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Stability of the catalytic system
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 Cu=0,25 mmol

 HCOOH=28mmol

 HCOOH/Amine=1

Cu 
Precursor V (ml) C 

(%) TON

3 h 6 h 22 h 22 h

Cu(OAc)2 58 103 234 17.2 18.6

Cu(OOCH)2 47 88 229 16.8 18.4

Cu(acac)2 64 121 253 18.6 20.3

Cu(NO3)2 66 116 231 17.0 18.6

CuO 47 66 249 19.6 19.6

CuCl2 17 26 71 5.2 5.7

CuCl 32 59 189 14.9 14.9

Cu2O 79 124 217 16.0 17.5

CuI 110 209 493 36.2 39.5

Cu powder 8 9 21 1.5 1.7

Small effect of Cu precursor

(replacement with HCOO- or NEt3)

Both Cu(II) and Cu(I) are active

Cu(0) powder: inactive

CuCl2 very low activity

Higher activity with CuI

Cu precursor
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High amine basicity,  high  conversion, but not linear dependence!

Activity falls down at pkb>4

Amine Basicity
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Amine pKb n ϴ V (ml) C (%)

6 h 22 h 22 h

Piperidine 2.88 5.59 121 99 164 12.0

Dibutylamine 2.75 4.77 158 94 221 16.2

Triethylamine 2.99 4.09 150 103 234 17.2

Triproylamine 3.35 ? 160 241 312 22.9

Tributylamine 3,11 ? ? 186 349 25.6

 n=nucleophylicity

 ϴ=cone angle

Activity increases by increasing steric hindrance and by decreasing nucleophilicity

Amine Steric Hindrance
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The role of the amine is not limited to HCOOH deprotonation

Crucial for CO2 elimination step 
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A. Correa, M. Cascella, N. Scotti, F. Zaccheria, N. Ravasio, R. Psaro, 
Inorg. Chim. Acta, 2017, DOI: 10.1016/j.ica.2017.06.043
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Valeric biofuels:

EV (Ethyl valerate), PV (Pentyl valerate), MV (Methyl 
valerate), PrV (Propyl valerate)

•Compatibility with other fuels (volatility-ignition 
properties)

•Less sensitive to elastomer swell or water pick up due to 
lower polarity (e.g. vs ethanol, 1-butanol, GVL)

•Higher energy density and lower blending volatility (e.g. 
vs ethanol, 1-butanol, GVL)

BRON:blending research octane number
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Valeric Esters
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Cu/SiO2-ZrO2 
C. E. Chan-Thaw, M. Marelli, R. Psaro, N. Ravasio, F. Zaccheria, RSC Advances, 2013, 3, 1302

Two -step process
Pt/ZSM5 + Ion exchange resin

J. P. Lange, Angew. Chemie Int. Ed., 2010,49, 4479

O

OH

O

Congresso DSCTM, Alghero , October 19-20, 2017



Catalytst: bifunctional Cu/SiO2-ZrO2 
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The one-pot formation of valeric esters
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Conditions: 250°C, 10 atm H2, 700 rpm, 20 h, 
GVL/Cat = 10:1, GVL/C5H11OH = 1:10 or 1 :5
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Catalyst: bifunctional Cu/SiO2-ZrO2

 SiO2-ZrO2 = Acidic site

Well dispersed Cu NPs = Hydrogenation Sites

Catalyst C (%) S (%)

Cu/SiO2-ZrO2 92 72
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Strong SiO2-ZrO2 – GVL interaction

Side-product formation

SiO2-ZrO2

non-acidic SiO2

Acidity?
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GVL adsorption on SiO2-ZrO2 and SiO2



20 nm

CH method: high 
Cu dispersion



High dispersion 
imparts defectivity


Defectivity
imparts acidity


CH Method:

Dalton Trans., 2013, 42, 1319
ACS Catal. 2014, 4, 2818

Lewis Acidity of High Dispersed Cu Phase
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20 nm

↑ Cu Loading (CH keeps dispersion):

↑ Acid sites number

CuO Cu(0):↑ Acid site number

20 nm

CH Method:

