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Acrolein and Acrylic Acid from Glycerol

» Acrolein derivatives

Related to existing Network
(steamcrakers, pipes)

— Fine Chemicals

N

Propyle

» Methionine —

HO™ Y ToH A U
OH " Acrolein OH = Polyacrylics

G cher0| Acrylic Acid Dispersants for
/\ Pigments or
CaCoO,
Esters Fine Chemicals ,
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Sources of Glycerin. (Worlwide).

13 Tons 2005 | 2006 2007 2008 2009
Soaps 160 150 155 130 110
Fatty Acids | 410 450 470 470 490
Fatty Alcoholg 130 160 180 190 200

Synthetic 20 - - - -

Other 35 30 30 30 30

Biodiesel 368 550 635 853 1000

TOTAL 1123 1399 1470 1673 1830
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Classical Acrolein and Acrylic acid processes

- Standard Acrolein plant:

%’ W’ Methionine: 30 kt/yr
Pyridine: few kt/tr
Glutaraldehyde: few kt/yr
Fine chemicals: few 100t/yr

Standard Acrylic Acid
plant: s Zjhm

Superabsorbants, i ¢
Esters: 80 - 160 kt/yr L

ca[c rlah orptio

-

B

c colonne de distillatio aréotnpqe
5] ct e de distillation des légers

E celonne de distillaton des lourds =
F réfngérams des réacteurs L _l

température (en °G)

Figure 1 - Procédé Nippon Shokubai de production d'acide acrylique

Technigues de l'ingénieur, 1995, J6055 and J6100 /7
ARKeMA
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Environmentally Friendly Process:
Avoid scenarios of past accidents

Pierre Bénite, France. July 10, 1976.
Taft, USA/ December 10, 1982.

Major contamination of
the Rhone River, during
clean-up of a train tank
367 Tons dead fish

17,000 Lowsiana Residents Return Home as Sila of
Blast Ie Declared Safe Aerial view of the wreckage of
tanks after an explosion and fire Saturday at the Union
Carbide chemieal plant in Tafl, La, Residents within a
five-mile radius of the site were evacuated because of
the fear of toxic fiimes from the fire. They were
permitted to retum home yes-terday. River traffic near
the plant, situated on the banks of the kMississipp River
a0 miles west of Mew Orleans, was halted until fire
bumed itself out. The chemical in the tanks was
acrolein, which is used o make algaecides, animal food
supplements and tear gas.

Ehe Kew ok Eimea

Explosion of a Storage facility
17000 people evacuated

ARKEeMA
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Cradle to gate analysis

CO., Plantgrowth = Acrolein ex propylene: 3190 kg CO _/t
consumption of
\ atmospheric CO,
Acrylic acid ex Propylene: 950 kg CO , /t

Methanol
Transesterification Diesel Blend
Biodiesel
Vegetable Oil l
Glycerine
Acrolein/
| Acrylic Acid
Done within the Glyvalacr Project sponsored by Ademe >

ARKEemMA
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Historical prices: propylene and glycerol in
Europe

2 — Propylen contract Europe (€/t) — Glycerin 80% crude Europe (€/t) Glycerol and
Propylene
historical

1000 A . _
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drivers are
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Basic Design of Industrial Plant

Glycerol
Storage
] Acrolein or Thermal
acrylic unit Oxidizer
Glycerol reaction +
phase purification
» Acrolein
or Acrylic
Acid
Separation \Storage _/
] unit
v
ARKemMmA
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Reaction mechanism

N _Ho | osfog

OH formaldehyde
HO/?\ j/\OH ’ acetaldehyde
H 3-hydroxy-propanal
e
K[ ]\ I -H0 / Q -H,O
S

OH 1,3- dlhydroxy propene )
HOWOH Acrolein
v o glycerol — P
Heavies Hydrogen
transfer Propanal
/ H @) OH OH
m_/ +H* N
HO H.O H o Prop-2-en-1-ol
9%& 2 +
H H — @)
2,3-dihydroxy-propene m
O
OH

314

|
k, o Acetals HiC™ CHs

Ho L acetone

hydroxyacetone (acetol)
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Glycerol to Acrolein- Operating conditions
(Typical)

Operating Conditions.

