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Overview

> 1850 plants & animals, coal
> 1920 acetylene (from coal)

> 1950 oil
> 1973 oil & gas
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‘—> Bulk chemicals Fine chemicals

Specialty chemicals

volume | >10,000t/y | <10,000t/y |<1,000t/y

# of products 100’s 1000’s > 10,000’s
price 55 /kg 5-20 S/kg >20S kg
Value added low moderate high

Key factor cost Function, cost function



Examples of BC

> 1850 plants & animals, coal
> 1920 acetylene (from coal)

> 1950 oil
> 1973 oil & gas
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Fine chemicals Specialty chemicals
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‘—> Bulk chemicals

« Primary BC: Ethylene, propylene, butadiene, benzene, p-xylene, methanol

« Secondary BC: ethylene oxide, ethylene chloride, ethylbenzene, acrylonitrile,
terephthalic acid, MTBE, cumene

« Tertiary BC: vinyl chloride, polyester, styrene



Characteristics of BC industry

> 1850 plants & animals, coal
> 1920 acetylene (from coal)

> 1950 oil
> 1973 oil & gas
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Specialty chemicals

» Large scale, dedicated production lines
» High temperature and pressure for high throughput

« Continuous flow chemistry and purification is common

* Highly engineered processes

« Heterogeneous catalysis (exceptions hydroformylation and p-xylene oxidation)
« Large investment, industrial clusters

« R&D trend is towards using alternative feedstocks and greener production (2-5 %)

Big investments: BP, ExxonMobil, Shell, Chevron, SABIC, Sinopec
Process Licensors: Lurgi, Uhde, UOP, KBR, Lummus, Axens, Johnson Matthy

.



Why is this important for us?

> 1850 plants & animals, coal
> 1920 acetylene (from coal)

> 1950 oil
> 1973 oil & gas
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‘—» Bulk chemicals Fine chemicals Specialty chemicals

* Engineering solutions could be implemented in other sectors
(flow chemistry, heterogeneous catalysis...)

* Well-studied reaction mechanisms
could be intercepted/modified for more complex chemistries

* Awareness of the added value by each transformation
avoid developing “de-evaluating” chemistries

» Help predict impurities in your feedstock and possible side reactions in your chemistry



Opportunities for org. chemistry in renewables

> 1850 plants & animals, coal
> 1920 acetylene (from coal)
> 1950 oil

CO, and biomass °

> 1973 oil & gas
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‘—» Bulk chemicals Fine chemicals Specialty chemicals

* Engineering solutions could be implemented in other sectors
(flow chemistry, heterogeneous catalysis...)

* Well-studied reaction mechanisms
could be intercepted/modified for more complex chemistries

 Awareness of the value that each transformation adds
avoid developing “de-evaluating” chemistries

» Help predict impurities in your feedstock and possible side reactions in your chemistry

« Awareness of what chemistries are needed to harness emerging feedstocks



Opportunities for org. chemistry in renewables

> 1850 plants & animals, coal
> 1920 acetylene (from coal)
> 1950 oil

> 1973 oil & gas
CO, and biomass
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Examples:

« CO, capture (MOF, hydroxylamines, ionic liquids...)
« CO, reactions (carboxylation, RWGS...)
* C-O bond cleavage reactions

NaN 1) PPhs NHBoc
DMF 2) Boc,0  BocHN

O. 0y .OH .,
I oH et
o} » -
OH id i
2 + NHBoc PdCI (dppt) CsF NHBoC 1] NaCH, H,O/THF NHBoc :‘ll‘-c,_'
BocHN T DioxanerH0 e.r H,0 BocHN 2)H a* BocHN '
O‘B‘D Br
Vany g '
2 HO
1

o] HO™ ~0

Yaghi et aI. J. Am. Chem. Soc. 2017 139 (35), 12125



Chemistry of oil processing

Challenge: the fraction of oil that is rich in useful “and separable” chemicals is the same fraction
that makes good gasoline...naphtha

Long term goal: energy comes from renewables, chemicals come from ol

For the time being, maximize the utility of extracted oil by converting the less useful fractions to
more useful ones
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—
i [ [ Lo Octane Gﬂﬂﬂ"ﬂﬂ> Reformer Unit | High Octane Gamlln 58% Gasoline
—
: — {f) ﬁ
&
E | Kerosene > DietiNate | KerosenelJet Funl> 289% Distillate
i Desulfurizer ‘ | | | | ‘ El:!;iﬂl oi
o eating
| Diesel :> [ DTTIerTmr Tll> ot Foct

