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“>90% of organic chemicals are derived from nonrenewable fossil resources.”
K. Kümmerer and M. Hempel, Green and Sustainable Pharmacy, 2010

Current: Fossil-derived Base
Chemicals
Base
Chemicals

Crude oil, natural gas, coal

Feedstocks

NAPHTHA

Ethene

Example Bulk
Chemicals
ethene oxide
1,2-dichloroethane
vinyl chloride

Propene

propene oxide
propan-2-ol

Butenes
Benzene
Toluene
Xylenes
CH4

SYN
GAS

Methanol

ethylbenzene

Example
Products
polyethene oxide
anti-freeze
polyesters
polyethene
polyvinyl chloride
propandiols
polypropene
polybutadiene rubber
solvents

styrene

styrene-butadiene rubber

phenol
cyclohexane
aniline
toluene diisocyanate

bisphenol A
polycarbonates

terephthalic acid
(iso)phthalic acid
acetic acid
methyl methacrylate
formaldehyde

nylon
dyes
polyurethanes
polyetheneterephthalate
adhesives
latex
paints
resins

Base Chemical Scale of Production
Data for 2010

Base
Chemical

Predominant Annual production from
Feedstock
fossil
sources
(tonnes
annum-1)

ethene
propene
butadiene
benzene
toluene
xylenes (o, m-, p-)

oil, gas
oil, gas
oil, gas
oil
oil
oil

123,300,000
74,900,000
10,200,000
40,200,000
19,800,000
42,500,000

methanol

syngas

49,100,000

TOTAL

360,030,000

~3,589,600,000 tonnes of crude
oil produced in same year

Data from: Davis, S., Chemical Economics Handbook Product Review:
Petrochemical Industry Overview, SRI Consulting, 2011
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Platform Molecules:

Bio-derived

3 or less
steps*

Small
molecule

Contain functionality for
derivatisations

Product 1

Product 2

Biomass
Feedstock

Processing
Technology

Platform
Molecule
Product 3

*Steps could include fractionation
and purification as well
T J Farmer and M Mascal, Chapter 4: Platform Molecules, in Introduction to Chemicals from
Biomass 2nd Ed., 2014, 89-155

Product4

Platform Molecules replace Base
Chemicals

BIOMASS

Feedstocks
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Platform
Molecules

Key
Derivatives

Bio-based
Products

vanillic acid
vanillin
antioxidants
guaiacol
Lignin
various phenolics
pharmaceuticals
eugenol
ZnO-eugenol
water soluble polymers
NMP
catalysts
Glu
fumarate
chelators
Asp
maleate
synthetic rubber
Pro
Protein
polyethers
1,5-pentanediamine
Lys
cinnamic acid
polycarbonates
Phe
ethene
oxide
nylon
acrylamide
polyalkenes
ethene
ethanol
The componentpropene/butene
part of biomass
polyesters
lactic acid
PEG/PEO
acrylic
acid
the
Platform
Molecules
you
Carbohydetermines
polyethene
itaconic acid
2-MTHF
polypropene
furfural
drates
can
make – this
effects
the
2,5-dimethylfuran
polyurethanes
HMF/CMF
FDCA
unsat. polyesters
separation/pretreatment
you
use
sorbitol
solvents
levulinates
flavour & fragrance
isosorbide
α-pinene
lubricants
terpene oxides
D-limonene
agrichemicals
glycidol
(fatty
acids)
Extracts
surfactants
(glycerol)
epichlorohydrin
dyes
hydroxyacids
mannitol
adhesives
acetic
acid
PHAs
latex
methyl methacrylate paints
methanol
Syngas
formaldehyde
resins

Oxidation versus Reduction
T.J.Farmer, M.Mascal, Chapter 4: Platform Molecules,
in Introduction to Chemicals from Biomass 2nd Ed.,
Wiley, 2014
oxalic
acid

Platform
Molecules

succinic
acid
aspartic
acid

glucose
methanol

itaconic
acid
ethanol

levoglucosenone
and HMF
5-chloromethyl
furfural

eugenol

lysine

lauric acid

Fossil Base Chemicals
toluene

xylenes
limonene

ethene,
propene

butane

Oxidation versus Reduction
T.J.Farmer, M.Mascal, Chapter 4: Platform Molecules,
in Introduction to Chemicals from Biomass 2nd Ed.,
Wiley, 2014

maleic acid

PET

TA

paracetamol
herbicide

surfactant

pTSA
Nylon-6,6
polycarbonate
dye
poly(ethene)
liquid crystal

Oxidation versus Reduction
T.J.Farmer, M.Mascal, Chapter 4: Platform Molecules,
in Introduction to Chemicals from Biomass 2nd Ed.,
Wiley, 2014

Platform
Molecules

REDUCTION
Key Petrochemical
Products

OXIDATION
Fossil Base Chemicals

Options for Chemicals from Biomass
• Remove oxygen (pathway to many drop-ins)
– Low overall atom economy, very low value by-products (H2O,
CO2, HCO2H)
– New catalysts/methods needed?
– Do selectively (target different components of biomass) or
crudely (thermochemical)?

