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OIL BARREL BREAKDOWN

Despite consuming a small fraction of US oil compared with fuel, petrochemical products are worth more

Liquified refinery gases 2.3%

Miscellaneous products 0.4%

‘ Still gas 4.1%
" Asphalt and road oil 3.0%

Petroleum coke 5.0%

Waxes 0.1%

I Lubricants 1.0%

Special naphthas 0.2%

Residual fuel oil 3.8%

Heavy fuel oil 6.1%

~$375bn

Petrochemicals 3.4% Pre-tax value of petrochemical

Including: products, such as plastics,

naphtha, ethane, cosmetics, pesticides, detergents,

ethylene, other oils paints and adhesives (excluding
pharmaceuticals)

$385bn

Fuels 70.6% Pre-tax value of transport fuels

Including: motor gasoline,
aviation gasoline,

SOURCE: US DEPARTMENT OF ENERGY 2005, AMERICAN INSTITUTE DF CHEMISTRY kerosene-type jet fuel, diesel
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Biobased Chemicals Status e

B Commercial stage Not yet commercial
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Global Volumes ©CBIRC
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Petrochemicals ©CBIRC
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Biomass Sugars Fermentation Intermediates Plastics, Resins, etc. Uses
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N%’ Fatty Acids
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Array of Opportunities ©CBIRC

Fermentation

|

Fatty Acid and Polyketide
Metabolism

— m &to FattyAcg [ng Pyrones
Chemical
0 Catalysis
= ® &nched enesllg [ng Structures
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Fatty Acid Biosynthesis

Acetyl-CoA | 3-Ketoacyl-ACP | Methylketone |
Synthetase Synthase Synthase

3 AN

1
CH;—C—CoA + HOOC — CH,— C —ACP — CH;—C—CH;,~C—ACP

starter extender eduction

Acyl-CoA CoASH ﬂ
Carboxylase Synthase/Reductas C —ACP
CH;—CH,—CH;-C dghydration

O

Opportunities A\ reductio Y
1. Shorter & Longer Chains _ —CH—-C—ACP

2. Even and Odd numbered Thioesterase |

3. Straight & Branched chains
4. Diversified Chemistry
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Carbon source GIUCTEC PEP
P
(such as glucose or Pentose Clucos6.p yruvate
xylqse)
.......................................... pathways i( ATP
: ADP
: Fatty acids : Acet |'CO|_'|°\ HCO3- ATP Fructose 1,6-diP
A : +, ,, $ P+ NAD*
ACP- ADP. P+ Z00Mm Succinate *C NADH
: / SH ' 2NAD* )f .
E AcyI'ACP . Ma|0ny|- 2NADH Glycerate-i'ls_dliDP
i thioesteras : CoAl — ACP-SH . ADP co, C
.e .......................... : ( Out ATP OAA ~= - PEP ATP
Co-A-SH ¢ ADP
NAD Acyl- Malonyl- ATP;
p+ ACP ACP Pyruvate 7T> L actate
NAD* NADH NAD*
NADP CO, +ACP NADH HSCoA A CO!2
H 2 Fatty acid synthesis €0 \\Formate k
Enoyl- E'Og‘y%"’l‘;'on 3-Ketoacyl-ACP L N R
AC NADPH i Acetyl- CoA — Acetate
H : = ADP AP
2 § NADP* Acyl-ACP Malony yIAC "
O . § NADPH%/ \§‘co +ACP TCA
NADP § Enoyl-ACP E'“" ‘7;"’" 3Ketoacyl-ACP cycle

3-D-Hydroxyacyl-
ACP
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Metabolic Engineering ©BIRC

Strain Selection and Evolution Omics and Flux Analysis

Proteomics',
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http://www.pharmaceutical-technology.com/projects/eli_lilly/eli_lilly3.html
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» Catalytic Toolbox

Selective Chemical Catalysis
Decarboxylation
Hydrogenation

Ring opening

Dehydration
Hydrogenolysis R HO N
Condensation X >
Aromatization
Stable catalysts

