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Agenda

e 8:30 Welcome Remarks

e 9:00 - 10:00 Introduction

e 10:00 — 10:20 Break

e 10:20 - 12:00 Fundamentals of Green Chemistry

e 12:30—12:45 Lunch and Networking

e 12:45 —14:15 Areas or Research in Green Chemistry
e 14:15 - 14:30 Break

e 14:30 — 16:00 Case Study examples

e 16:00 Closing Remarks



Recap...

PRINCIPLE 7

A raw material or feedstock should be
renewable rather than depleting wherever
technically and economically practicable.




Energy Consumption:
data and projections

quadrillion Btu

Histo Projections
1,000 i !

800

600

Non-OECD

400

200 |

> QECD
0 [ T T T T J
1990 2000 2012 2020 2030 2040
Cla

Increasing world energy consumption since 1990.
The graph includes prediction for year 2035, where the use will reach 770 quadrillion British
Thermal Unit [BTU]. Source: U.S. Energy Information Administration [U.S. EIA].



Energy Feedstocks Consumption
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Increasing world energy consumption years 1970-2010. Qil, coal and natural gas are still
predominant sources of energy, but renewables are on the increase too. Source: Statistical

Review of World Energy.



Energy Feedstocks Sources

Renewable
B Traditional biomass 9%
B Bio-heat 2.6%
Ethanol 0.34%
E Biodiesel 0.15%
. 0 E Biopower generation 0.25%
Fossil Fuel 78.4% Hydropower 3.8%
B Wind 0.39%
Solar heating/cooling 0.16%
B Solar PV 0.077%
Petroleum Solar CSP 0.0039%
¥ Geothermal heat 0.061%
B Geothermal electricity 0.049%
- — ® Ocean power 0.00078%

T Nuclear 2.6%

Total World Energy
Consumption by
Source (2013)

Natural Gas

World energy consumption by source reported in 2013. While fossil fuel is still predominant,
in 2013 there has been an increase in renewable source of energy. Most renewable energy
comes from biomass. Source: REN21 Renewables 2014 Global Status Report.



Renewable vs. Depleting feedstocks

Feedstock

* A raw material to supply or fuel or industrial process

e A renewable resource is determined to be renewable if
it can be replenished in a relevant amount of time

Renewable or Depleting:

 How far do we push the analysis?



Faraday Effect
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 Basic Concepts
 \Woltage — V - Potential to Move Charge (volts)
 Current — I — Charge Movement (amperes or amps)
* Resistance - R —V = IXR (R in =ohms)
e Power — P = IXV = I’XxR (watts)




Periodic Table of Elements
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’. “The Rare Earth Elements”
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Presentation Notes
Neodymium is commonly used as part of a Neodymium-Iron-Boron alloy (Nd2Fe14B) which is used to make the most powerful magnets in the world. It has been used in small quantities in common technologies for quite a long time – hi-fi speakers, hard drives and lasers, for example. But only with the rise of alternative energy solutions has it really come to prominence, for use in hybrid cars and wind turbines.

A direct-drive permanent-magnet generator for a top capacity wind turbine would use around 2 tonnes of neodymium-based permanent magnet material.
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Bayan Obo — Outer Mongolia — Largest deposit of REE (Nd)
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Presentation Notes
In the satellite image, vegetation appears red, grassland is light brown, rocks are black, and water surfaces are green. Two circular open-pit mines are visible, as well as a number of tailings ponds and tailings piles.