• Embrace higher oxygen content
– New products – slower time to market
– New IP
– Also probably needs new catalysts and new methods (tolerant of
higher functionality)
– Selectivity issues a more common occurrence
– More functional group interconversions (-OH to –OMe: green?)
– Occasional “chiral freebies” (we should seek to preserve this)

Processing Technologies
The are four main process technologies that we can use
to produce platform molecules from biomass, these are:
•
•
•
•

Thermal
Chemical (and thermochemical)
Biological
Extraction

Within each there are many different ways in which to
perform the process (e.g. thermal treatment could be
fast pyrolysis or heating with microwaves)

12

Extracts

• Extracts
– More varied than other feedstocks
– Only present in small quantities, very species specific
– Is within the biomass already, not made from it
triglyceride
derived
terpenes

extracts
i.e. compounds
already present
in the biomass

reduced
sugars
hydroxacids

Lignin
• Lignin
– Generally viewed as the ideal source for aromatics,
though it is very recalcitrant (resistant to processing)
pyrolysis

hydrolysis

lignin
hydrogenolysis
gasification

H2, CO2, CO, CH4

bio-processes?

Saccharides
• Saccharides (mono-, di-, poly-)
– Most abundant constituent of biomass (>60%wt)
with many processing options:

The chosen process also determines the
chemoPlatform
Molecules that you can make.
saccharides
e.g. glucose, Here bio-processes, chemo- and thermocellulose (C6),result in different products from the same
hemicellulose (C5)
component part

Inhibit subsequent bio-process

Sequential Processes
• The application of one process can negatively effect
another
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– Thermal processes targeting cellulose would cause
breakdown of other components and the lignin to become
more condensed (less easy to break down later)
– Products from thermochemical processes could inhibit
subsequent bio-processes
– Chemical treatments might leave acid/base/metal in residue,
the reactions are not selective and the chemicals used might
render the protein unsuitable as a feed for animals
– Bio-processes are generally more mild but are slow, dilute,
often require other pre-treatments and typically result in wet
residues that are harder to process vis other means (require
drying etc.)
– As a result separation of biomass into the component
parts is often the most appropriate approach even
though more unit operations are required

KEY: The Component of the Biomass and
the Chosen Process Determines Which
Platform Molecules can be Made
Lets start with extracts and take food (supply
chain) waste as an example
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Food Waste as a Feedstock
FW can access “low O-content” in a way not
so easily achieved for typical biomass
cellulose, starch,
hemicellulose
glucose,
fructose

mannitol
protein (gluten)
chitin

lignin
ricinoleic
acid
triglyceride
anacardic
acid
β-cartoene

limonene

Food (supply chain) Waste Should
Look to Use This Differentiation from
Typical Biomass as a Feedstock

Embrace the low Oxygencontent!

Strategy for Food Waste
Use high O-content constituents for large volume applications
and low O-content parts for low volume / high value products.
glucose, fructose
cellulose, hemicellulose

High Ocontent

mannitol

chitin
protein
lignin
Waste Biomass
(inc. food waste)

bold: high volume

anacardic acid
fatty acids

terpenes

Low Ocontent

Ricinoleic Acid Derivatives – Low “O” Platform
sebacic acid

10-hydroxyundenanoic acid

+

+

2-octanol

2-octanone

azelaic acid

10-undecenoic acid

+

+

perlargonic acid

heptanal
Ricinoleic
(and oleic)
acid

dimer acid
hydrogenated ricinolate
T.J.Farmer, M.Mascal, Chapter 4: Platform Molecules, in Introduction to Chemicals from Biomass 2nd Ed., Wiley, 2014

Extraction first
• Terpenes, fatty acids, ancardic acid, pigments,
sterols etc. are all examples of valuable compounds
that can be extracted from biomass (waste), but all
have functional groups that means they won’t tolerate
the harsh conditions (acid, base, heat etc.) needed to
convert lignocellulose to building blocks

• Extract first:
Extracts
22

BIOMASS

Furans
Anhydrosugars
Diacids

Lignocellulose

Lignin

Materials?
Catalyst?
Burn!