Hydrocracker Hydrocracker Gasoline

ight Cycl ]
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@ High complexity refineries typically run heavier and more sour crude oils and produce the
highest vields of lighter/higher value producis

https://www.sec.gov/Archives/edgar/data




Naphtha reforming

Reactions: dehydrogenation, isomerization, dehydrogenative aromatization

Temperature: 450-550 C

Catalyst: Pt/Al,O4 (chlorinated)
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Naphtha reforming

Reactions: dehydrogenation, isomerization, dehydrogenative aromatization

Temperature: 450-550 C O/ — ©/ v

Catalyst: Pt/Al,O4 (chlorinated) N N — /K/Y

Challenges:

-catalyst deactivation by heavy hydrocarbon deposition (coking)
-solution: continuous catalyst circulation

Stacked

Reactor

A\
| Net Hy Rich Gas
BT Net Gas
CCR Compressor — Fuel Gas
Regenerator Recovery —

A Section
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Light Ends

A Separator

Stabilizer
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Catalyst
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Caralyst / Process flow

 — Aromatics

/ Solids flow Rich Reformate 11




Naphtha reforming

Reactions: dehydrogenation, isomerization, dehydrogenative aromatization

Temperature: 450-550 C

Catalyst: Pt/Al,O4 (chlorinated) SN — /L/Y
CHs
Challenges:
g G g, — +4Hy
-catalyst deactivation by loss of chlorine a
-solution: continuous addition of chlorine source (PERC) CI>:<CI
Stacked
Reactor
Rapiha feed Net Hj Rich Gas
€ g Net Gas r
CCR Y Compressor — Fuel Gas
R [
egenerator < l IQI o Rse:&vil:;y .
Combined Feed ?
Exchanger
Separator >
Light Ends
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Catalyst - =
Fired Heaters
Spent
Catalyst _ -
[ — Aromatics

Rich Reformate 12



Naphtha hydrotreating

Reactions: dehydrogenation, isomerization, dehydrogenative aromatization

Temperature: 450-550 C O/ — ©/ v

Catalyst: Pt/Al,O4 (chlorinated) N N — /K/Y

Challenges:
g H3C/\/\/\CH3 — +4 H,

-catalyst deactivation by sulfur presence in the feed

-solution: naphtha pretreatment (hydro desulf i =
form H,S)
Stacked
Reactor coordinatively
Naphtha Feed unsaturated
»r‘ fro'rln Treating ﬁ ﬁ ﬁ » ﬁ /ﬁ site
o 2
CCR ‘ Y Mo—S—Mo—S—Mo >~ Mo—S—Mo—S—Mo
Regenerator < - H,S
Combined Feed r3H, AH“S (thiophene)
Exchanger ; CaHho —
ol s
|
Mo—S—Mo—S—Mo
("ring-opened" thiophene
bound to Mo)
Regenerated =)
Catalyst =
Fired Heaters
Spent  N—
Caralyst S

Gary, J.H.; Handwerk, G.E. (1984). Petroleum Refining Technology and Economics (2nd ed.). Marcel Dekker, Inc



Naphtha hydrotreating

Reactions: dehydrogenation, isomerization, dehydrogenative aromatization

Temperature: 450-550 C O/ — ©/ v

Catalyst: Pt/Al,O4 (chlorinated) N N — /K/Y

Challenges:
g H3C/\/\/\CH3 — +4 H,

-catalyst deactivation by sulfur presence in the feed

-solution: naphtha pretreatment (hydro desulfurization..i.e C-S bond scission with MoS,/Al,O; to

form H,S)

Stacked
Reactor coordinatively
Naphtha Feed unsaturated
& from Treating ﬁ ﬁ ﬁ . ﬁ / ﬁ site
2 2
CCR b3 Y Mo—S—Mo—S—Mo — = Mo—S—Mo—S—Mo
Regenerator - HpS

L‘agl::g::gl;iad Y‘ngw AH;S, (thiophene)
'Q A
Mo—S—Mo—S—Mo

("ring-opened" thiophene
bound to Mo)