Temperature: 300-320C
Pressure: 2 bara
GHSV: 2 250 Hr-1

Catalyst: WO,/ZrO, (solid acid)
Ratio Glycerol/Water: 30/70 (w./w.)
Ratio O,/Glycerol: 0.42 (mole/mole)

Glycerol: 6.7 % vol.
Water: 79.9 % vol.
O,: 2.8 % vol.

N,: 10.6 % vol.

ARKeMA
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Acrolein purification

Example of product qualities

Reference Reference Reference
12931 13948-crude | 13948-purif
wt % wt % wt %
H20 3.24 4.16 3.00
Acetone 0.22% 0.34%
2,3- nedion 0.11% 0.08%
Propionaldehyde 1.18% 0.75% 0.55%
Hydroxypropionaldehyde 0.05% 0.00% 0.00%
Formaldehyde 0.065% 0.154% 0.049%
Acetaldehyde 10.5% 12.2% 0.74%
2-oxopropanal 0.0496% 0.0201%
Crotonaldehyde 0.0998% 0.0240%
Acrolein dimer 0.0019% 0.0011%
HydroQuinone (stabilizer 0.2165% 0.1879% 0.1325% 4 I
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12 Principles of Green Chemistry

Prevent waste

Design safer Chemicals and Products  Same products offer market
access

Design less hasardous chemical synthesis

Use Renewable feedstocks

Use catalysts not stoichiometric reagents

Avoid Chemical derivatives

Maximize atom economy

Use safer solvents and reaction conditions

Increase Energy effciency

Design Chemicals and products to degrade after use

Analyse in Real time to prevent pollution

Minimize the potential for accidents

ARKeMA
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Industrial property : Arkema portfolio

5 granted patents

-EP1,848,681B1 US7,655,818
WO06/087084 (02/05) Glycerol Acrolein with highly acid solid catalysts (H, -18 to -9)

-US7,396,962 WOO06/087083 (02/05) Glycerol Acrolein in the presence of O,
-US7,531,699 WO07/090990 (02/06) Glycerol + propylene  acrolein

-EP1,981,835B1, US7,880,034
WO07/090991 (02/06) Glycerol + propylene  acrolein  acrylic acid

-US7,910,771 WOO06/114506 (04/05)
Glycerol  Acrolein  acrylic acid in the presence of O, in a single reactor

And much more in a near future...

ARKEermeA
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Industrial property : Arkema portfolio

32 published patent applications
- WO08/007002 (07/06) Glycerol acrylic acid with 2-layered catalyst (not extended)

- WOO08/087315 (12/06) Glycerol  acrylic acid with intermediate condensation of
water after dehydration step

- WO08/129208 (03/07) Vaporisation/purification of glycerol in fluidized bed

- WO009/044051 (09/07) Reactive vaporisation of glycerol in fluidized bed

- WO09/044081 (09/07) Glycerol Acrolein with modified iron phosphate catalysts

- W009/081021 (12/07) Glycerol Acrolein through acetals from glycerol + acrolein

- WO009/136537 (04/08) Catalyst made of salt of heteropolyacid for glycerol Acrolein (with NK)

- WO009/127889 WO009/128555 (04/08) Glycerol Acrolein with salt of heteropolyacid

- WO009/156664 (06/08) Use of acidic gas in glycerol dehydration

- W010/10291 W0O10/10298 (07/08) Propionic acid and vinyl propionate from cristallisation
of glycerol-based acrylic acid

- WO010/031649 (09/08) Process for biobased glacial acryclic acid

- WO010/047905 (10/08) VPO catalyst for glycerol Acrolein (with NK)

- WO010/046227 (10/08) Glycerol Acrolein with VPO catalyst

-W011/010035 (07/09) Process for glycerol based acrylic acid that comprises an azeotropic drying step
and a crystallisation step

- W011/010036 (07/09) Process for glycerol based acrylic acid that comprises an absorption with
hydrophobic solvant and a crystallisation

ARKEermeA
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Industrial property : Arkema portfolio

32 published patent applications
- WO11/033689 (09/09) Catalyst & process: glycerol  acrolein with metal supported on TiO,

- W011/046232 (09/09) Catalyst & process glycerol  acrolein with salt of heteropolyacid supported on a
support.

