 mol methane/mol glycerol for the highest catalyst loading. 
These findings indicate that higher leading lead to improved results. 
In addition, it implies that equilibrium gas phase compositions are 
not yet attained when using 2 wt % of Ru as in the catalyst screen-
ing study (vide supra) and that higher methane yields and amounts of 
methane in the gas phase are possible by increasing the metal load-
ing of the catalyst.

5.4.6 	 Catalyst stability

The stability of the monometallic Ru/TiO2 catalyst was investigated by 
performing a series of batch recycle experiments. For this purpose, 
a typical batch experiment was performed (10 wt % glycerol, 10 wt % 
Ru/TiO2 (5 wt % Ru) on glycerol, 400 oC, 20 min batch time). The spent 
catalyst after an experiment was dried overnight in an oven (at 40 oC) 
and used without any further treatment for another experiment. The 
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results are given in Figure 11 and show that the catalyst is still active 
after 4 recycles. However, the CGE dropped slightly and less CH4 in 
the gas phase was present, which is indicative for some catalyst deac-
tivation. A possible reason for catalyst deactivation is coke formation 
on the catalyst, leading to reduced availability of active sites (vide in-
fra). To test this hypothesis, the catalyst was calcined after the 4th cy-
cle at 400 oC for 5 h in air before using it for another experiment. After 

Figure 9 Effect of catalysts intake on glycerol gasification (10 wt % glycerol in 
water, 400 ºC, 20 min batch time)
Left: gas phase composition and CGE; Right: methane yields as a function of catalyst type. Hori-
zontal lines: calculated gas phase equilibrium compositions

Figure 10. Effect of metal loading on glycerol gasification (10 wt % glycerol in 
water, 400 ºC, 20 min batch time, 10 wt % of catalyst) 
Left: gas phase composition and CGE; Right: methane yields as a function of catalyst type. Hori-
zontal lines: calculated gas phase equilibrium compositions
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this treatment, the activity was improved, eventhough it was lower 
than the value obtained for the first batch experiment (see Figure 11).

As such, we can conclude that some catalyst deactivation occurs but 
that an oxidative treatment is sufficient to regain at least part of the 
original activity. This suggests that coke formation is the main pathway 
for catalyst deactivation, which was supported by catalyst characteri-
zation studies for both the fresh and spent catalysts (vide infra).

5.4.7	 Catalyst characterization

A. Characterization of the fresh TiO2 based catalysts

For the Ru/TiO2 (2 wt % Ru) catalyst, the actual Ru loading was de-
termined by ICP analysis and shown to be 2.2 wt %. TEM measure-
ments were carried out for the fresh TiO2 based catalysts (Ni/TiO2, 
Ni-Ru/TiO2 and Ru/TiO2, 2 wt % metal loading), see Figure 12 for de-
tails. The average metal nanoparticle size varies considerably for 
the samples. The Ni catalyst shows the largest particles (18.2 ± 1 nm), 
the Ru catalyst the smallest (5.9 ± 0.2 nm). As such, the low activity 
of the Ni catalyst (as expressed by the CGE and glycerol conversion) 
compared to the Ru one may be (partly) due to the larger average Ni 
nanoparticle size. The particle size of the bimetallic catalyst, Ni-Ru 
(12.2 ± 0.5 nm), is in between the particle size of Ni/TiO2 and Ru/TiO2.  

Figure 11. Recycling/regeneration tests using 10 wt % of Ru/TiO2 (5 wt %) catalyst 
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Nitrogen physisorption experiments were performed for Ru/TiO2, 

the best methanation catalyst in the series. The BET surface area was 
determined and found to be 30 m2/g, which is higher than reported 
by Piskun et al. for similar anatase based TiO2 catalysts (ca. 13 m2/g). 41 
However, the average TiO2 particle size for the support used in this 
study is much smaller than for the support used by Piskun et al. 
(21 nm compared to 156 nm) 41 and this is a possible reason for the dif-
ferences in values. The BET surface area for the Ru/TiO2 catalyst used 
in this study is slightly lower than for P25 TiO2 (40–60 m2/g, a mixture 
of anatase and rutile). 42 

B. Characterization of spent Ru/TiO2 catalyst

The spent Ru/TiO2 catalyst after one batch experiment was charac-
terized by TEM, TGA and nitrogen physisorption to gain insight in 
the possible catalyst deactivation pathways. TEM measurements 
(Figure 13) show that the average Ru nanoparticle size increased af-
ter reaction, from 5.9 ± 0.2 nm for the fresh to 7.4 ± 0.1 nm for the 
spent catalyst. 