In-situ catalyst sulfiding

Regenerated
Catalyst - = 2
2 Fired Heaters
Spent  N— S /
Catalyst P S

Gary, J.H.; Handwerk, G.E. (1984). Petroleum Refining Technology and Economics (2nd ed.). Marcel Dekker, Inc




Fluid catalytic cracking

Catalytic cracking: cleavage of C-C bonds in presence of solid acid catalysts (zeolite)

convert less usable longer chains to shorter more useful alkanes and alkenes
Reaction time is very shorts “milliseconds” .. .fluid catalyst riser

=
W
Formation of Carbocations on Acid Sites of Catalysts o E
=¥
=
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==
Lewis acid sites — accept electrons 2covery E E
"- ;l £ ol g Latalyst
—Bronsted site Lewis si Q. W Stripper
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] 0 0 0 / Steam
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= o° o o 0o° o
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. +HI -H —
Olefin C=C - C,H® Alkane  C-C - CHP
':} || 450°C 450°C Ricar
MediumiHeavy oil(co) | | Alklation L _Alkylate |
Sour Crude Oil i Unit
[ I—

Catalytic
Cracker
(FCC)

@ High complexity refineries typically run heavier and more sour crude oils and produce the
highest vields of lighter/higher value products 15

https://www.sec.gov/Archives/edgar/data

| FCC Gasoline faw oil charge

http://www.apc-network.com




Alkylation unit

Alkylation: formation of longer chain alkanes from volatile, shorter alkane/ene

- acid catalyzed by sulfuric or hydrofluoric acid in biphasic reaction
- efforts for finding solid-acid catalyst has been going on for decades, SbF. in acid washed silica,

triflic acid on porous support...
- in 2015, first sold acid unit was commercialized by Albemarle “AlkyClean”

rua [ Propane/Butane >| 7% Propane/Butane |
Unit
—
i [ [ Lo Octane Gﬂﬂﬂ"ﬂﬂ> Reformer Unit | High Octane Gamlln 58% Gasoline
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@ High complexity refineries typically run heavier and more sour crude oils and produce the
highest vields of lighter/higher value producis

https://www.sec.gov/Archives/edgar/data
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Alkylation unit

Alkylation: formation of longer chain alkanes from volatile shorter alkane/ene
Acid catalyzed by sulfuric or hydrofluoric acid in biphasic reaction

Efforts for developing solid-acid catalyst has been going on for decades
SbF; in acid washed silica, triflic acid on porous support...
2015, first sold acid unit was commercialized by Albemarle “AlkyClean”

STRATCO Contactor™ Reactor “—

NPRA

A - Contactor Reactor Shell
B - Tube Bundle Assembly

C - Hydraulic Head Assembly
D - Motor, Turbine/Driver

. Emulsion
Spider  peed Nozzles To Settler
Acid ; ;
Impeller Circulation Coolant
P HC l B Tube A [ out
/) =
N t E— —

Coolant
In

http://www.dupont.com
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Benzene to chemicals

—= ethyl benzene styrene = polystyrenes

= phenol

| acetone
_...| cumene | epoxy resins
= bisphenol & —
= polycarbonate
= solvents
= adipic acid
bhenzene = cyclohexane — j—» nvlons
= caprolactum
= nitrobenzene | —= aniline |+ methylene diphenyl diisocyanate [—={ polyurethanes

—|-| alkyl benzene — detergents

—= chlorohbenzene




Benzene to phenol

ethyl benzene styrene

= phenol

= Acetone

—|-| CLUmMene

= hisphenol

= solvems

% 00" % _OOH .
= adipic acid
bhenzene cyclohexane — + EE— +
= caprolactur

= nitrobhenzene —= aniline —ﬁ

H,0* +
—|-| alkyl benzene — detergents 5 T > + H,0

—= chlorohbenzene

(image from hitp /lwww.ss8) orglejssnt/duan-small jpg )