- WO011/073552 (12/09) Acrolein & acrylic acid process from glycerol with elimination of impurities in a water
loop by oxidation

- FR2953830(12/09) Acrolein & acrylic acid process from glycerol with elimination of impurities in a water
loop or by evaporation or condensation

-WO008/113927 (02/07) Glycerol  Acrolein  acrylonitrile

- WO09/153529 (06/08) Biosourced acrolein polymer

- WO010/010309 (07/08) Acrylate esters from glycerol

- W010/058129 (11/08) Methylmercaptopropionaldehyde and methionine from glycerol

- FR 2,939,055 (12/08) Dispersing or grinding agent from glycerol-based acrylic acid (Coatex)
- W010/106267 (03/09) Bio-based impact modifier

- FR 2,943,351 (03/09) Bio-based acrylic processing aid

-W010125276 (04/09) Technical biobased acrylic acid acrylate ester  Acrylate polymers
-W010/130919 (05/09) Bio-based acrylic wood adhesive

- WO011/055051(11/09) Biobased glutaraldehyde

- WO11/055057(11/09) Biobased pyridine and picoline

And much more in a near future...
ARKEeMA
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Further applications of a Glycerol to acrolein
technology

Fine Chemicals
(perfumes/pharmaceuticals)

Antimicrobial polymer
Acrylic acid
Acrylonitrile
Acrylamide
Glutaraldehyde
Pyridine
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Acrolein

Melting point: -88 T
Boiling point:

53 T @ 760 mmHg
-11 € @ 50 mmHg
-36 T @ 10 mmHg

Solubility:
20 g/100 ml water @ 20 C
6.8 g water / 100 g solution @ 20 T

Density: 0.84

Self ignition temperature:
234 <C

Flash point: -26T cc

Flammability limits in Air:
28-31%

Vapor pressure:
29kPa@ 20 C

VLE: 0.25 mg/m3

LDS0:
(rat): 46 mg/kg
(mouse): 40 mg/kg

ARKeMA
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Acrolein Uses
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Acrolein: a platform molecule, for Bio-based
products

o
| O/R ° \R
s / [)] CH, < >
H,C o] /
(0] (0]
R SN /
O
O
Br O O
CHjy
cl O——CH, cl oJ Q
O—CH 0—\
3 CHs N¢ / N// LCH
N/ Iﬁl/<l_\cl i 3
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Some products made out of Acrolein

Cl

/ o

Cloquintocet-M B = | \@j
- - - - / - -
Ciba Geigy’s herbicide ; Quinfamide ° .

° o Winthrop antiprotozoan a
O/[O)\/\/\CHS O)\/

Cl
o O _-CHs
oH
Br
HN N
Br \ |
//[::J F
O (0]
O

Br
Br Br
R

N
Cl
N \/

OH (0] Cl S
+/ﬁ—> Y\/ e \\o
NH, NH . .
o o Dopaminergic

lo) CHj3 CHj o)

Chlothenoxazine
(analgesic)
ARKeMA
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Some other products made from Acrolein