Ash

What to do with the rest?
Target saccharides to make a single
Platform Molecule:

1) 5-(chloromethyl)furfural (CMF)
2) levoglucoseneone (LGO)
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CMF-based Monomers – New 2o Diols
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Secondary diols give
polyesters with increased Tg
and hydrophobicity

T. Farmer, M. Mascal et al.,
ChemSusChem, 2017, 10, 166–
170; T. Farmer, M. Mascal et al.,
Faraday Discuss., 2017, 202,
61-77

Selective Heating of Biphase with
MWs

Budarin et al., Catalysis Today, 2014

Various carbohydrates form CMF
α-D-fructose

α-D-glucose

CMF
sucrose
Entry

cellulose

inulin

1a
1b
1c
1d
2
3
4a
4b
4c
5

Carbohydrate

% Isolated Yield

% Selectivity

Fructose
Fructose
Fructose
Fructose
Glucose
Inulin
Cellulose
Cellulose
Cellulose
HMF

71%
66%
85%
75%
39%
70%
5%
12%
24%
87%

98%
98%
98%
96%
>99%
98%
>99%
98%
>99%
>99%

CMF synthesis from a range of carbohydrates. 250 mg
carbohydrate, 5 ml conc. HCl, 10 ml DCE, 80 °C, 15
minutes. 1b: carbohydrate amount increased to 500 mg.
1c: 500 mg fructose, 70 °C, 10 minutes. 1d: same
conditions as 1c but conventionally heated, 4b: 80 °C,
45 minutes. 4c: 80 °C, 3x15 minutes, 3x10 ml DCE.

Green Chem., 15 (2013), 72-75

Pre-treatment and alternative solvents
ball milling

Entry

HCl, solvent, MW

Ball milling / mins

% Isolated Yield

% Selectivity

6a

0

24%

>99%

6b

20

35%

91%

6c

50

43%

95%

6d

110

71%

93%

Effect of ball milling of microcrystalline cellulose on the yield and selectivity of CMF formation. 250
mg cellulose, 5 ml conc. HCl, 3x10 ml DCE, MW 80 °C, 3x15 minutes

Entry
7
8
9
10
11
12a
12b

Solvent

% Isolated Yield

% Purity (GC)

DCE
chloroform
DCM
CPME
toluene
cyclohexane
cyclohexane

85%
58%
61%
70%
68%
75%
42%

98%
98%
98%
88%
74%
91%
98%

CMF synthesis in a range of solvents. 500 mg fructose, 5 ml conc. HCl, 10 ml solvent, 70 °C, 10 minutes. 12b:
conventional heating in pre-heated water bath.

Green Chem., 15 (2013), 72-75

PROBLEM:
ball-milling
and long
reaction
times
needed for
cellulose
conversion
will
negatively
impact
yields from
initial free
sugars:
Need prior
separation

CMF Lignin – A Free Catalyst!
• The “waste” lignin produced from converting
lignocellulose to CMF can be recovered and used
as a porous heterogeneous catalyst support:
Δ
Aq. HCl

H2SO4

Catalyst

“CMF lignin”

Water
Immiscible
Solvent

Lignocellulose

20-25%

CMF

H2O

LA

EtOH

EL

70-80%

• Texture of condensed lignin surface can be tuned
via thermal treatment (higher temp leads to more
micropores and increased hydrophobicity
• Sulfonated to produce a reusable solid acid catalyst
28

ChemSusChem, 8, 2015, 24, 4172–4179

Cyrene - A Bio-based Polar
Aprotic Solvent
• Cyrene (dihydrolevoglucosenone) is a new polar aprotic solvent –
high O-content is beneficial
• It is derived from cellulose, via the hydrogenation of cellulosederived levoglucosenone, LGO (via pyrolysis)
• Unlike many polar aprotics (DMSO, DMF, NMP, DMAc, sulfolane) it
does not contain N or S
– Less environmental damage following incineration

• Comparable physical (b.p. 203 °C) and solvation properties (π*) to
polar aprotics (many of which are under increasing danger of being
restricted by legislation, NMP is now restricted)

J. H. Clark et al., Chem.Comm., 2014, 50, 9650

Bio-based solvents cover a wide area
of the solvent space
Typical
aprotic
solvents
Amines
Dipolar
aprotics