B
“The true cost of the clean, green wind power

experiment: Pollution on a disastrous scale”

Baotou, China

“This toxic lake poisons Chinese farmers, their children and their land. It is
what's left behind after making the magnets for Britain’s [plus the rest of the
world's] latest wind turbines, and is merely one of a multitude of environmental
sins committed in the name of our new green Jerusalem”

Simon Parry in China & Ed Douglas in Scotland, The DailyMail, (29/1/11)
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Presentation Notes
 For example, every ton of production of rare earth using concentrated sulphuric acid high temperature calcination method would generate approximately 75 cubic meters of acidic wastewater and 9,600 to 12,000 cubic meters of waste gas, all of these are containing dust concentrate, hydrofluoric acid, sulphur dioxide, sulphuric acid, and about one ton of radioactive waste residue that is contained in the waste water. 

http://www.dailymail.co.uk/home/moslive/article-1350811/In-China-true-cost-Britains-clean-green-wind-power-experiment-Pollution-disastrous-scale.html

Renewable feedstocks

Renewable feedstocks include the following materials:

. CO,

e Biomass (algae, corn, switchgrass, poplar, willow, sorghum,
and bamboo)

e Agricultural waste (ex. manure)




Using CO, as a feedstock:
Prof. Geoffrey W. Coates

 Development of catalysts able to incorporate
carbon monoxide and dioxide into polymers

* Utilize renewable sources of carbon &1
monoxide and dioxide gases such as biomass =4
(agricultural waste) and other low-cost 22
sources such as coal or industrial waste

e High turnover numbers, frequencies, and
selectivities

e Polycarbonate coatings manufactured with these catalysts have the
potential to sequester or avoid up to 180 million metric tons of CO,
emissions
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Presentation Notes
This was in the video


Biomass platforms

Biomass production in nature:
180 billion metric tons/yr

Only about 4% utilized by humans
(food, ethanol, sweeteners)

B Carbohydrates M Lignin [ Fats, proteins, terpenes, etc.

Building blocks for a diverse Nature’s richest source of Converted into polymers,
chemical platform. aromatic carbon. Used in lubricants, and detergents.
polymers, adhesives,
production of phenolic
chemicals.



Biomass valorization today

BIOMASS

RESOURCES

CELLULOSE/
PROTEINS < STARCH )QEMICELLULD% OILS
N ——

LIGNIN
I
Aromatics (BTX) SUGARS Syn GAS

Biomass is a robust feedstock and can be used as a source of
proteins, starches, cellulose and oils.




Lighocellulose Biomass
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Lignocellulose is a complex polymer obtained from plant cell walls.



Main Industries for Lignocellulose

PAPER INDUSTRY
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ignin — Source of Renewable ‘Drop-
in” Platftorm Chemicals

A Need of New

ignin Technology:
Hanlfgeiim:i gy ‘ \
Economical P
Sustainable R
Selective phenol
Efficient

Lignin structure includes aromatic (ring)
structures.

If broken down selectively, it can be a
source of drop —in platform chemicals
such as phenol



Traditional synthesis and use of

phenols
5 & &

benzene toluene xylenes

HO \ Pharmaceuticals
‘ (Including Salicylic Acid)
Nx
NaSO SOszNa i

3
Yellow Dye #6 Polyurethane Foams
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Presentation Notes
Traditionally, phenol is made out of petroleum. Since it is a platform chemical, it can be used to produce polycarbonates, pharmaceuticals, nylon etc.


Why use renewable feedstocks?

 Economic reasons:
- Inherent long-term tendency for petroleum price increases

- A fluctuation of a few cents in crude oil price can result in massive price
swings for downstream products

- Constant decrease on cost of renewable resources

e Scientific reasons:

Constant improvement of quality of renewable feedstocks
Modern plant breeding

Genetic manipulation

Breakthroughs in catalysis (enzymes, etc.)

e Environmental reasons:
- Biological compatibility (to an extent)
- Use of waste streams (wood pulping, agriculture, etc.)



Challenges with Renewables

e Feedstock cultivation
- Competition with food supply
- Land demand
- Nutritional needs
- Diseases
- Initial investment

e Harvesting method to maximise yields and minimise
degradation of product

o Post harvest processing

e Product extraction and purification

Product standardization

Complexity

e Product storage, packing, and distribution
New methodologies for alternative feedstocks



Areas of Research in
Green Chemistry

CATALYSIS



PRINCIPLE 9

Catalytic reagents (as selective as possible)
are superior to stoichiometric reagents.