0]
. SJX\O/\CHS 4/_/ Chloroquin
H,C
j/\fetosteine

NH CH,
/ Meth|onal Methionine cH
o) CH
OH H,C—
H,C _\:O —0
\©\ /_/7
// N
CHg
ch\
NH . N—"CHs
e}
HaC =3 \
N
N\—CH © \NH
N
HsC H
N - -
</ Y \ Rizatriptan
Sumatriptan = N
" ARKeMA
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Diels Alder Reactions

o H,C
&1 ‘ R, O i
Rou P R, R, Myrcenol Nex, Hlo
—_— and/or +
+ i e C|H2
R3 X CH, R3 R3 o
R4 R4 R4 [0) H3C
HsC
Perfumes/ Fragances _0 oy o CHy
CHy 3 3 o
HaC \
\ e CHO
© CHs )
Muguet Aldehyde lvyal Trivertal Lyral
Cl
. O
Pharmaceutical ‘ ﬁ
H
i N ﬁ—NHZ
O
N—-=S
" [[So
O
Norbornene carboxaldehyde Cyclothiazide (diuretic)
ARKEeMA
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Diels-Alder (Acrolein as 1,3 diene)

Ry

CH2 Ry
R, O Ry

Acrolein dimer

3-Cyclohexene-1-carbaldehyde, forms a cyclic

acetal with pentaerythritol, used as stabilizer
—  hexanetriol against ozone in rubber.
0 Also used for the synthesis of cycloaliphatic
o) epoxides

Hetero Diels-Alder

R
\O
+ R——OH o]
R Production of Glutaraldehyde
ARKeMA
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Oxidation / Ammoxidation

0o

HZC/\/O + o, ﬁ // /< + H,O

H,C OH
MoVWXY cat

Acrylic Acid

0] =
HC/\/ + 1,0, + NHy — = HZC/\N + 2O
2

Acrylonitrile

o

O]
HZCN + HO—OH —>pH# ; + H,0

oxirane-2-carbaldehyde

Glycidaldehyde

ARKeMA
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Pyridine derivatives

CH,
400-500 C X
+ NH; — = 4+ 2H0

O
o /\/ Catalyst " =

3-methylpyridine

Intermediate to nicotinic acid (niacin)

0
HZC/\/ @ 4+ 2H0
NH ’ =

ARKeMA
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Vinyl alcohols through Grignard reactions

H,C . HC
M x
R ng T —0 ‘>fOH

R
OH
MCHa
CH,
Octene-1-0l-3
CHs OH
HaC ‘ — /\ Indanone precursors
——CH
CHjy 2 CH, OH CH, o
i J
‘CHZ
Terbinafin side chain
ARKeMA
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Vinyl Alcohol through reduction

HO O
O — = /\/OH
»———CH
Hzc/\/ + ’ HZC/ +)‘\
HaC HsC CH,

Hydrogen transfer reaction (Meerwein-Ponndorf), in liquid phase

CHg
H3C)\OH CHg
400 T
H,C or —>
— O / OH or
HaC
H3C/\o

Gas phase reaction
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Amine derivatives
(Skraup Reaction)

O —>
NH, +HZC/\/
o Tetrahydro
R Quinoline R

quinoline
Cl

Cloguintocet-M | ; Q\(m
Quinfamide o

Ciba Geigy’s herbicide " N
Winthrop antiprotozoan /k(c.

0]
/[ CHg
O/ 0)\/\/\CH3

Rl o Rl Rl
‘ K2CO3 | |

—~ N N
NH T / Rz/ \/\/ \R2
H,C

Ry
o NH CH
e CH, ’
o NW
HsC Ha
~o DBU
—_—
THF
H,/Pd
T
Hsc/ojg/\/N\/\/NH
HaC_ [ l
O cHs ARKEeMA
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Phthalimido compounds

@ié CQ J_/ Phthalimido propanal

(6] fo) o
J_< j - HzN\/\{
N O
(6]
\\ Ethylene acetal amino propionaldehyde

/O J_/O @i/éo J_<R1 H,N R,
{ \ R 3-aminopropanes

OO~ _-CHs

o\ O\/CH3
o)
Br + HZN\/\{ : o
. o)
Intermediate to

ATORVASTATIN

ARKeMA
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Acrolein and alcohols

R/O\/\/O

3-alkoxypropanal
Controlled acidity \ o / o}
‘ Acid \

R

R
Acetal \
(high yields when combined _R
with extraction) ‘ 0 [ :In Vinyl dioxan & dioxolan
CH, (more easy to form)