This is indicative for some Ru sintering which is expected to have 
a negative effect on catalyst activity and may be partly responsible 
for the experimentally observed slight drop in activity after recy-
cling of the catalyst. TGA measurements on spent catalyst (Figure S3, 
Supporting Information) show a mass loss of about 2.6 wt % in the 
150–400 ºC range. This is indicative for the presence of some coke on 
the catalyst after reaction. The temperature range for weight loss im-
plies that the coke can be classified as soft coke. 43 

(a)                                                (b)                                                 (c)
Figure 12. TEM images for (a) Ni/TiO2 (18.2 ± 1 nm), (b) Ni-Ru/TiO2 (12.2 ± 0.5 nm), 
and (c) Ru/TiO2 (5.9 ± 0.2 nm)
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The BET surface area of the spent catalyst after 1 batch experiment 
was also determined and shown to be reduced from 30 m2/g to 19 m2/g. 
This is likely due to coke formation (as seen in the TGA analysis). 

To gain insights in metal leaching to the liquid phase during an ex-
periment, the aqueous phase after reaction was also analyzed using 
ICP (Table 1). 

Table 1 Compositional analyses (ICP) of the aqueous phase after a reaction 
with Ru/TiO2

Element Concentration (µg/L)
Ni 0.09

Cr 0.11

Mo <0.01

Fe 1.42

Ru 0.03

The liquid phase contained mainly Fe, some Cr, Ni and Ru.  The 
former three are due to some metal leaching from the reactor wall 
(SS-316, 12 % Ni, 17 % Cr, 2.5 % Mo, the remaining being Fe). The 
amount of Ru leaching from the catalyst was calculated from the cat-
alyst intake and the ICP data and shown to be less than 0.02 %. Thus, 
we can conclude that Ru leaching is very limited for a batch experi-
ment and not a major source for catalyst deactivation.  

Figure 13. TEM images for Ru/TiO2 (2 wt %) 
Left: before reaction and right:  after 1 batch reaction
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Thus, based on the catalyst characterization studies on fresh and 
spent Ru/TiO2 supported by ICP analyses of the liquid phase after re-
action, we can conclude that the main catalyst deactivation pathways 
are coke formation (TGA, nitrogen physisorption) and Ru nanoparti-
cle sintering (TEM). Coke deposits may be removed by performing an 
oxidative treatment, though the experimentally observed lower ac-
tivity of this regenerated catalyst compared to the original one likely 
due to some metal nanoparticle sintering.

5.5 Conclusions

We here reported a systematic catalyst screening study on glycerol 
gasification in supercritical water using supported monometallic Ru, 
Ni and bimetallic Ni-Ru catalysts. The best results when aiming for 
methanation were obtained with Ru/TiO2, giving a methane yield of 
1.43 mol/mol glycerol at 400 ºC, 20 min batch time. The amount of 
methane in the gas phase was up to 40 mol %, which is close to the 
limit set by thermodynamics. The corresponding Ni catalysts were by 
far less active and mainly resulted in hydrogen formation. Surpris-
ingly, the bimetallic catalysts showed high activity as expressed by 
the CGE and gave a hydrogen rich product gas. As such, these bime-
tallic catalysts have high potential to be used as catalysts for hydro-
gen formation from glycerol at relatively low temperatures. Catalyst 
stability for the Ru on TiO2 catalyst was probed by performing cata-
lyst recycle studies. Catalyst activity slightly dropped after 4 recycles.  
Catalyst characterization studies on fresh and spent Ru/TiO2 sup-
ported by ICP analyses of the liquid phase after reaction, show that 
the main catalyst deactivation pathways are coke formation (TGA, ni-
trogen physisorption) and Ru nanoparticle sintering (TEM). Coke de-
posits may be removed by performing an oxidative treatment, though 
the experimentally observed lower activity of this regenerated cata-
lyst compared to the original one is likely due to some metal nanopar-
ticle sintering. Further experimental studies in a dedicated continu-
ous set-up at prolonged runtimes will be required to assess catalyst 
stability is more detail.  
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Supporting Information