- Gas phase Friedel Craft: phosphoric acid has been replaced by zeolites

- Liquid phase oxidation with air in liquid phase to give phenol and acetone as a

byproduct

- Decomposition of the peroxide in presence of acid 19



Benzene to chemicals

—= ethyl benzene styrene = polystyrenes

= phenol

acetone

epoxy resins

—|-| CLUmMene

bisphenol A —

polycarbonate

L

= solvems

adipic acid
bhenzene cyclohexane — j—» nvlons
= caprolactum

polyurethanes

—= nitrohenzene || aniline = methylene diphenyl diisocyanate

—|-| alkyl benzene — detergents

—= chlorohbenzene

H,C CH
3 Y 3
+ O + | | H
HO OH HO

H,C CH,

x /



Aromatics to chemicals

’—b henzene

toluene

| = toluene diisocyvanate = polyurethanes

benzoic acid (= caprolactum —= nylons

Less applications compared to benzene and xylenes

Q=00

Trans-alkylation (disproportionation): gas phase conversion of toluene to benzene and xylenes
Zeolite catalysis

meta-xylene

|—> alkyd resins

= isophthalic acid | = polvamide resins

unsaturated polyesters

para-xkylene

dimethyl terephthalate
|—> polyesters
terephthalic acid

ortho-xylene

= phthalic anhydride




Aromatics to chemicals

henzene

toluene

toluene diisocyanate [

COOH
© [cat] @ Tleatl © Tleatl © Tleat] ©
COOH COOH COOH

|

henzoic acid

capr p xylene p-tolualdehyde p-toluic acid 4-carboxybenzaldehyde terephthalic acid

H, / [cat.]

Homogeneous catalyst Co, Mn bromide + HBr
Acetic acid solvent
Highly corrosive, slow reaction...expensive alloy, large volume

meta-xylene

isophthalic acid

Solution: titanium cladding

dimethyl terephtl

para-xkylene

halate

H.

terephthalic acid

ortho-xylene

phthalic anhydride

Where do these aromatics come from?
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Aromatics to chemicals

Naphtha Mixed
Benzene Toluene Xylenes

Catalytic /I\ /L - /I\
Reformer

Aromatics

il
-

- Fractionation |
& Section |
E Raffinate
= I
[ P I
. =
- Extractive = |
Y Distillation g ‘1’
z I
< Co+
Solvent | Aromatics
Recovery i
& _ﬂrluen; ~ ]
Aromatics-rich .
- — Steam ' Trans-Alkylation '
Solvent L N |
T
Benzene and J
g

Solvent Recycle Mixed Xylenes

Xylenes separation
Simulated Moving Bed SMB, using zeolite
https://www.youtube.com/watch?v=miugGJO8ptc



Xylenes separation by SMB

%\ ( 4 > ) Desorbent
Desorbent 1 - Lagract
G TFeed
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b
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~
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y J -
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Double disk valve overview

Lower static disk
Faria, R. P. V.; Rodrigues, A. E., Instrumental aspects of Simulated Moving Bed chromatography. J. Chromatogr. A 2015, 7421 (Supplement C), 82-102. (Top view)




Oil to Olefins

polvethylene

ethanol

engine coolant

ethylene

ethylene oxide

ethylene glycol

.

glycol ethers

—

vinyl acetate

1,2-clichloroethane

ethoxylates

polyesters

s tetrachloroethylene

= trichloroethylene

s Winyl chloride -

pobnvinyd chloride

Medium/Heavy
Sour Crude Oil

c=
=
£

:
[
5
]
i
o

t T
-“ ™|

@ High complexity refineries typically run heavier and more sour crude oils and produce the

\ Propane/Butane

7% Propane/Butane |

Naphtha again...”’cracking” this time

Light Cycle
0il (LCO)

Fluid

Low Octane Gasoli l Reformer Unit

M rosens Distillate
Desulfurizer
Diesal

datal

>

- high temperature fire heater reactors
- - besides Naphtha, LPG and ethane are
2% Dstlate often used too

Catalytic

FCC Gasoline |

Cracker
(FCC)

highest vields of lighter/hiaher value products
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Ethylene to ethylene oxide

H,C=CH, + 0.50, — H,C—CH,

—s polyethylene

25 keal
L ethanol (‘M‘T = “105kJ 7 m“') [Ag] + O; — [Ag]-0; 4
H,C=CH,
ethylene - i || H,C—CH,; + (Ag]: Oy,
wi ethylene oxide j| |\ c—cH, + 30, —» 2C0, + 2H,0 S :
— Winyl acetate 317 keal
(A” = —y327%) /mol

4 [Ag]-O,y, + H,C=CH, —» 2CO + 2H,0 + 4[Ag]

H,C—CH, + 250, — 2CO, + 2H,0

_ 292 kcal
(A” =~ 1223k

—| 1,2-clichloroethal

[Ag]"Oy 44 + 2CO — 2CO; + [Ag]
/mol)