CH2

HZC/ -

Monomer for spirane resins

H,O

Trialkoxypropane

Hy C/
R o} CH,4 ——
Y 3-phenylpropanal
0 Lewis Acid
+ H,c””

Acrolein acetate is obtained
by acid catalyzed reaction of O CHs
acrolein and acetic anhydride Acrolein diacetate T R

0] ARKEermeA
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Reaction with HCN

OH
/o HZC/
/\/ mild alkaline catalyst
HZC/ + HC N 5 ‘ ‘
N
0O
OH
HZC/ H3C o) o)
>~ HZC/ =
O
CHj,
H3C \
N N

o

) ) 1-cyanoprop-2-enyl acetate
acetic anhydride

Intermediate for pharmaceutically and biologically active substances

ARKeMA
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Propargyl

R—Mg\ + HZC/\( I
Cl
D

Propargyl aldehyde

%%\ DEA

THF / CuBr

— R/\/\O

H,O / HCI

2-Bromo diethoxypropene

N

Pyroles 2-methylene cyclopentanone
ARKEeMA
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Halogen Propionaldehyde Acetals
BUIIdlng blocks (acetals react with HX)

O
o
BED J_< } BJ\(J BEDO
(dioxan) Br 5 X (dioxolan)
CHj,
Cl O——CHj, Cl o———//
CPDMA j—< M CPDEA
o
‘\CH

O——CHj

3

Cl
OH (@) Cl
N Y\/
NH, NH
7

Chlothenoxazine
(analgesic)
ARKeMA
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—O0
Mg
-
R Aldehyde/ketone
OH Br
Hydrolysis

4-hydroxybutyraldehydes

——2O
Paal Knorr
N
o) H
Pyroles
——O

R

SN |

Cyclopgntenone

—0
Mg
—
R
Acid Chioride  \
0

BED ° Hydrolysis
4-oxobutyraldehydes
Br@_g\t[ Pentabromopseulidin
. Dopaminergic
I\ D3 Antagonist

] N WO 951674
N
X W

(used in Jasmone industry)

R
o s l Br/MN THE R, J ‘
2 AN + H,SO ]

\ J Oj o s Benzothiophenes
Ry

o) R,

R> Br o R>
SN THF Naphthalenes
+ Mg/\/<j H,S0,

R3 o)

36 Jean-Luc DUBOIS - / “Niche markets for specialty industrial crops” September 2nd 2011 - Thessaloniki - no

copy allowed without prior author consent

ARKEermMA

The world is our inspiration



Salts and the Wittig Reaction

BED and BEDO react easily with triphenylphosphine to form the correponding phosphonium salt

O

Cis isomers

R O

High value for perfumes

/j HydronS|s K\/\
©/ >: THF Cis-isomerism

RW °
o) X _
Y\/\/\/\/\/\O Traumatin
OH

Rq

/O Ry /\)\
/—/ + P/l\RZ T e Ry

ARKemA
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Tryptamines

© o
& X - q

G

R
Vi
O ——»
O AN
" C/ 5 NH
3
H C/

N
. H
OH ot
ch\
NH
y 5 N—"CHs
N A . o)
N e N\, Melatonin N\ {
H HaC =5
H N—Cta © \NH
N
H,C H
N . .
</ Y \ Rizatriptan
Sumatriptan Né/ N
" ARKeMA
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Thiols

y C/S Methional Methionine
3

N\ Vi JJ O
. +\ = e

CH,

|o 3-alkylthiopropanal

I
| S\)\O/\CHS

CH S
o] CHy ~2 o] CH,
Hs/w( ~_— - O/\/\S/w( ~_— \’\f\/
0 o Letosteine
o—
OH
H,C—
H3C _\:O —0 H3C
—
> O
SH H,C S N\
/S S
HNT N\ AN
O o O
Meticran
(diuretic) ARKEeMA
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Michael Condensation