Dalton Trans., 2013, 42, 1319
ACS Catal. 2014, 4, 2818

FT-IR of Pyridine of 16wt% Cu/SiO2

Lewis Acidity of High Dispersed Cu Phase

Lewis acidity: coordinative 
unsaturation of Cu particles
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CH Method:

Lewis acidity

Hydrogenation

Cu/SiO2: one site two functions

Dalton Trans., 2013, 42, 1319
ACS Catal. 2014, 4, 2818

Lewis Acidity of High Dispersed Cu Phase
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Cu/SiO2

Good correlation between low coordination
sites (unsaturated sites) and acid sites

Cubooctahedral Cu(0) Nps

n° of Lewis acid sites: 
from Py IR spectra
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Catalyst C (%) S (%)

Cu/SiO2-ZrO2 92 72

Cu/SiO2 91 92

Cu/SiO2 High selectivity
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Platform Product
Biomass

i.e. 2nd Generation
e.g. Lignocellulose

Of the approximately 104,0 millionm³ of ethanol
produced worldwide in 2013, over 80% (87,2
millionm³) were used in fuel applications

Bioethanol
Fermentation Processes
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Rejuvenating the over one-hundred year old Acetone-Butanol-Ethanol (ABE) 
fermentation

Some mature demonstration and commercial processes for biobutanol preparation

Source: Proteux Global Energy

Global market expected to reach 17.78 billion USD by 2022

S. B. Bankar, S. A. Survase, H. Ojamo, T. Granstrom, RSC Advances, 2013, 3, 24734

Biobutanol
ABE Fermentation
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Ethyl Acetate:
Non toxic solvent – food, glues, inks, 
coatings, perfumes, pharmaceutics,...

Butyl butyrate:
Biofuels, flavour industry 

Bioalcohols Platform

Large scale ways to esters

H+ or LA
RCOOH   +  ROH RCOORFischer esterification:

Esters
Production
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Esters from (bio)alcohols

The oxidation of primary alcohols to carboxylic acids is undoubtedly not a sustainable 
technology

• Stoichiometric, toxic and expensive oxidants

• Waste production

+ Fisher Esterification Disadvantages (Acid handling, Waste Production)

E. Balaraman, E. Khaskin, G. Leitus, D. Milstein, Nat. Chem., 2013, 5, 122

H+ or LA
RCOOH     +    ROH          RCOORROH  

Oxidation Fischer Esterification
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Esters from (bio)alcohols

The oxidation of primary alcohols to carboxylic acids is undoubtedly not a sustainable 
technology

• Stoichiometric, toxic and expensive oxidants

• Waste production

+ Fisher Esterification Disadvantages (Acid handling, Waste Production)

E. Balaraman, E. Khaskin, G. Leitus, D. Milstein, Nat. Chem., 2013, 5, 122

H+ or LA
RCOOH     +    ROH          RCOORROH  

Oxidation Fischer Esterification

This is not a viable route!



From (bio)alcohols (C2 and C4):
the Dehydrogenative Coupling (DHC)  way

 The alcohol as the reagent
Process intensification
 Atom economy
Easy to shift the equilibrium
Side-product is H2

-2H2

R OH

OCH2R

R O

-H2 -H2
R OH

Cu-based 
catalysts
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• Acid Lewis sites

of Cu NPs

• Basic sites of Zr

CuO/ZrO2
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Active site: ionic pair 
• Basic site ZrO2  formation of the alkoxide
• Acid site Cu dehydrogenation steps

High Cu-Zr interdispersion high actvity

STEM

Cu Map Zr Map

Si Map Overlap



Y = 87%

Y = 98%

• Gram-scale (170 mmol; 13 g of 1-
butanol)

• Solvent-free and additive-free

• High activity

• Simple, cheap and robust 
catalyst

• Catalyst is recyclable

• Cu leaching not observed

CuO/ZrO2
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Future Work

Thank You for your kind Attention!
nicola.scotti@istm.cnr.it

Valorization of different biomass-derived molecules

Find a position!!

ERC……???

Others????

One-pot processes with multifunctional catalysts
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