[Ag] = metal surface

1] » Unique ability of silver to molecularly
7] e adsorb O,

[ Oxygen | 3 | < « Adsorbed atomic chlorine favors this ads.
8 g 5 mode versus the dissociative mode
5 3 2 « Maximum achievable selectivity is 80%
3 S : aximum achievable selectivity

* High silver loading (up to 15%) on alumina
or other oxide supports

Crude EO

Acqueous EO to

Stripper

glycol section

EC absorber

Water

+% 0,— C;H 0

/

CH,=CH,

—p CyCle gas . .
st SR T L https://www.industry.usa.siemens.com 26



Benzene to chemicals

isopropyl alcohol

acrvlonitrile

polyol

polvpropylene

propylene propylene oxide propylene glycol

glvcol ethers

acrylic acid

acrylic polymers

epichlorahydrin epoxy resins

alivl chloride




Benzene to chemicals

»| isopropyl alcohol SOHIO Ammoxidation process:
MoO4/BinO4 e
. ) + NHy +320;,—————— + 3 H:0
= acrylonitrile f.'x-J 3 Oz 300450 °C
acrylonitrile
= polypropyvlens
propylene = propylene oxide HM S 0 HN'M"‘:"D
30 via
AN £ Grasselli, R. K. Catalysis Today 2005, 99, 23
Q 0O NH
= acrylic acid —-E L4 g
Active A N
silC ,‘ o NH
Light Ends R
Pr_opane HCN . 2001 — (oF _\ o
Nltroger'l c 200 N :"‘(Ii‘;tl»m:.‘ : 0 “.
_E I-]( 11 “' o} NH
[w] M M M M
g. Oxalic Rea:.cﬂ\‘l 372 O Ammoxidation
Fluid Bed IF - g Aciil E | ACRYLONITRILE et e
Catalytic é ig_ < = %
Reactor 5 1 =S HaC = CHCN + 2 H:0 o : HsG = CHCHs
1.5-3 atms 5 3 5 . HiC” 1 Vo 4
400 - 500°C 2 B e .
H.O E M , M2
2 Allylic surface
Heavy Ends e
) « HCN and MeCN are the two main byproducts
: ‘ CN i
2 .
@ N ‘é g Acetonitrile N E N : N
% g H CN
7 - Steam < = 3PN Ib AbiEE
&
: T CN H
Ammonia Propylene Air @
Propane /kH - > NC\)Y\CN
Feedstock
H,O Heavy Ends H o 3PN H




Opportunities for org. chemistry in renewables?

> 1850 plants & animals, coal
> 1920 acetylene (from coal)
> 1950 oil

> 1973 oil & gas
CO, and biomass

Explosion at Oppau 1921
http://www.reimerei.net/Oppauammoniak_(FRB).htm

A number of accidents lead most countries to prohibit work with high P
acetylene, BASF limit was 1.5 bar

Walter Reppe (1892-1969)
Reppe’s goal: use acetylene produced from CaC, as a primary building block Photo: www.euchems.org
PhD in Chemistry 1921

Reppe wants to go higher than 25 bar

Reppe focuses on developing equipment for safe operation to allow for
studying the chemistry:
tube reactors instead of vessels
stainless steel (to avoid explosive salts formation with copper...)
delivery in a plurality of smaller parallel tubes
dilute with nitrogen

29



Opportunities for org. chemistry in renewables?

> 1850 plants & animals, coal
> 1920 acetylene (from coal)
> 1950 oil

> 1973 oil & gas
CO, and biomass

i

BASF butanediol unit today with the reactors built under Walter Reppe in 1943
Photo: www.basf.de

Reppe’s efforts lead to a number of industrial processes

H

HC=CH + ROH —<tat . /J\
OR

H

HC=CH + HCN —<tat . )\
CN

HC=CH + Hcl —tat, %
cl

Walter Reppe (1892-1969)

Photo: www.euchems.org

PhD in Chemistry 1921

0 OH
HC=CH + A cat HCo= <
R H R
OH o HO OH
HC:—< + Jj\ cat > — <
R R H R R

30




Coal and NG to chemicals

Coal

co+H;  |,_™0r0)
Synthesis gas

Bunker
Feeder
Coul fock
Quench
Coal —»
Water — Quench
Air = cooler
: Crude gas
Rotating grate
- Steam&
OXyGe
Ash lock 09N
Ash o slurceway

31
Diagram of the Lurgi Dry-Ash Gasifier



How to make Aspirin in the era of petrochemicals?