(0]

o\ o} O
+ —_— Hsc
/o
\\o

Monoaddition Diaddition
O

CHj, o R

° |
ch—\ R +

0—{ ‘

O CH

? Cyclohexenone
ARKeMA
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o ——2O0
(0]
H3C/\O /O
o S NH H Aminoacid
H3C4/ 8)\0H3 H2N

ADB

HO

R=H, D,L Tryptofan
R=0H, D,L Oiytryptan

+ Acetamidodicarbethoxybutanal . NH,

(ADB) ——

4-oxo heptanedial derivative
(perfumes, fragances)

R@ ‘ OH 2_3@/\/\0 — RN/V/O

2-furanylpropanal

ARKEermeA
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Nitrated derivatives

0 o
//
O
0 AN
‘ N—O
AN
o+ H 4- nltr:<_L H i
butyraldehyde ©  cH, —0

(o]
N
4-nitro N// NN

valderaldehyde \O 3C4<_\; e = Chloroquin
3 /—CH3
e HNY\/\N/\CHg
CH3
CHj KCH

o Novoldiamine

Lactones

\Q/O 4-nitro
heptane;1,7-dial

4-oxobutanals 4-oxobutyric acids é& <

\
ARKeMA
42 Jean-Luc DUBOIS - / “Niche markets for specialty industrial crops” September 2nd 2011 - Thessaloniki - no The world is our inspiration
copy allowed without prior author consent

o]




For more informations

Kirk-Othmer Encyclopedia
Ullmann’s Encyclopedia of Industrial Chemistry

« Fine Chemistry and Acrolein », B. Goyau,
Chimica OGGI/Chemistry today-
November/December 1999

Info Chimie Magazine, N412, Oct 1999, p90-
08
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Arkema’s offer

Bio-based acrolein technology for licencing
PILOT scale (Several kg/hr) end 2011

Partnership on a case by case basis.

Design parameters:

Plant capacity

Product quality (acceptable impurities)
Location

Based on crude or refined glycerine
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Valorization of Castor QOil for Polymer and Fine Chemicals
Applications in Arkema’s Castor Biorefinery
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Edible vs Non-edible QOils / Fatty acid types

Seeds Cl16:0 | C18:0 | C18:1 | C18:2 | C18:3 Other lodine Nr

Safflower 3-6 1-4 11-21 | 73-79 tr 0.2 140-150

(high linoleic)

Safflower 3-6 1-4 73-79 | 10-16 tr 90-110

(high oleic)

Jatropha 12-17 | 5-10 | 37-63 | 19-41 1-2 c20 93-107

Curcas

Castor 1-2 1-2 3-4 5-6 0.5-1 87-88 82-90
(C18:1, OH)

Pongamia 3-8 2-9 | 44-71 | 10-18 15-20 80-96

pinnata (C20~C24)

Rubber seed 7-11 9-12 | 18-30 | 33-39 | 20-26 121-148

Sal 5-9 34-48 | 34-45 2-3 6-12 c20 33-45

Neem OiIl 13-16 | 14-24 | 49-62 | 2-16 - 1-3 c20 65-80
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Arkema’s Castor Biorefinery
Marsellle Saint-Menet, France
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Flowsheet
Aminoundecanoic acid production
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Castor

Castor is indigenous to the
Mediterranean Basin, Easter Africa
and India.Today it is widespread
throughout tropical regions.In
areas with a suitable climate
(tropical regions), castor
establishes easily and can often be
found on unused land.
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Steam Cracking
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Challenges in Chemistry from vegetable oils
« Green Notes for Green Chemistry »

Development of « Green » chemistry
from vegetable olls requires to set the
conditions to make money

Use all parts of vegetable oils:

Glycerol

Fatty acids
high concentration in targeted fatty acid
dedicated vegetable oils

Develop Safer processes

Renewable chemicals with improved
_ife Cycle Analysis

Renewable (bio-based) # biodegradable # safe
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Thank you for your attention
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