What is a Catalyst?

- A substance that increases the rate of a chemical reaction
without itself undergoing any permanent chemical change.

Advantages:

e Lowers activation energy of

— activation energy

for catalyzed reaction the reaction
@ | * Can be recycled and reused
5 e T e It is used in minuscule
% @ amounts
\ oroducts e Shortens reaction time

Reaction Progress

Source: Wikipedia



Catalysts are widely used by industry
and by nature

Iron oxide Ammonia from nitrogen and hydrogen
Chromium-Molybdenum Alloy
Nickel-Molybdenum Alloy Petroleum Industry
Zeolite (Porous Aluminum and Silica Oxide)
Acid (HCI, H2SO4, HNO3) Many organic reactions
Enzymes Starch into sugars and sugars to ethanol

Population {in billions)

® Haber-Bosch process, which

allows fertilizer production, is
2000

y 6.1 billian . facilitated by a catalyst.
Haber-Bosch ountries

. process
invented
More developed countries

i &8 & & B

The reaction led to a global
increase in human population.

1750
1800
1850
ET]
950

2150

Source: Wikipedia



Designing a Green Catalyst

Not all catalysts are created equal. Chemists need to consider
various factors when deciding on the catalyst.

* Low toxicity  [——

‘ Rising threat from increased use

e Earth abundance

- [ ———— i
* Efficiency e U ET T

- Rate and energy input i .%-L E
* Compatible with green solvent — - o T
e Longevity and Recyclability : [__DTHE
 Ease of production _ﬂ..:

- Large volume and consistent in quality Many metals which are used as
* High selectivity for desired product(s) catalysts are depleting

http://www.rsc.org/chemistryworld/Issues/2011/January/CriticalThinking.asp



Current trend in catalyst design

Earth Abundant Alternative
e Abundant metal
* Alloy - Synergistic Effect
* Adjust other parameters
- Solvent
- Surfactants

Reduce Loading

e High Surface Area Support
e Atomic Layer deposition
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Other catalyst improvements:
from Palladium to Nickel

Cross Coupling Reactions

- Connect two separate organic molecules together with
high selectivity and high yield

Kumada Hiyama ;;)
Stille @ e
Y Qp USD mol-
& A) PlN Pl
*( ( Sonogashira Ni $1.20
Pd/Ni
Pd $1,500
4 ;;) / Pd Organo
“‘< _ Aluminum
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Presentation Notes
Pd is used catalytically, in small amount, to carry out the reaction�In some cases, Pd needs NOT to be purified 


Other catalyst improvements: alloys

In addition to moving away from precious metals, scientists
use metal alloys for synergistic effect:

e Alloying of multiple metals
- Bronze — Copper + Tin (or Zinc)
- Monel — Copper + Nickel
- Stainless Steel — Steel (Iron + C) + Chromium with many others

e The surface area
- Thin layer deposition
- Ultra high area support



Increase Surface Area

High surface area porous support

50 -4000 cm?g?

Non-porous solid Porous solid
Low specific surface area High specific surface area
Low specific pore volume High specific pore

Porous materials have highly developed internal surface
area that can be used to perform a specific function.
Almost all solids have some amount of porosity.



Areas of Research in
Green Chemistry

SOLVENTS



PRINCIPLE 5

The use of auxiliary substances (e.g. solvents,
separation agents, etc.) should be made
unnecessary wherever possible, and innocuous
when used.




What is a solvent?

A solvent is any substance that dissolves
another substance(s) so that the resulting
mixture is a homogenous solution.

Ubiquitous across all sectors of economic activity
........ solvency??

In 2005, the worldwide market 17.9 million tons,
Revenue of about €8,000,000,000.

Typically > 60 % of the investment (in terms of atoms) in a
process.



When solvents are used?