Ethers

Ester

Cyrene®

Ketones
Nitriles

Nitro
Hydrocarbon

Chlorinated

www.greenchemistry.net

Cyrene vs. NMP
• Menschutkin reaction

Sulpholane
NMP
DMAc
DMF

π* is a measure
of a solvents
polarisability

J. H. Clark et al., Chem.Comm., 2014, 50, 9650

DMSO

NMP (petrochemical)
γ-hydroxy
butyric acid

1,4-butanediol
1,4-butyndiol

NMP
GBL

acetylene

NMP (bio-based)

glucose

glutamic acid

γ-aminobutyric acid

NMP

2-pyrrolidone

Cyrene (bio-based)

cellulose

Cyrene

levoglucosenone

Making LGE from Saccharides in Softwood
Hydrolysis Lignin: A Sequential Process?
Crude waste
Softwood Hydrolysis
Lignin (CSHL)
contains residual
saccharides:
Using an optimized MW process we converted ~40%
(9%wt wrt CSHL mass) of this residual saccharide to LGE
(isolated in condensate):
MW, 180 °C, 5 mins

+

= residual saccharide

5 g CSHL
SA = 5 m2 g-1

4.1 g “Cleaner” Lignin
SA = 20 m2 g-1

M. De bruyn et al., Energy Environ. Sci., 2016, 9, 2571-2574

Note:
LGO is
chiral
Levoglucosenenone
9%wt wrt starting CSHL,
90% selectivity

Seek Processes to Preserve
Chirality – It has Value!
Crude oil has no chirality, biomass has lots – USE IT!

isosorbide

isomannide

isoidide

Feedstock:

glucose

mannose, mannitol

idose, iditol

Availability:

very abundant

fairly abundant

very rare

Designation

exo-endo

endo-endo

exo-exo

1 high, 1 low

both low

both high

21 °C

28 °C

45 °C

-OH
reactivity
Adipate
polyester Tg
Adipate polyester =

F.Fenouillot et al., Progress in Polymer Science, 35, 2010, 578–622

Using Microwaves to Selectively Target
Different Structural Components of Biomass
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Link between thermodynamic properties and
MW activity of biomass components

DSC, Cellulose

MW experiment
184oC

181oC

DSC, Hemicellulose

167oC

Microwave pyrolysis. Different activity
of structural components

Microwave results in pyrolysis at lower temperature for all
biomass and biomass components studied  reduced energy

Microwave Assisted Wheat Straw
Pyrolysis

measurement of
heating rate, as the
MW is at a fixed power

MW assisted separation of biomass
components in aqueous solution
• We systematically analysed the isolated residues from MW acidolysis
(0.2 M H2SO4) of MSP (mixed softwood pellets). FTIR/TG/Solid NMR
spectroscopy results proved that lignin could be isolated. At certain
conditions, purity of 93% and yields of 82% can be achieved.
• Inhibitory effect observed for Cryptococcus curvatus and
Metschnikowia pulcherrima on aqueous-phase above 190 C

The aqueous-phase recovered is used for
fermentations, while the lignin analysed
here can be used for other applications

Inorganic Content of Biomass
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What about the Ash from Burning
Char?
Clean Energy

Extracted valuable plant waxes
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Cosmetics, food additives, coatings,….

Silicate products:
Personal care, adhesives, detergents,
food production, paints, polymers …

Structured Silica from Ash – BioMCMs
•
•
•
•

Burning of biomass in power stations generates bio-ash
Bio-ash used to form bio-derived structured silica
Improving the sustainability of heterogeneous catalysts
Utilisation of waste for catalyst formation
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Green Chem., 15 (2013), 1203-1210

Phytomining – growing catalysts
Catalyst for C-C
coupling reactions…

H Parker et al, PLOS ONE, 9 (2014), e87192

Concluding Remarks
• As the bio-economy grows Platform Molecules will begin to replace
fossil-derived Base Chemicals as the fundamental building-blocks of
the chemical industry.
• In the first instance drop-in replacements for fossil-derived chemicals
will be preferable (fit into current supply chains, legislation etc.)
– Note: this will require extensive removal of O resulting in low atom e

• Longer-term we must embrace higher oxygen in building-blocks and
try to keep this in (more feedstock will make more product)
• The choice of Platform Molecule you can make is determined both by
the component part of the biomass and the processes used
• The effects of one process can go to alter the efficacy of other
downstream processes
• Therefore fractionation/separation of the component parts of biomass
is vital to ensure maximum use of the feedstock
• Microwaves can selectivity target some components of biomass and
promote “pyrolysis” at reduced bulk temperatures
• There may be “chiral freebies” if we choose our routes carefully

Thanks to Mark Mascal, Vitaliy Budarin, Fergal
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Dodson, EPSRC (Sustainable Polymers grant
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Thank you for your
attention
Questions?