32



Opportunities for org. chemistry in renewables?

> 1850 plants & animals, coal
> 1920 acetylene (from coal)
> 1950 oil

CO, and biomass °

> 1973 oil & gas

vv Yy
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Fine chemicals Specialty chemicals

\ 4

‘—» Bulk chemicals

» Small molecules: active ingredients in pharma and agro applications, pigments, flavors &
fragrance, sealants & coatings, organometallics...

» Big molecules: peptides, proteins... mwt > 700

« Batch STR reactors, multipurpose production lines

« Homogeneous and bio catalysis

* In-house production or outsourced (CM)

» Besides petrochemicals, extraction from plants, animals and bioproduction is common

* R&D activities are designing the synthetic routes and to a lesser extent scale-up and
optimization (5 to 10%)

Small to large size companies: Lonza, Evonik-Degussa, Bayer, Millipore Sigma, Monsanto 33



Opportunities for org. chemistry in renewables?

> 1850 plants & animals, coal
> 1920 acetylene (from coal)
> 1950 oil

CO, and biomass °

> 1973 oil & gas
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‘—» Bulk chemicals Fine chemicals

Specialty chemicals

Chemical(s) to serve a certain function: lubrication, adhesive, surfactant, cosmetics...

When in mixture called formulation.
Batch reactions

R&D efforts is to deliver better function rather than a certain chemical >10%
BASF, AkzoNobel, Lubrizol, Albemarle, Cabot
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Process chemistry

Two arms of pharmaceutical industry:
1. medicinal chemistry (high throughput screen, SAR)
2. process chemistry (economic, safe, reproducible, scalable and green)

Routes serving these two arms can be different due to different goals

Need for GCMP is driven by: regulations and the increasing production cost (20% in 10 years):

* Innovative engineering solutions: flow chemistry, biocatalysis, high pressure...
« Standardized measurable evaluation criteria for production routes:

1. Materials cost: reactants, solvent, catalyst, additives, eluents, extractants...
. Two synthetic pathways to 2-phenyl-6-azaindole (8)

sustainable?
2. Atom economy

_ MW (product) X 100%
Y MW(raw materials)

Route 1: 24%
Route 2: 75%

Dach, R.: Song, J. J.. Roschangar, F.; Samstag, W.; Senanayake, C. H., Org. Proc. Res. & Dev. 2012, 16 (11), 1697-1706.

ROUTE 1

X
| ™ NaHMDS /@\l
=N ™ BocHN

H,N Boc,0
1 2
a MW = 218
MW= 94 nBuLi/-78 °C
l2 MW =254
= N -
| DBU F \
_CU(D_,. —=
A I,\I Z Ph” N
Ph™ 4 BocHN Ph 5 NHBoc H g
MW = 102 MW = 194
ROUTE 2
_ N MW = 150
[N _secBuLiTHE S PhCO,Et
N =N
HoN m3h Hiy 30°Ctort
6 Li 7
MW =108

.are they

35



Process chemistry

Standardized measurable evaluation criteria for production routes:

1. Materials cost: reactants, solvent, catalyst, additives, eluents, extractants....are they

sustainable?
2. Atom economy > 70%

3. Yield, based on limiting reactant. convergent routes are more favored than sequential

Besides loss of materials, the formed side products can be costly in terms of reactor cleaning

and waste disposal ..e.g. genotoxic or explosive impurities

Linear Synthesis

80% 80% 80%
-

A B - C - Product Owerall Yield = 80% x 80% x 80% = 51%

Convergent Synthesis

80%
A—= B

Product Owearall Yield = 80% x 80% = 64%

80%

D E

4. Volume Time Output VTO

VIO =

nominal volume of all reactors[m’] X time per batch[h]

output per step[kg]

Dach, R.: Song, J. J.. Roschangar, F.; Samstag, W.; Senanayake, C. H., Org. Proc. Res. & Dev. 2012, 16 (11), 1697-1706.
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Process chemistry

4. Volume Time Output VTO: <1 m3 h/kg

@

VIO =

nominal volume of all reactors[m”] X time per batch[h]

output per step[kg]

