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B What | hope to leave you with

* Integration was crucial in the development of the
chemical industry but has decreased in importance

* |norganic chemistry created the chemical industry
and remains important, but not particularly valued

« Scale remains the major source of competitive
advantage in commodity chemicals
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B Chemical Industry Technology Waves

Inorganic Functionalization Cellulosics Polymers
* mined materials * use inorganics to * use inorganics to * fook of f with
- electrochemical transform organic transform natural synthetic rubber
- active reagents allow substrates materials « continues today
transformations * make dyes, solvents - partially synthetic
and drugs polymers

1760-1910 1870-1930 1895-1935 1925-present
: etroleum
rocks —> coal —> biomass ——» EGL
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Bl What is Integration?
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Bl |ntegration

Linkage of mass and energy flows that
create a significant advantage.
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Bl Chlor-Alkali
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2CF —= Cly+2¢
2H,0+26 —= H,+2OH

2 NaCl+2H,0 —= 2 NaOH +Cl, + H,
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Hl Bleach was the Product

Cl, + 2 NaOH—> NaOCI + NaCl + H,0

The oxidizing power of chlorine was what was desired.

No net production of alkali
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B Mercury Cells
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B Membrane Cells
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membrane

2CF — Cly+2e
2H,0+26 —= H,+2OH

2NaCl+2 H,0 — 2 NaOH + Cl, + H,
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Bl Solution Brine Mining

‘brine

water
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Bl Balancing the ECU
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ECU unit value vs caustic soda/chlorine price
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NW Caustic FOB ECU value per unit

Valuechloring/ tonne

icis.com/explore/resources/news/2019/03/21/10336962/insight-european-ecu-values-fall-to-the-lowest-level-since-2016/
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Bl Organochlorides

MJPhD



R ]in -

-

NS

MJPLD



B Chemical Industry Snapshot

Raw Materials Cracker Products
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Bl Recent Industry History
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Bl Ethane Price Now Tracks Gas
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B |[mpact of Low Gas Prices

1.0

O
o0

O
o)

($/pound)

o
N

Ethylene Production Costs

0.0

MJPhD

2 Other

- Northeast

u Westemn Asia

3 China Europe

5 Other Unitod 2005

— Northeast SI{H fe

: Westem Asia ales

= Chifia Europe

A Middie

4 East

- Middle  states

[

s I |

—: A.meril:ap'

: IC1s, Qg Chemistry
I 1 ] I ] 1 ] I I ] 1 I I 1 I 1 1 I 1 I ] 1 ! ] 1 ] L] | I ] 1 I | I ] | I I 1

0 100 200 300 400

Global Supply (cumulative in billions of pounds)



B |[mpact of Low Gas Prices
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Bl Cracking Comparison

fuel oil

toluene
benzene

pygas

—butadiene

C5
~——propylene

other C4

naphtha EUERE

butadiene ethylene

propylene

85 . ~1% Ib/lb C2=

ethylene
same amount of ethylene

~3% Ibflb C2=
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B Production of C3/C4 Dropped

Index
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s World Propylene

On-
Demand

Co- <
Product

28% FCC

4% HS FCC

= 2%
Syngas 2% —
yng CTO
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Bl Scale Is Important




Bl Scale Demo
= Make a cup
) with an 8%’
square and
another with a
/\ 4- @
7.

44" square

1.
B 4
5. 2 6. g’)
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https://www.mjphd.net/OrigamiDemo.html

MJPhD



B |[mpact of Scale to Contain Same Volume

>2X material
~9X labor to construct
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Bl Video Demo
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B Demo Math
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Bl Power Law

area (square units)
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Bl Scale Always Wins

If you are
moving mass
around, scale
reduces cost
faster than
experience.



Bl Organochlorides
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Bl Chlorine as an Oxidant

OH

Cl
+ NaOH
@ +1/2Cl, —> ij +HClI —— + NaCl

Cl
Cl_ Cl
cl Cl
Cl
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Bl All Reaction Products Find Uses
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Bl Perchloroethylene
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Bl Chlorine as an Oxidant

Cl OH

+ NaOH
+1/2Cl, —> +HCl  —— + NaCl
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Bl Phenol Today
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Bl Epoxides

EO PO EPI
ethylene oxide propylene oxide epichlorohydrin
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Bl Chlorohydrin Chemistry

Clorohydrin Ethylene Oxide

O
aq NaOH =5
/ + Cl, + Hy0 HO/\/CI + Na—Cl
e
Cl
EDC
1915-1975

Chlorohydrin Propylene Oxide

Cl
aq NaCH O Na* CI
/\+CI2+H20 — OH —P-___<‘+

NaOH
+ HCI — Na* CI

Cl
aq
— )\/CI
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Bl More Chlorohydrin Chemistry

Chlorohydrin Epichlorohydrin

Xt = AN+ Ha
Cl

Cl Cl
— cl Cl Cl cl
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Cl
Cl aq ek O . NatcrF
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Bl Epoxy Resins
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Bl Direct Oxidation




Bl Hydroperoxidation

P - <\

titanium silicate catalyst
0.5 nm pores

suitable for packed bed reactor
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Simplified Process Flowsheet