Solvents are used in all stages of a product’s life-cycle:

e During manufacturing

- To facilitate intermolecular chemical reactions via solute molecules &
ions.

During processing

- To aid in manipulation of chemicals, but not as an integral part of the
molecule itself.

During extraction/separation

- To separate or purify the chemical products from co-products,
byproducts and impurities.

During cleaning
- To remove oil, grease and silica from mechanical parts.

During product Formulation

- To design a product and process (quantities, raw materials, mixture
design and testing)



Uses of Solvents

As a Solvent As Something Else

 Dissolution e Fuels

e Extraction e Feedstocks

* Degreasing e Drugs of abuse

* Inks, dyes, paints, e Beverages
coatings e Antifreeze

e Dilution, dispersal * Explosives

* Dry cleaning e Pollutants

Everything has been touched by a solvent



.

Traditional Solvents

* Volatile Organic Compounds

e Chloroform, carbon tetrachloride, methylene chloride,
perchloroethylene (PERC)

* Benzene, Toluene, Xylene (BTX)
e Acetone, Ethylene Glycol, methylethyl ketone (MEK)

e Chlorofluorocarbons (CFCs)


Presenter
Presentation Notes
VOCs have been linked to atmospheric ozone generation, commonly known as smog.
PERC is used in dry cleaning.
CFCs deplete an ozone layer which results in severe environmental effects

In a typical chemical reactions, solvent accounts the majority of the reaction weight and therefore, post-processing solvent removal, which is typically achieved through distillation or vacuum evaporation (Video: solvent distillation) , is a very energy costly procedure for large scale synthesis. Moreover, products that are sensitive to impurities may requires extra cycles of distillations. This contributes to another (expensive) problem to deal with waste. Careless disposal of solvents are also known to pose great threat to the environment since many of which are toxic even at low concentration. To make matters worse, most organic solvents are volatile, possibly explosive and moderately toxic upon exposure, these qualities pose great concerns to any individuals who are involved in handling solvent. 


What are the concerns for solvents?

Inherent Toxicity

 Methylene chloride, chloroform, carbon tetra chloride and other
halogenated solvents are suspected human carcinogens.

Flammability
e Because of their physicochemical properties (low flash point and
autoignition temperatures), solvents are flammable.
Explosivity

* They can explode, and since they are used in large volumes, the explosion
can be disastrous.

Stratospheric Ozone Depletion
 They reduce the ozone layer which protects the earth from the radiation.

Atmospheric Ozone Production

e CFCs contribute to ozone production which in turn increases a green
house effect.

Global Warming Potential



Solvent Selection Process
by ACS and GSK

e Screen solvents based on
* reaction type
e process requirements

e reactant/product solubility
e EHS

e Evaluate experimentally
e Review the entire route/ process and look for synergies

* Refine experimentation

American Chemical Society

GlaxoSmithKline


Presenter
Presentation Notes
Regulations on solvent handlings have been recognized in the green chemistry community. The act was initiated by the American Chemical Society (ACS) and GSK (GlaxoSmithKline) when they released their guidelines for safer solvent handlings. These guidelines were created based on the characterization of each solvent, and were validated experimentally. The selection was refined, and repeatedly match Environmental Health and Safety (EHS) standards. These guides assist green chemists with some preliminary guidance in their solvent selection process by ranking the solvents based on their reactivity and reusability, and more importantly impacts on the environment and human health. 
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Solvent selection parameter

Solvent Acceptability

O Reactivity
0 Compatibility
O Product quality
O Process safety

= Vapor pressure
Odor threshold
Exposure limits
Autoignition temperature
Flash point complexity
(number and nature of
different solvents used)

Mass
O Total solvent mass
O Mass productivity or reaction

mass efficiency

O O0O0O0OO0OO0OO0OO0O0ODO0o

O OO

Green Chemistry Metrics
greenhouse gas potential
emissions on incineration
Log K.,
aquatic toxicity
acidification
persistence
eutrophication
Total Organic Carbon (TOC)
oil equivalents

Energy
recovery (boiling point)

heat of combustion
ease of drying
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Presentation Notes
Solvent selection criteria used by ACS and GSK to evaluate solvent list and create solvent guide which helps industry to replace commonly used toxic solvents with a safer and greener alternative. 