Reactor volume 100 m3
Op. cost 20 M USD/year
24h/day, 330 day/year

Capacity utilization 60%

O (o)
haVa C.f Q d Wats (3 Cost: 42 USD/m?. h

/ el | A
¥ COMe SIMes N The T
O\H/n o o) E/ Grela catalyst 0 n 0 0o
O/ Toluene U T J
(o] x 9

(R=H): 82%at001M 12
(R =Boc): 93% at0.2 M 13

R=H, VTO =8.2 m3 h/kg
R= Boc, VTO = 0.1 m3 h/kg
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Process chemistry

5. E-factor or PMI: 25-100

2, mass of materials in[kg] — mass of product out[kg]

E
mass of product out| kg

mass of waste[kg|

mass of product out[kg] (5)

6. Quality Service Level: how reproducible a reaction is from batch to batch: QSL: >98%
7. Process Excellence Index: how reproducible a process is in terms of yield and cycle time
PEI > 98
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8. Ecoscale
Table 2. Modified EcoScale template for step evaluation at Boehringer Ingelheim
s S s RCM RCM
Parameter Question Criterion Points Route 1 Route 2
= 835% 10
ield [3] ‘What is the yield? BO-95% 7 5 a8
G0-80% 3
= BE% 10
Quality [A or Wik)] of .
Product by GC, HPLC etc. W hat Iz the quality? 95-08% ¥ T 10
= 95% 3
Filtratian befare final Yeg 10
crystallization possibla? Mo 0-5 A A
Workup & Purification Easy separation of suspension? E I;”; MA A
Easy drying in turnble or paddle Y 10 B "
dryer possible? [ -9 H
; Fas 10
Equipment Mullipurpose reactars suilable? e 5B o 10
= 3h 10
Reaction Time [k] What is the reaction time? 36 h 7 3 10
=10 Ih 3
Foam T 10
n = 0°C B
) - What is the reaction
Resction Tempsraturs [*C] temperaturs? 90-—1%“(3 5 8 5
= 180°C 3
= -10%C 3
1% chlorinabed soheent used? Yr; ';I; L 10
i 10
Rawer Madarials Price fof solvents < $7kg7? :: ] 10 10
All components ane Yos 0
. 10 10
commaditias? Mo 0-5
. o 10
Feaction highly exothesmss? . ) 10 10
Hazardous of toxic material Mo 10
EHS — Yos — 10 10
Highly flammable or explosive
material nesded? - It 12 L
TOTAL T3 103
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W Modified EcoScale,

¥ Process Excellence 10% M Material Cost, 15%
Index B Atom conomy
(PE'), 10% (AE), 5%
¥ Quality Service ® Yield, 5%
Level
(QSL), 5%

M E-Factor / Process

Mass Intensity
(PMI), 10%

Proposed weight of different factors by BI

Volume-Time-
Output (VTO), 40%
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Complete overview!

> 1850 plants & animals, coal
> 1920 acetylene (from coal)

> 1950 oil
> 1973 oil & gas

\A

/ﬁL

A 4

‘—> Bulk chemicals Fine chemicals Specialty chemicals

formulations, recipes...
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Process chemistry

Two arms of pharmaceutical industry:
1. medicinal chemistry (high throughput screen, SAR)
2. process chemistry (economic, safe, reproducible, scalable and green)

Routes serving these two arms can be different due to different goals

Need for GCMP is driven by: regulations and the increasing production cost (20% in 10 years):
* Innovative engineering solutions: flow chemistry, biocatalysis, high pressure...
« Standardized measurable evaluation criteria for production routes:

W Modified EcoScale,
Process Excellence 10% W Material Cost, 15%
Index eI B Atom conomy
(PEl), 10% (AE), 5%
¥ Quality Service B Yield, 5%
Level ’
(QsL), 5%

M E-Factor / Process
Mass Intensity
(PMI), 10%

®  Volume-Time-
Output (VTO), 40%
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RESEARCH AND INDUSTRIAL ORGANIC

CHEMISTRY"

By Professor JAMES F. NORRIS
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

ical research adequately, An attempt was made by
the division to bring about eooperative research in
certain industries. The response by executfives was
not, at first, encouraging. The president of a large
petroleum company told me it was not the business
of the chemist to meddle in the affairs of the indus-
try. His company had millions of dollars invested
in plants. It was satisfied with the resnlts. He did
not want anybody to do anything to make these
plants obsolete,

A high executive in another industry told me he
did not believe it good business to spend money on
research to develop new produects or methods. He had
found it better to let some one else bear the expense
of such work, most of which proved of no value. If
anything worth while came out of it he eould afford
to buy it. What a change has come about in seven
years. The two industries to whiech I have just re-
ferred are now spending millions of dollars in
research.