ONOSGOE WD~
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Hydrocarbons Alcohols Acids Rings
O 4 3
P /\/\)J\ Carboxylic 5 Z/ \B 2 Furans
R a-Olefins gy R OH Acids ° 0
0]
S NN NAOH Hof\md:urfurals
N on \_/
_ o HO OH
NN NN 0 o)
A 20 e
R e M oH,, \Q/Dlmethylfuran
© PN NN NN
RN P N OH \Q/
i oo
PP NN NN N - B \ /
HO Levulinic
0]
O O OH ;
W Sorbic Acid o Benzoic Acid
HsC OH
Dienes 0
NN | Pyrones
0 y
HO™ >""OH . - =
Diols HDJ\/\/\’TDH Diacids
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http://en.wikipedia.org/wiki/File:1,3-Propanediol.svg
http://en.wikipedia.org/wiki/File:Butanoic_acid.png.svg
http://en.wikipedia.org/wiki/File:Bernsteins%C3%A4ure2.svg
http://en.wikipedia.org/wiki/File:Sorbins%C3%A4ure.svg
http://en.wikipedia.org/wiki/File:Levulinic_Acid_Structural_Formulae.svg
http://en.wikipedia.org/wiki/File:Caproic_acid_acsv.svg
http://en.wikipedia.org/wiki/File:2-Pyranone.png
http://en.wikipedia.org/wiki/File:Hydroxymethylfurfural.png
http://en.wikipedia.org/wiki/File:Benzoes%C3%A4ure.svg
http://en.wikipedia.org/wiki/File:Piperylene.svg
http://en.wikipedia.org/wiki/File:Adipic_acid_structure.png
http://en.wikipedia.org/wiki/File:2,5-dimethylfuran.svg
http://en.wikipedia.org/wiki/File:Octene.png
http://en.wikipedia.org/wiki/File:1-decene.svg
http://en.wikipedia.org/wiki/File:1-nonene.svg
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Value ($/Ib) of
Largest Volume Organic Chemicals
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Triacetic Acid Lactone Platform ©UBIRC

P S

O Acetyl acetone A
An inorganic ligand !

HO' Used in metal extraction

Chirally-hydrogenated TAL ~ and dye production

A precursor to statin drugs
)\/\)]\o/\

_y S-hydroxy ethylhexanoate
Precursor to alpha olefins

O 0]
S ﬁlﬁw
HO™
Pogostone Sorbic acid

A preservative

A natural antimicrobial

O O

HO™

Dehydroacetic acid
A fungicide and bactericide

Katsumadain A, a naturally occurring influenza
virus neuraminidase inhibitor
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Biorenewable Chemical Production Steps

‘ Sugars In

1 2 ©

Chemicals Out Substrate In

Biomass Production, Sugar Fermentation Catalytic Processing Commercialization and
Delivery, and Treatment Novel microbes ferment Chemicals are extracted and Sustainable Production
Harvested biomass is ground and sugars into chemicals. converted using chemical Final product is evaluated for
pretreated with heat, chemicals, and catalysis to the final product. sustainability and techno-commercial
enzymes to release sugars. feasibility.

Center for Biorenewable Chemicals (CBIRC) © | Adapted from: genomics.energy.gov
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TECHNOLOGY
@ HOLDING
SUSTAINABLE SOLUTIONS *

* %GlucanBio
Q megaghea" A

/7

Biocatalysis ‘( O, Chemical Catalysis
<

* / ‘

VariFAS-@
@4 éfEtO* .\ /‘ suslerea *
&;‘ Biotechnologies Indus‘try / \_. Biorenewa bles

* CBiRC Startup Companies
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SusTerea Example @CB'RC

CO,Me
COzMe
COzMe
CO,Me
CO,Me Dimethyl Terephthalate O
Isophathalic Acid Ester (Monon:er for:tEo:yS[ethylene)
(Polymer additive) erephthalate) N
R
il Carbazole
.-~ (Activity against diseases
.’ like bronchitis, malaria)
CO,Me O CO,Me
@] X
- | 7 | ------- > |
= N/
Methyl Benzoate CO,Me Methyl Isonicotinate
(Flavors and

(Precursor to

fragrances) tuberculosis drug)
OMe NMe, =

COzMe COzMe
Anisic Acid Ester 4-(Dimethylamino)benzoic Acid Ester
(Bactericidal, used in (Precursor to sunblock agent)

cosmetics, preservatives)
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With good chemistry great things happen. The Chemical Company
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Innovation by Chemistry
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