GSK solvent selection guide ranking

Health
: i Environmental | @ o accvone | Flammaniny & | Reectvityl g bl | agisiation Flag
Classification Salvent GAS | Meiing | Bolling BN, Impact attexcls on huran Explosian e e alers raguiatory
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2-Propand 67-630 - B2 ] B B B 1
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2-Methaxyeihan: 108861 | - 7 g 7

1-Butl acetate 540885 | -8 B B g B B 10 B

Isopropyl acelate 10824 | 73 Ed 5 7 7 B 5 7

Ester Frogyl acatate 100604 | -2 102 5 7 B B 10 1
Dimathyl carbonale Bl6-38E | -1 o1 ] ] 7 B 10 B

Etyl acelals 141786 | -Ba 17 4 8 B ] B B

Miatimyl acelals 75-20-3 -3E T B0 | 5 7 i 5 7

e Solvent selection guide in practice. Each solvent is ranked from 1-10 and
color-coded for convenience (1 being the worst, 10 being the best).
Ranking is across 6 different categories, which include waste production,
environmental impact, human health, hazard, reactivity and life cycle.

e This effort took several years and it is still ongoing.

http://solventguide.gsk.com/



GSK Solvent Selection Guide

Few issues (bp°c)

Some issues (bp°C)

Major issues

. . ) Dichlaramethane **
S ....before using chlorinated solvents, have you considered Carbon tetrachlaride **

TEME, isopropyl acetate, ethyl acetate, 2-Methyl THF or Dimethyl| Carbonate? C orm **
1.2-Dichloroethane ™
Greenest Option Water (o0
Ethanol/IMS 7 1-Propanol &7
Aleohols 1-Butanol e = i o P | e oLy
5 Butanol o == Utano R =Fropanc R viethoxye

Methanol o
t-Butyl acetate =
Esters Isopropyl acetate o
Propyl acetate (i)
Dimethyl Carbonate o

Ethyl acetate 77
Methyl acetate 57

i P
Ketones Wethyl isobutyl ketone Methyl ethyl ketone
Acetone e
-Xylene 1207
Aromatics p-Ay . I Eenzens **
Toluene ** i1
Iscoctane i Petrolewrn spirit **
Hydrocarbons Cyclohexane i) 2-Methylpentane
HEptiEII'IE R Hexane
1,4-Dipxane **
t-Butyl methyl ether 5= 1.2-Dimethorye
Ethers 2-Methyl THF mec: trahydrofura
N Diethyl ether
Pl (1[5
Cyclopentyl methyl ether of Ditsoprapy! ether *
Dimnethyl formamide **
M-Mathyl pyrrolidons **
Dipolar aprotics

Dimethyl sulfoxide i1swu

M-Methy| formamide ==
Dimethyl| acetamide **
Acetanitrile

=* = EHS Regulatory Alerts: please consult the detailed solvent guide and the GSK €hemicals Legislation Guide for mom infermation
G5H 550G MO 02 Sepuenber 2010
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Another view of the solvent selection guide: Green and yellow indicate a preferred solvent. Red suggests major heath or environmental issues.
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The development of an environmentally benign synthesis of
sildenafil citrate (Viagra™) and its assessment by Green
Chemistry metricst

Peter J. Dunn,* Stephen Galvin® and Kevin Hettenbach¢

a Department of Chemical Research and Development, Pfizer Global Research and
Development, Sandwich, Kent, UK CT13 9NJ

b Pfizer Ireland Pharmaceuticals, Ringaskiddy API Plant, P.O. Box 140, Ringaskiddy, County
Cork, Ireland