Table S1 Overview of studies on glycerol reforming in SCWG in batch mode

Catalyst Glycerol 
(wt %)

Temp. 
(oC)

P 
(bar)

Reaction 
time (s)

Results
(mol %) Ref.

Heterogenous catalysts
Ru/TiO2-R 10 600 n.d. Conversion: n.d.

Gas composition: H2:22; CH4: 12
1

Ru/TiO2 17–19 550–700 250 60 Conversion: 45–90%.
Gas composition: H2: 8–15; CO2:8–16; 
CO: 30–65; CH4:7–20

2

Raney Ni 3 380 n.d 900 Conversion: n.d.
Gas composition: H2:27; CH4: 15; 
CO2:13 

3

C 18 600 345 44 Conversion: n.d.
Gas composition:  H2:54; CO:2; 
CO2:29; CH4:13   

4

Catalytical wall effects
Inconel 625 5 600 300 60 Conversion: n.d.

Gas composition: H2:25–38; 
CO:34–40; CO2:13–14; CH4:10–11.

1

Table S2 Overview of studies on glycerol reforming in SCWG in continuous mode

Catalyst Glycerol 
(wt %)

Temp. 
(oC) P (bar) Residence  

time (s) Results (mol %) Ref.

Heterogenous catalysts
Ru/C 20 400 300 7–20 Conversion: n.d.

Gas composition: H2 :0–2; CO: 
0; CO2:40–42 CH4:56–58

5

Ru/ZrO2 5 510–550 350 8.5 Conversion: 100%.
Gas composition:  H2:4–55, CO: 
≤21 ;CO2: ≤40, CH4: ≤2

6

Ru/γ-Al2O3 2.5–40 700–800 241 1–4 Conversion: 93–98 %. 
Gas composition: H2:42–70 
CO:0–4 CO2:25–35 CH4:4–20  

7

Pt/Al2O3 10 250 20 3600–14400 Conversion: 45%; Gas compo-
sition: H2: 85 

8

Pt/Al2O3 
Co/Al2O3 

Cu/Al2O3 

Ni/Al2O3

10 230 32 2400–14400 Conversion: n.d.
Gas composition: H2: 41–95;  
CO2:6–24; CO: ≤0.05; CH4: ≤16

9

Ni/TiO2 

Ni-SBA/15
Ni/ZrO2

10 500–650 n.d. 18000–72000 Conversion: <10–72%.
Gas composition: H2: <5–65%

10

Ni/TiO2

Ni/SiO2

Ni/ZrO2

n.d. 650 18000–72000 Conversion: 71–100%.
Gas composition: CO:7–44; 
CO2:53–94; CH4: ≤3

11

Ni/CaO-6Al2O3 3–10 675–725 240–270 30–35 Conversion: 95–100%.
Gas composition: H2:44–67 
CO:1–21, CO2:16–34.

12

TiO2, WO3/TiO2 0.46 400 330 n.d. Conversion: >99%
Gas composition: n.d. (focus on 
liquid products)

13

Coconut shell 
activated car-
bon

18.72 550–725 280 4752–19728 Conversion: n.d.
Gas composition: H2:38–51; 
CO:2–3, CO2:31–35; CH4:11–20.

14

Coconut shell 
activated car-
bon

18.4 600 345 n.d. Conversion: n.d.
Gas composition: H2:3; CO: <1 
CO2:2; CH4: <1  

14

Catalytical wall effects
Hastelloy C276 18.71 748–758 280 4212–10872 Conversion: 45–90%.