Off-gas > Low

| .
’ /J_\ r boilers

g \TJ' _
I

» \\ater,

- Glycols

Methanol Recycle
Methanol J Off-ga.s Water-glycols Pure PO
separation separation recovery

Catalytic Crude PO Methanol
Reactor recovery purification
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Bl Chlorohydrin Chemistry

Clorohydrin Ethylene Oxide

O
3 NaOH Tk
/+ Cl, + H,O i Ho/\/CI___,.. + Na—Cl
/\/Cl
Cl
E
1915-1975
c A
C|/\/ — C|/\ + HCI

EDC

G
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= PDC Hydro

Cl

+H
)\/Cl — X\t 2HCl

PtCu catalyst developed by Larry Ito

Carbon
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Polyether
polyols
PG? gﬁ?ers
Epichlorohydrin

5.359

P

ntermediates
4 797

Isocyanates
6.269

Pulp & Paper

Water Treatment 0.388
5513

units = million metric tons 2019 IHS



H Vinyl Chloride
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/\u

Vinyl Chloride Monomer(VCM)

Dow produced ~5 billion pounds/year
World demand is 49 billion pounds
Growth averages 4-5%

Source: Chemical Week product focus
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ECU unit value vs caustic soda/chlorine price
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Bl Breakfast of Champions

see Vonnegut's Breakfast of Champions
or

Pete Davidson’s The King of Staten Island
MJPKD



Bl Conventional Production

Cl ClI

Cl CI
L B ZhgeHe

Cl CI
CoH4 + 2HCI+ 3 O2 — \ |/ +H20

C2Hg +%C|2 +3 02 — %\C|+H2O
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Bl Conventional VCM

Chlor-
Alkali
Plant

llllll

Vinyl
Chloride
Plant

Vinyl Chloride
Product
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Bl Direct Chlorination

Refrigerant

Direct chlorination process
using a boiling reactor : Waste gas
@ o to incineration 4 *

CW

Heat

V\]I I,f“i recovery

' Chlorine
T T Product Stripping
‘ ; column
' Ethylene T T vessel S
'\J kJ l N Sales - EDC
Heat :

\ / recovery
CNC Reactor Furnace feed EDC

Vinnolis _Uhde

nn o ’ ThyssenKrupp
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Bl More Detail

VCM synthesis: 2 C,H, + Cl, + ¥, 0,— 2 C,H;Cl + H,0 Schematic diagram of a VCM plant

Chlorine Direct : EDC EDC VCM Vinyl chloride
Cl, chlorination cracking distillation VCM
E

C,H, + Cl, =% C,H,Cl, 22
C,H,Cl, + 218 k Jimole C,HsCl + HCl - 71 k J/mole
Ethylene EDC recycle EDC liquid + gaseous
C,H, distillation chlorination Hel by-products
E 3
k4
p
[ Dxﬂge" 1 . Oxychlorination L ( HCI 1% ( hfe"s;gUCt ]
2 g\ ) . ) v

C,H, + 2 HCl + 1,0, - C,H,Cl, + H,0 + 238 k J/mole

. .. Uhde @)
Vinnoli
MJPLD



m Oxychlorination

HCI from TDI / MDI paossible

Hydrogenation
reactor

Hydrogen

Hydrogen chloride

Oxygen

Ethylene
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Steam
Catalyst
F filtration
Boailer
feedwater

Oxychlorination
reactor

Circulating-gas

COMPressor =

Refrigerant

Waste gas to

sz@

ey
Quench
column

&

()

A \_ incineration

Crude EDC

Effluent to waste

=)

Vinnoli

water treatment
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mE Cracking

Cracking EDC

cw HCI
Combustion airh @ ® @
Cond. l Steam
to VCM distillation

Cracking product
‘l to VCM distillation

~a
Fuel Fuel
—,.. H

Recyle EDC

Cracking furnace EDC evaporator Quench to EDC distillation

. .. Uhde
Vinnoli
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Chemical Feedstocks Chemical Intermediates & Solvents

= Methyl Chloride
Methanol I\Cnﬁlthxl?ne onde e
i oroform
J Caustic Soda el 1175MM lbs (20%)
Chlor-Alkali Cell = 17340MMibs(17%) Side-products

Chlorine == Perchloroethylene
16689MM Ibs(17%) \ \ £ 503NN I8 (36%)
T oro ene
Ethylene FEREE S4BMM 1bs (33%) o
H 23520 MM Ibs (12%)
Brine / \ HCl —
inyl Acetate POLY(VINYL ACETATE
¢ in —— ( )

MM Ibs (11%)