¢ Department of Chemical Research and Development, Pfizer Global Research and
Development, Groton, CT-06340, United States

Received 3rd October 2003, Accepted 14th November 2003
First published as an Advance Article on the web 16th December 2003
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CH.CI,
Acetone
Ethanol
Methanol
Ether

Ethyl Acetate
2-Butanone

Toluene
Pyridine
t-Butanol
New solvent

1300 L/kg 100 L/kg 22 L/kg 7 Likg 4 ukg
Medicinal Chemistry OptlmlseF! Commercial Route Commgrual Route  Future
1990 Med. Chemistry (1997) Following solvent Target

1994 Recovery
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Other green chemistry solvents

 Aqgueous Solvents
e Supercritical Fluids
* |onic Liquids

e Solventless Conditions



.

Agueous Solvents

Water based solvents with generalized applications.

Advantages Disadvantages
* |[nnocuous e High boiling point
* Inexpensive e Separation difficulties
e Well characterized e Effluent contamination

e Versatility among
applications


Presenter
Presentation Notes
Water, the most popular choice for nature, is undoubtedly the most benign solvent there is. It is easily accessible and cheap to employ, and has the lowest toxicity to the environment. Not only it is non-flammable and non-explosive, but it also has a high heat capacity. With addition of surfactants or other miscible organic co-solvent, water emerges as a new choice in chemical synthesis including oxidations, reductions, nucleophilic substitutions, and electrochemical synthesis. However, water is not perfect and its cons should be considered before it is used in large scale synthesis. Aside from its poor compatibility of organic molecules, distillation of water from reagent requires more demanding condition relatively to other solvents such as methanol. Removal of water, even in vacuum, is more energy intensive (thus less economically viable) than conventional organic solvent. Therefore each solvent selection or replacement needs to be discussed on a case-by-case basis. Replacement of organic solvents to water may be done at least for safety reasons 


Supercritical fluids

Small molecules (e.g., CO,, H,0) used under conditions of
elevated pressure and temperature to form a fluid that is
neither liquid nor gas.

Advantages Disadvantages
* Innocuous e High pressure required
* |[nexpensive e Poor solvency
e “Tunable” solvent properties » Surfactants required

Enhanced performance
Versatility among applications
Ease of separation


Presenter
Presentation Notes
scCO2 is very attractive as a solvent because it can be removed easily by simply decreasing the pressure in the reaction vessels. This eliminates the need of solvent distillation, which is an energy intensive process, while leaving behind a product with high purity. Besides its’ non-toxic profile, scCO2 is often readily available as an industrial by-product and can be obtained without burning fossil fuels. Several companies offer CO2 recovery, and turn this industrial by-product into a profitable reagent. Such recovery is especially popular in breweries, distilleries, ammonia or ethylene oxide productions.




lonic liguids

e Charged substance mixtures that form a liquid at
ambient temperatures.

e “Salts whose crystal structure has been perturbed so
they are a liquid at room temperature.”

Advantages Disadvantages

e Very low volatility * Not necessarily benign

e Variable composition (high design  Manufacture costs uncertain
potential - can be tailored for
many applications)

e Easily recycled

e Ease of separation uncertain


Presenter
Presentation Notes
Ionic liquids have been found useful for a wide range of chemical reactions and processes, including hydrogenation reactions, biocatalysis reactions such as transesterification and perhydrolysis, and electrochemical applications such as battery electrolytes 
Another use for ionic liquids is as a medium for separation of biologically produced feedstocks from a fermentation broth, such as acetone, ethanol, or butanol 



Co2

hexane

MeOH

PEG
y-valerolactone
DMF

THF

CHCI3

DMF

ethyl lactate
choline Cl/urea
[PBud]OAc
[bmim]ClI
[pyBu]OAc
[omim]OAc
[bmim]OTF
[bmim]BF4

=]

th

10

15 20
Number of steps

Preparation — so simple?