Gas composition: H2: 8–15; 
CO2:8–16; CO: 30–65; CH4:7–20

2

an.d. = not determined or not reported
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Equilibrium gas compositions

Figure S1 Thermodynamic equilibrium gas composition of the SCWG versus 
different feed concentrations at 400 ºC and average pressure of 250 bar

Figure S2 Equilibrium gas phase composition for the SCWG of glycerol ver-
sus the temperature (10 wt % of glycerol, pressure 250 bar)

Figure S3 TGA image for spent Ru/TiO2 (2 wt % Ru) 
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Summary

The production of biofuels and biobased chemicals from lignocellu-
losic biomass is high on the international research agenda. A number 
of prospective molecules (platform chemicals) have been identified. 
Of high interest are biobased alcohols such as glycerol, and alcohol/al-
dehydes such as 5-hydroxymethylfurfural (HMF), which have shown 
to be very versatile precursors for a wide variety of derivatives. In this 
thesis, experimental studies are reported on two platform chemicals 
from biomass, HMF and glycerol, with the objective to convert them 
to interesting derivatives using catalytic methodology. In the case of 
5-hydroxymethylfurfural (HMF), the emphasis will be on the synthe-
sis of reduced components like 2,5-furandimethanol (FDM), 2,5-di-
methylfuran (DMF) as well as on the formation of 1,2,4-benzenetriol 
(BTO). For the glycerol, the efficient conversion to green gas is aimed 
for. The overall objectives were to improve the product yields by se-
lection and screening of suitable catalysts and to optimize process 
conditions. In addition, the conversions were preferably carried out 
using environmentally benign solvents like water and ethanol.

In Chapter 2, experimental studies are reported on the conversion of 
HMF to two important building blocks, viz. 2,5-furandimethanol (FDM) 
and 2,5-dimethylfuran (DMF). Noble-metal-free-catalysts and novel cop-
per doped porous metal oxides (PMOs) with a very low ruthenium load-
ing were prepared, characterized and tested in a batch reactor set-up. 
Process conditions like temperature (80–220 oC), and reaction time 
(1–18 h) and type of solvent (methanol, ethanol, isopropanol, and methyl 
isobutyl carbinol (MIBC)) were explored to maximize HMF conversion 
and FDM or DMF yield. A reaction network is proposed based on identi-
fication of intermediate products, such as 2,5-dimethyl-tetrahydrofuran 
(DMTHF), 2,5-tetrahydrofuran dimethanol (THFDM), 5-methyl-2-furan-
methanol (MFM), 5-methylfurfural (MF), 5-methyl-2-tetrahydrofuran-
methanol (THMFM), 1,2-hexanediol (1,2-HD), 1,2,6-hexanetriol (1,2,6-HT) 
and 2-(ethoxymethyl)-5-methylfuran (EMMF). Catalyst recycling exper-
iments were performed to determine the stability of the catalysts. It was 
shown that catalyst activity is slowly reduced after multiple recycles. 
Catalyst activity was regained after a recalcination step. Further inves-
tigations on catalyst stability were performed in a flow set-up, and these 
confirmed the batch recycle experiments. 

In Chapter 3, experimental studies on the hydro(deoxy)genation of 
HMF to DMF using a number of commercial copper-containing nan-
opowders with different elemental compositions are described. The 
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catalysts were characterized by elemental analysis and XRD and these 
revealed that the CuZn nanoalloys contain predominantly β-CuZn and 
Cu0 phases. Ethanol was used as the solvent and the reactions were 
carried out at a temperature of 220 oC using 30 bar H2 pressure for 
6 h. A catalyst screening study showed that CuZn was the best catalyst, 
with 95 % yield of FDM at >99 % conversion. This catalyst was used for 
further optimization studies by investigating a range of process condi-
tions such as H2 pressure and the type of solvent (isopropanol, MIBC, 
2-methyltetrahydrofuran and cyclopentyl-methyl-ether (CPME)). Recy-
cling experiments for DMF synthesis showed that catalyst stability is 
good. Transmission electron microscopy (TEM) measurements gave 
more insight into morphological changes of this intriguing class of ma-
terials during catalysis. The one-pot conversion of fructose to valuable 
furan-ethers was also explored.