— Ethylene Dichloride —<——*=Vinyl Chloride —@—» POLYVINYL CHLORIDE
(1,2-dichloroethane) 4336MM Ibs (9%)

et MMbs (i) Ethyleneamine
\ / 230MM lbs (36%)
Ethylene Oxide ———=— Ethylene Glycol

e s . | POLYETHYLENE
Ethanolamine TEREPHTHALATE
600MM Ibs (45%) d/
POLYSTYRENE

Ethane

EP Mix
Naphtha
/-V BTX Benzene = Ethyl Benzene —— Styrene
4700MM Ibs (5%) \ 4893MM Ibs (11%) 4983MM Ibs (11%)
Acrylonitrile —/
Isopropanol Oxo Alcohols
j ‘ 550 MM lbs(24%) 1441MM Ibs(11%)
Cracker = Propylene e POLYPROPYLENE
\ 3960 MM Ibs(4%) \ \
3500 MM Ibs(16%) |

p-Xylene (PX) ——»Terepr:m%lic Aci

Acrylic Acid — POLY(ACRYLIC ACID)
Acetone T Methyl Methacrylate Bropyiens Ghecle |
Ammonia —m= HCN 792 MM Ibs(12%) POLYMETHYL
\ \____Propylene o e | METHACRYLATE
Chiorohydrin ———== Propylene Oxide ——== Polyetherpolyols
MM Ibs (38%) 2761 MM Ibs (22%)
Aniline —— Methylene Dianiline Methylene Diisocyanate
(MDA) (MDI)
1145MM Ibs (10%) |\\
Toluene Diamine Toluene Diisocyanate POLYURETHANES
(TDA) o (TDI)
\ 480MM Ibs (7%)
Phosgene

420 MM Ibs (16%)

Acetone

\¥_ Cumene—>{ S720M bs (5%) Bisphenol-A POLYCARBONATE
Phenol 770MM Ibs (12%)

649MM Ibs (4%)

k¥> Allyl Chloride —=— Epichlorohydrin - EPOXY RESINS

1046 MM Ibs (42%)

* SB LATEX
Synthetic Glycerine
\ / 272 MM Ibs (98%)
Butadiene AU

Volumes are world production unless noted. Purchased chemicals are in pink. NON-Confidential - from published sources MEJ-2/2003




Chemical Feedstocks

Brine

P Ethane
( —Naphtha
/“"‘ BIxX Benzene

Isopropanol Qug *
n 550 W (B 24) L IR0 Joc] 11%)

)
Cracker < = Propylens «.\\ —

2050 ) a4
3500 Ll s {16% )
- Acrylic Acid
Acetone Methyl Methacrylate

N N, Bropvene 2 -

LChiomohydin

\—"- Butadiene "/

Volumes are word production unless noted. Purchased chemicals are in pink. NON-Confidential - from pubﬁm‘:&d SOUrces MEJ-2/2003




. F2V

Chlor-
Alkall

CoHg >

Vinyl Chloride
CZ H3C> Product

2

Ethane-to-Vinyl
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Lanthanide Catalyst

138.91

La

1.10 6s525d"

Lanthanum not a redox metal!
58 59 60 62| 63 64 65 66 67(| 68 69 7001 71
Ce Pr Nd Sm ||Eu || Gd || Th || Dy Ho (| Er Tm || Yb Lu
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LaOCI

200102747-6-1
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Fluidized Bed
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B What | hope to leave you with

* Integration was crucial in the development of the
chemical industry but has decreased in importance
chlorine has largely been replaced as an oxidant

* |norganic chemistry created the chemical industry
and remains important, but not particularly valued
vinyl and caustic are critical, just not particularly
profitable

« Scale remains the major source of competitive
advantage in commodity chemicals
for undifferentiated materials, production cost is
king and scale lowers production cost

MJPhD



BN |ntegrated Biorefinery
FROM BEET FIELD TO SUGAR FACTORY

HO GO O
g 91
-5 g £
z |5 B}
| h ElIE |5
Rainfall A\ NN \\\\ § &
NN Ll

/ Sunlight
I\

Seed Plant protection

Organic & Mineral Fertiliser Machinery operations

Sampling gy Lime kiln % a4
S
,.
) e ‘
% Lime
% e
Cleaning . WW — ( Eety P
- / TPt -

e e e e e e !
Clarify & filter | Water (treated)
Low temperature heat

(

V7 &—, |
Beet tops and tails

5 Wash & screen

Dry screen & mix Fermentation

j =g ’E): //illw\\i\‘-ﬂ er

QT
any

Bioethanol Electricity

Source: CIBE and CEFS (after British Sugar)

prokris.nl/production/



B Distributed Manufacturing

Challenges and opportunities for catalysis research

Industrialized countries Developing countries
Strict safety and Knowledge transter
environmental Process inherently safer,
control  Optimized catalysts /—\ lower risk c-f accidents
Fuels, 1 for high yield Simpler technologies, Robust,
cl*rq!am'lfﬁls. and selectivity alternatwe reduclanls inexpensive
it : - 3 catalysts
\ . Technology gapcs.: - : \‘ ﬁﬂﬂ /
- cost, prassure, .
Centralized A
large plants temperature

and refineries

. . i

Large scale, T High temperature, Knowledge transfer
large investments high pressure
Well-characterized
feedstocks

Distributed,
8 small plants

Small scale,
low investmeant

Low temperature,
low pressure

Uindefined,
variable,
feedstocks

more employment

Resasco DE, Wang B, Sabatini D. Distributed processes for biomass conversion could aid UN Sustainable Development Goals. Nature Catalysis. 2018 Oct;1(10):731.
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