[~
4]

Lad
[=1

35



H2+CO

CH5OH

2 step

3 steps

8 steps



G 5 D B EN
f syngas

l

H,CO NHa

HOCH,CH CsHg  syngas

O

MeNH2 HCI BuOH
v \/
methylimidazole BuCl
\l/
[omim]ClI
P AN > 20 steps
O cl



[Cm{[/mﬂ][ﬂm\l;ﬁ][(ﬁ;ﬂ@

CzH,, H20 syngas @THZ syngas [cH4 ][Hzo][mam] lHZOJ [CHJTLHLOJ[M ][CH‘][HEOJSDE 50
|

HOCHECSOH NHs CHEOH %/Hz H CaHe Y.e.'_.mgas H:SO\.[;an Nazwzscu

H,CO MeNHz HCI BuOH m HB10,

meth‘_urlimidazrﬁe\r/// BuCl MNaOH HBF 4
[bmim]CI NaBF,
F \]/
|© |
S N PN N - , [bmim]BF 4

lonic Liquids — Advantage?



Solventless conditions

Use of neat conditions or solid state techniques

Advantages Disadvantages
¢ Solvent concerns eliminated e High temperature and/or pressure

e Solvent costs eliminated required
e Lower purity product obtained

e “Work-up”



Areas of Research in
Green Chemistry

WASTE



PRINCIPLE 1

It is better to prevent waste than to treat or
clean up waste after it is formed.




Types of waste

* Solid waste

* Liquid waste
 Animal by product

* Biodegradable waste
* Chemical waste

* Bulky waste



Waste treatment pyramid: 4 Rs

Reduce, Reuse, Recycle, Recover

Prevention
Most t
favored
option _
Reduction
Reuse
: Recyclin
Recycling Y g,
Composting
Incineration
Least
favored

Landfill

option


Presenter
Presentation Notes
Need for technologies to Reduce and Reuse waste.
Ultimately, the waste production should be Prevented 


Established waste treatment
technologies

Incineration
» Solid organic waste is combusted.
Some thermal treatments allow . Wesiodeposi
energy capture. ™

e Solid mass reduction by 95-96%.

Landfill

e Consolidated material buried with
mud and other sealing agents to
enable chemical, bacteriological, and
physical degradation

* Semi-anaerobic conditions lead to
production of methane and CO,

* If captured, landfill gas (methane)
from decomposing garbage can be
used to produce electricity, heat, fuels

Electricity L

http://vireoenergy.se/landfill-gas



Established waste treatment
technologies

Recycling
e Converting waste materials into
new materials and objects. Aluminum 95%
* Available for metals, plastic, paper, Cardboard 24%
glass. Glass 5-30%
Compostin raper 40
-p Orgar%ics undergo a biological Plastics 70%
Steel 60%

decomposition to form a material
(compost) that is non-toxic to Cost-benefit of recycling: energy savings
plant growth.

e By-product of the reaction are
CO,, water and heat.



Alternative waste treatment
technologies

Anaerobic conditions and biogas production.
e Adopted for farm waste.

e Can reduce greenhouse gas emissions and can provide a
cost-effective source of renewable energy.

e Recovered biogas can be an energy source for electricity,
heating or transportation fuel.

Pyrolysis
e Thermal decomposition 200-300 °C occurring in the absence
of oxygen.
e Precursor of both the combustion and gasification processes.

* The products of biomass pyrolysis include biochar, bio-oil
and gases like methane, hydrogen, carbon monoxide, and
carbon dioxide.



o
Alternative waste treatment

technologies

Gasification
e Converts organic based materials into CO, H, and CO,.

e Achieved by reacting the material at high temperatures (>700 °C),
without combustion, with a controlled amount of oxygen
and/or stem.

e The resulting gas mixture is called syngas.
e Syngas is combustible and often used as a fuel.

Alcohol production (biomass conversion into mixed alcohol
fuels)

e Biological/chemical method for converting
any biodegradable material into useful chemicals, such as biofuels
(e.g., ethanol, propanol, n-butanol, isopropanol, 3-pentanol).