When using the CuZn catalyst in combination with Amberlyst 
15, full fructose conversion was obtained and 7 % of FDM was formed. 

In Chapter 4, experimental studies on the synthesis of 1,2,4-benzene
triol (BTO), a ‘forgotten’ biobased aromatic chemical, from HMF using 
Lewis and Brønsted acid catalysts in a batch set-up with water as the 
solvent are reported. Screening studies using a range of Lewis acid cat-
alysts (300 ºC, >120 bar, 1.2 mM catalyst) were performed. In particu-
lar, catalysts with a high pKh and low Brønsted acidity such as ZnCl2, 
Zn(OTf)2, Fe(OTf)2 and MgCl2 appeared suitable catalysts, showing a 
significant BTO yield improvement compared to the uncatalysed re-
action (15 mol % BTO). Best results were obtained using ZnCl2 giving a 
BTO yield of 54 % at 89 % HMF conversion. When Brønsted acid cata-
lysts are used, HMF is converted into humins, levulinic acid and formic 
acid instead of BTO. BTO was shown to be slowly converted into a 5,5’ 
C-C bonded homodimer (2,2’,4,4’,5,5’-hexahydroxybiphenyl) at ambient 
conditions in air. The molecular structure was confirmed by X-ray dif-
fraction. Catalytic hydrodeoxygenation of BTO towards cyclohexanone 
in water was achieved in yields up to 45 % using 5 wt % Pd on Al2O3 com-
bined with AlCl3 or Al(OTf)3 as catalysts. This demonstrated catalytic hy-
drodeoxygenation of BTO to cyclohexanone comprises a new route to-
wards biobased nylons. 

A catalyst screening study on the methanation of glycerol in super-
critical water is reported in Chapter 5. A number of mono-and bime-
tallic Ru and Ni catalysts were prepared on various supports such as 
TiO2, SiO2, ZrO2, CeO2, Al2O3, C and C nanotubes. The reactions were 
carried out in a batch reactor set-up using 10 wt % of glycerol in wa-
ter, pressures between 200 and 300 bar at 400 oC for 20 minutes. 
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Selectivity to gas phase components proved to be a strong func-
tion of the catalyst used, with the Ru catalysts giving mainly meth-
ane whereas the Ni catalysts mainly produced hydrogen. Interme-
diate performance was observed for the bimetallic Ru-Ni catalysts. 
The best results when aiming for methane were obtained using the 
monometallic Ru/TiO2 catalyst (2 wt %), which gave a methane yield 
of 1.43 mol/mol glycerol at essential quantitative glycerol conversion. 
The gas phase in this case consisted of 40 mol % of methane, which 
is 4 % below the calculated equilibrium value. Stability of this catalyst 
was investigated by performing several recycle experiments, show-
ing a significant reduction in catalytic activity after 5 runs. Regener-
ation of the catalyst proved possible by an oxidative treatment. Cat-
alyst characterization studies on fresh and spent catalyst revealed 
that coke formation on the catalyst is the major source for deactiva-
tion, in line with the recycle/regeneration studies.
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Samenvatting