In recent years the methods and personnel of the
industrial research laboratories have ehanged rapidly.
The empirieal approach to the solution of a problem
has largely disappeared and has been replaced by
coordinated investigation earried out with the use of
the seientifie methods and with a knowledge of the
latest findings and instruments of fundamental
science. The industrial laboratories keep informed as
to the new knowledge resulting from research in the
universities. Requests are received from such labora-
tories for reprints of papers whiech apparently are
only of theoretical interest.

The change in the industrial laboratories has come
about as the result of a change in personnel. I was
consulted several years ago in regard to the appoint-
ment of a director of a proposed research laboratory
for a chemical industry, which was econducted largely
by rule-of-thumb methods. The directors imsisted on
the appointment of a well-informed organie chemist,
preferably a university professor, who had no expe-
rience in the industry which he was expected to
develop. In this ease there was good judgment in
the point of view.

Opportunities are rapidly decreasing for the ad-
vaneement in his profession of the chemist whose
scholastic experience is limited to a four years' eourse
leading to the degrge of bachelor of science. To get
ahead he must put chemistry behind him and become
a manager or executive. The men to-day who are
developing the industry are some of the best of those

chemieal equilibrium and ionization, catalysis, x-rays,
and different types of energy with varying intensity
factors—these and other important facts and gen-
eralizations have broadened the methods of research
in organic chemistry, and have been applied in the
solution of industrial problems.

For the research chemist who enters the industrial
fleld a knowledge is important of the principles of
chemical engineering which follow from the appliea-
tion of those laws of physies and physical chemistry
which have to do with the physieal relationships be-
tween molecules.

Those who direct the eduecation of students of or-
ganic chemistry should see to it that the preparation
for future work ineludes training in the principles
of physical chemistry and their use. If was not so
long ago that one of the leading universities of the
country had no requirement in physical chemistry for
men awarded the doctorate in organie chemistry.
Happily, econditions are improving.

The growth of the use of research in the industries
based on chemistry is indicated by the rapid increase
in the number of men awarded the degree of doetor
of philosophy in American universities. A compila-
tion made by the National Research Council shows
that mueh the larger number of these degrees is in
the field of chemistry. Many of the young men
awarded this degree have entered industrial research
laboratories, where they are happily at work on prob-
lems of great interst, are supplied with every facility
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Enabling Technologies

Laboratory Experiment < Previol

Student-Fabricated Microfluidic Devices as Flow Reactors for Organic
and Inorganic Synthesis

Z. Vivian Feng’, Kate R. Edelman, and Benjamin P. Swanson
Chemistry Department, Augsburg College, Minneapolis, Minnesota 565454, United States

J Chem. Educ., 2015, 52 (4), pp 723-T27

DOl 10.1021/ed5005307

Publication Date (Web): January 16, 2015

Copyright @ 2015 The American Chemical Society and Division of Chemical Education, Inc.

Figure 7. Synthesis of azo dyes: (a) 2-hydroxy-5-(2-phenyldiazenyl)-
benzoic acid, and (b) 4-(2-phenyldiazenyl)phenol in PDMS flow
reactors.
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Enabling Technologies

Review < Previol

The Hitchhiker’s Guide to Flow Chemistryl

Matthew B. Plutschack§T, Bartholoméaus Pieber§T, Kerry Gilmore™ (), and Peter H. Seeberger ¥

T Department of Biomolecular Systems, Max-Planck Institute of Colloids and Interfaces, Am Mihlenberg 1, 14476
Potsdam, Germany

* Institute of Chemistry and Biochemistry, Department of Biology, Chemistry and Pharmacy, Freie Universitat Berlin,
Armimallee 22, 14195 Berlin, Germany

Chem. Rev, 2017, 117 (18), pp 1179611893
DO 10.1021/acs.chemrev 7000183
Publication Date (Web): June 1, 2017
Copyright @ 2017 American Chemical Society
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Resources

bulk and commodity chemicals

ULLMANN'S
ENCYCLOPEDIA OF INDUSTRIAL CHEMISTRY

Fine chemicals
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