 Made by enzymatic breakdown of biomass into simple sugars,
followed by yeast fermentation into alcohols.


Presenter
Presentation Notes
Syngas can be used in the Fischer–Tropsch process to produce diesel, or converted into e.g. methane, methanol, and dimethyl ether in catalytic processes.
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Presentation Notes
Why Gas?
 
Quite simply, there is an awful lot of gas around, and in particular CO and H2 – or SynGas.  It can be formed from Pet Coke, Natural Gas, municipal waste and biomass and is present in quantity in Steel Mill off-gas.  Its abundance provides for security of access and the diversity of sources mitigates against risk
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Presentation Notes
As indicated earlier, our initial chassis will be an anaerobic acetogenic Clostridium species, as used by Coskata, Ineos Bio and Lanzatech.  Here we show the sort of chemicals that can be generated using this chassis, through redirection of metabolism from acetyl CoA, pyruvate or fatty acids.  Production of some has been demonstrated in the laboratory, while others remain in the discovery phase.  
 
Of course, ethanol and butanediol have already been exemplified at the demonstration scale.  We indicate here some of the platform chemicals that we would target within the IKC.
 
Other attractive products, such as isoprene or alkanes, are feasible using this chassis, but it is likely that the anaerobic nature of this chassis would limit productivity.
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PrOduct WWT Handling

Storage

Polymers and Resins (SBR, ABS)

. F‘V.‘“k.‘_
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Nylon-6,6

S 40 Bn World Market

Principal Driver — Bio Butadiene — Green Tyres
Semi-synthetic Styrene-Butadiene Rubber (SBR) — Green SBR
Butadiene is also key route to green adiponitrile — Green Nylon-6,6


Presenter
Presentation Notes
An example of the sort of molecule we will initially target is Butadiene.  The projected global demand for butadiene in 2011 was over £20 Bn.   A principal driver is in the manufacture of  Green Tyres.  Lanxess, a IKC partner, are the largest manufacturers of rubber in the world.
 
A further major use of butadiene is as a precursor for the generation of adiponitrile for nylon manufacture.  Hence current commercial deals by Invista (the world’s major producer of nylon) with both Cobalt and LanzaTech for butadiene production using their proprietary clostridial chassis. 
 
The pharma sector also use of butadiene in the development stages of many routes to advanced pharmaceutical intermediates.
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Presentation Notes
Petroleum has been the most popular feedstock. It is used to generate everything from motor fuel to paints, rubbers and inks. This was possible due to additives.
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Presentation Notes
Today, the list of petroleum based products is even longer.


Prevent waste

Design products which are biodegradable.

Use a waste as a feedstock for another process.



.

Waste reducing technology:
CO, utilization

CO, is a common byproduct (waste) of many
reactions. It is also a green house gas. There
are technologies which use CO, gas as a
feedstock.

Carbonate materials — polycarbonate plastic

Carbonate

Qe
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Presentation Notes
While the plastic is made of CO2, the structure includes BPA. BPA can leach into water and interfere with human hormones. This is an example of unintended consequence.


Newlight Technologies for AirCarbon:

Greenhouse Gas Transformed into High-Performance
Thermoplastic

e Methane is emitted by natural sources such as wetlands. It
is also the second most prevalent greenhouse gas emitted in
the U.S. from human activities, such as leakage from natural
gas systems and the raising of livestock.

 Newlight AirCarbon is a carbon capture technology that
combines methane with air to produce to produce polymers
at environmentally friendly, ambient conditions.

e This technology allows polymerization beyond previous
maximum limits and generate a yield of nine kilograms of
polymer for every one kilogram of biocatalyst (9:1) — nine
times more material compared to previous technologies.

e The process matches the performance of a wide range of
petroleum-based plastics while out-competing on price and
It is being used to make bags, cell phone cases, containers,
furniture and other products.
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