De productie van biobrandstoffen en biobased chemicaliën uit lig-
nocellulose biomassa staat hoog op de internationale onderzoeksa-
genda. Er zijn een aantal potentiële moleculen (platformchemicaliën) 
geïdentificeerd. Van groot belang zijn biobased alcoholen zoals gly-
cerol en gecombineerde alcohol/ aldehyden zoals 5-hydroxymethyl
furfural (HMF), die zeer veelzijdige start materialen voor een grote 
verscheidenheid aan derivaten zijn. In dit proefschrift worden expe-
rimentele studies gerapporteerd over twee platformchemicaliën uit 
biomassa, te weten HMF en glycerol, met als doel ze om te zetten in 
interessante derivaten met behulp van katalytische methodologie. In 
het geval van 5-hydroxymethylfurfural (HMF) de nadruk op de syn-
these van gereduceerde componenten zoals 2,5-furandimethanol 
(FDM), 2,5-dimethylfuran (DMF) en op de vorming van 1,2,4-benzeen-
triol (BTO). Voor glycerol is gekeken naar de efficiënte omzetting naar 
groen gas. De algemene doelstellingen waren het verbeteren van de 
productopbrengsten door selectie en screening van geschikte kata-
lysatoren en om de procesomstandigheden te optimaliseren. Daar-
naast werden de omzettingen bij voorkeur uitgevoerd in milieuvrien-
delijke oplosmiddelen zoals water en ethanol.

In hoofdstuk 2 worden experimentele studies beschreven naar 
de omzetting van HMF to twee belangrijke bouwstenen, namelijk. 
2,5-furandimethanol (FDM) en 2,5-dimethylfuran (DMF). Edelme-
taalvrije metaal katalysatoren en nieuwe koper gebaseerde poreuze 
metaaloxiden (PMO’s) met een zeer lage rutheniumbelading werden 
bereid, gekarakteriseerd en getest in een batch reactoropstelling. 
Procesomstandigheden zoals temperatuur (80–220 ºC) en reactietijd 
(1–18 uur) en type oplosmiddel (methanol, ethanol, isopropanol en 
methylisobutylcarbinol (MIBC) werden onderzocht om de HMF om-
zetting en de FDM of DMF opbrengsten te maximaliseren. Daarnaast 
is een reactie netwerk op gesteld op basis van identificatie van inter-
mediaire producten, zoals 2,5-dimethyl tetrahydrofuran (DMTHF), 
2,5-tetrahydrofuran dimethanol (THFDM), 5-methyl-2-furan me-
thanol (MFM), 5-methylfurfural MF), 5-methyl-2-tetrahydrofuranme-
thanol (THMFM), 1,2-hexaandiol (1,2-HD), 1,2,6-hexaantriol (1,2,6-HT) 
en 2-(ethoxymethyl) 5-methylfuran (EMMF). Katalysator recycling 
experimenten werden uitgevoerd om de stabiliteit van de katalysato-
ren te bepalen. Er werd aangetoond dat de katalysator activiteit lang-
zaam verminderd na een aantal recylces. De katalysator kon worden 
gereactiveerd met een calcinerings stap. Verdere onderzoek naar 
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katalysator stabiliteit werd uitgevoerd in een continue opstelling, en 
deze bevestigden de batch recycle experimenten.

In hoofdstuk 3 worden experimentele studies naar de hydro-
(deoxy)genering van HMF naar DMF met behulp van een aantal com-
merciële koperhoudende nanopoedermiddelen met verschillende 
elementaire samenstellingen beschreven. De katalysatoren werden 
gekarakteriseerd met element analyse en XRD en tonen aan dat de 
CuZn nanoalloy overwegend β-CuZn en Cu0 fases bevat. Ethanol 
werd gebruikt als het oplosmiddel en de reacties werden uitgevoerd 
bij een temperatuur van 220 ºC onder gebruikmaking van 30 bar H2 
druk gedurende 6 uur. Een katalysator screenings studie toonde aan 
dat CuZn de beste katalysator is , met 95 % opbrengst aan FDM bij 
>99 % HMF conversie. Deze katalysator werd gebruikt voor verdere 
optimalisatie studies waarbij procesomstandigheden zoals H2 druk 
en het type oplosmiddel (isopropanol, MIBC, 2-methyltetrahydrofu-
ran en cyclopentylmethylether (CPME) bestuurd zijn. Recycling ex-
perimenten voor DMF synthese toonden aan dat de katalysator sta-
biliteit goed is. Transmissie elektronenmicroscopie (TEM) metingen 
leverden meer inzicht in morfologische veranderingen tijdens de 
katalyse. De één-pot conversie van fructose naar waardevolle furan
ethers werd ook onderzocht. Bij gebruik van de CuZn-katalysator in 
combinatie bij Amberlyst 15 werd een volledige fructose conversie 
verkregen en 7 % FDM gevormd.

In hoofdstuk 4 wordt een experimentele studie beschreven naar de 
synthese van 1,2,4 benzeentriol (BTO), een ‘vergeten’ biobased aroma-
tische verbinding, uit HMF met Lewis- en Brønsted-zur, katalysatoren 
in een batch opstelling met water als oplosmiddel. Screening studies 
met een reeks Lewis-zure katalysatoren (300 ºC, >120 bar, 1,2 mM ka-
talysator) werden uitgevoerd. In het bijzonder bleken katalysatoren 
met een hoge pKh en lage Brønsted-zuurgraad zoals ZnCl2, Zn(OTf)2, 
MgCl2 geschikte katalysatoren, die een significante BTO opbrengst 
verbetering vertonen in vergelijking met de niet-gekatalyseerde re-
actie (15 mol % BTO). De beste resultaten werden verkregen met be-
hulp van ZnCl2 met  een BTO-opbrengst van 54 % bij 89 % HMF om-
zetting. Waneer Brønsted-zure katalysatoren worden gebruikt, wordt 
HMF omgezet in humines, levulinezuur en mierenzuur in plaats van 
BTO. BTO wordt langzaam omgezet in een 5,5 ‘C-C gebonden homo-
dimeer (2,2’, 4,4 ‘, 5,5’-hexahydroxybifenyl) bij kamer temperatuur in 
lucht. De moleculaire structuur werd bevestigd met röntgendiffrac-
tie. De katalytische hydrodeoxygenering van BTO met 5 gew. % Pd op 
Al2O3 gecombineerd met AlCl3 of Al(OTf)3 in water gaf cyclohexanon 
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in opbrengsten tot 45 %. Cyclohexanon is met bestaande technologie 
om te zetten in caprolactam, een bouwsteen voor nylon kunststoffen. 
Deze route dus een mogelijke interesant groen alternatief voor bio-
based nylons.

In hoofdstuk 5 wordt een katalysator screenings studie beschre-
ven naar de methanering van glycerol in superkritisch water. Een 
aantal mono- en bimetallischee, Ru en Ni katalysatoren op verschil-
lende dragers zoals Ti02, Si02, Zr02, Ce02, Al203, C en C nanotubes zijn 
gesynthetiseerd en gekarakteriseerd. Met deze katalyzatoren zijn re-
acties uitgevoerd in een batch reactor opstelling met 10 gew. % gly-
cerol in water, drukken tussen 200 en 300 bar, 400 oC gedurende 
20 minuten. Selectiviteit voor gasfase componenten bleek een sterke 
functie te zijn van de gebruikte katalysator, waarbij de Ru katalysato-
ren voornamelijk methaan en de Ni katalysatoren voornamelijk wa-
terstof gaven. Intermediaire gas samenstellingen werden waargeno-
men voor de bimetallische Ru-Ni katalysatoren. De beste resultaten 
voor methaan werden gevonden met de monometallische Ru/Ti02 
katalysator (2 gew. %),  met een methaanopbrengst van 1.43 mol/mol 
glycerol bij volledige glycerol conversie. De gasfase in dit geval be-
stond uit 40 mol % methaan,  wat 4 % lager is dan de berekende even-
wichtswaarde. Stabiliteit van deze katalysator werd onderzocht door 
het uitvoeren van recycle-experimenten. Er werd een significante 
vermindering van de katalytische activiteit waargenomen na 5 recy-
cles. Regeneratie van de katalysator bleek mogelijk door middel van 
een oxidatieve behandeling bij verhoogde temperatuur. Katalysator 
karakterisering studies laten zien dat coke vorming op de kataly-
sator de belangrijkste bron voor deactivering is, in lijn met de recy-
cle/regeneratie studies. 
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