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DE LA RECHERCHE A LINDUSTRIE

CHEMICAL TRANSFORMATION OF CO,

(" Physical energy
(electricity, light)

and / or

Exothermic
reaction

Chemical energy
(reactant:

H,, alkene, epoxide,
organometallics,
\-amine, etc.)

Products 2

(fuels, etc.) 2
A '
Endothermic
reaction

Two energetic challenges: thermodynamic and kinetic



CO, ACTIVATION BY TRANSITION METALS

Ad 4
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C2A CO,ACTIVATION BY ORGANIC COMPOUNDS

B Activation by Frustrated Lewis Pairs (FLPs)

tBuzP—=B(CsFs)3 % tBuzP + B(CgFs)s

Lewis pair formation
prevented by sterics



CO, CONVERSION IN THE INDUSTRY




C22A INDUSTRIAL PROCESSES UTILIZING CO,

———

Industrial routes from CO,

B Bosch-Meiser process for urea production

fast

2NH; + CO, ——™

160-200 °C ~ Urea
100-400 bars 120 Mtly




DE LA RECHERCHE A LINDUSTRIE

CO, CAPTURE AND MINERALIZATION

Strategy

COZ (g) + CaS|O3 (S)

3COz(g) + MgsSi,O5(0OH)4 (s)

Brick and ciment made
from CO,

CALCIUM CARBON,

—

CaCOg3 (s)

+

SiO, (s)

2 Si0, (s)

+

2 H,0



FROM CO, TO POLYMERS

R—O@ K®

+
BEt,

Metal free catalyst

1st generation: Inoue Zn3[Co(CN)s],-aZnCl, covestro\
etal (1983) -, ndustrial catalvst
-(-O-CHR-CH,-),- naustrial catalys ~ '
Cl ( ) . \./
J. Am. Chem. Soc., Vol. 105, No. 5, 1983 Double metal cyanide

J. Am. Chem. Soc., 2016, 138, 11117
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CO, REDUCTION TO FUELS




CZ2A CcOo,FORENERGY STORAGE
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CO, to methanol
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CO, REDUCTION:

Thermodynamics

CO,
CO,

CO,

AlLO;

CO,
Nat

E® (V) vs e

A
H;COH 0.0
HCO,H -0.2

H(CO,),H -0.5

LiAIH, -1.5
CO,- -1.97
Na 2.7

Cantat et al., ACS Catal. 2017, 7, 2107
Savéant et al., Chem. Soc. Rev. 2013, 42, 2423
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CZ2A €O, ELECTROREDUCTION

Principle of CO, electroreduction

Multi-electron reduction of CO, in water (pH=7) vs. SCE

o cat — Kea — GO, COp+ & —~ co, E°=-1.90V
O

% Kreq CO,+2H"+2e ——> CO+H,0 E°=-0.76 V

ﬁ ne cat" reduction products CO,+2H*"+2e¢ ——> HCOOH E°=-0.85V

CO,+4H"'+4e ——> HCOH+H,O E°=-0.72V

V (applied) E°(cat"*©) E°(product/COy) CO,+6H"+6e —> CH3OH+H,0 E°=-0.62V

CO,+8H*+8e —> CH,+2H,0 E°=-048V

2H"+2¢e — H, E°=-041V

Review: Kubiak et al., Chem. Soc. Rev. 2009, 38, 89



CZ2A €O, ELECTROREDUCTION TO CO

. without CO,
CO,+2H"+2e” ——> CO + H,O E°=-0.76 V -05 _wr “(a)" A5 E(vvs NHE)
Mechanistic scheme Example:
CO |
. M2+ =
M2* 2e” i
: R : Nzt
| M- c=0 Mo [NI/-i H\lNJ
| i N o (b)
1 H20 0 CO, !
M—X Sauvage, 1984
! 2 H* 0 :
S ' [ with CO,
H+
H, lp
2+ O * 00F-—---~--
LNi—C LNiI—C
- \E) ~o IC y(“A)
e
7/ ¥002
Hb co Voltammogram for the electroreduction of CO, catalyzed by
+ i+ —_ ; + i 2+
LNi—C (LNi")aqs LNi(CO) Ni(cyclam)
O
OH_‘>\ _ Overpotential: n=0.55V (V=-1.31V)
oo LN ™ TurnOver Frequency: TOF = 1250 s-'
T NH HN
L = cyclam: [ ]
NH HN

L Sauvage et al. JACS, 1986, 108, 7460



CZ2A €O, ELECTROREDUCTION TO CO

Improved catalysts and performances

CO,+2H"+2e” —— CO +H,0O E°=-0.76 V

14® Ph Ar

PCy> —
mH [P—Pd:NCCH3 /_\ \ OH
[ \Nié"J oy, Ph N\ & Ar
N RN POy O OC—Mn—Br @
L {" OH

P—Pd—NCCH, 3
N oC ¢o
PCy2 Ph Ar
Sauvage, 1984 Dubois, 1990 Savéant, 1994 Deronzier, 2011 Savéant, 2012
n (V) 0.6 0.8 0.9 0.5 0.5
logTOF (1) 2.2 0.7 2 0.1 3
7.5 14 -8.4 4.6

B Concomittant H, evolution is observed for all the catalysts

B Fine management of the local concentration of H* is crucial

Savéant et al., Science 2012, 338, 90



C2A O, ELECTROREDUCTION TO FORMIC ACID

CO,+2H"+2e" ——> HCOOH E°=-0.85V

B Molecular catalysts:
y Copper, rhodium and iridium complexes are good catalysts

Mechanistic scheme AT
il . Example with iridium: H0 OH" + CO, <= HCO3~
X (0] H* X -+
H* + 2¢e° HJ\O_ == HCOOH i +2e-, 1H*
: : (‘Bu)zP—Ir—P(‘Bu)z ('Bu)zP—lr——P(‘Bu)z
I O>; I CHaCN' NCCH NCCH3
! H '
\ M-O M-H :
: U\ i +CH,CN
o~ 99_2 ______________ : —HCOO'\\ +CO,
(aq)) 0" YO
. . . Bu),P—Ir—P(B
Formic acid production at -1.45V ¢ o“)f O/,;CCH( Ve
. . 3
with a Faraday efficiency of 85% r'4

and a TOF of 20 s

High selectivity: Low contamination of the products with H, and CO
Brookhart, JACS 2012, 134, 5500

B Formate dehydrogenase (FDH) selectively reduces CO, to formate at the
thermodynamic potential with a TOF of ca. 280 s

B Industrial developments are underway, using modified copper(0) metal electrodes
(Farady efficiencies >90%, overpotential ~1V)



C24A O, ELECTROREDUCTION TO METHANOL

A completely different story !

CO,+6H"+6e ——> CH30H +H,O E°=-0.62V

B Much more difficult because of multiple H* and e transfers to synchronize
B Few successes:
Faradaic efficiency of CH;OH

production can reach 80.0% with a
current density of 31.8 mA.cm

Sun, Han, et al. Angew. Chem. Int. Ed. 2018, 57, 14149
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CO, ELECTROREDUCTION TO CH;OH VIA HCOOH

E°(CO,/HCOOH) =-0.61V

O
& / .
H=C & BDE(C-H) = 91 kcal/mol Thermodynamic
O—H and kinetic advantage

Renewable through CO, electrolysis

P 3(2H +2¢) e
3 L > CH30H + 2 CO, + H,0

Y > 3 H—C\ >
O Electroreduction O—H  Disproportionation

rG°(298 K) = -25.8 kcal/mol

cat.: Z S (@OT ),

/Ir2® _//
N /\ H—C > H, + CO,
N

OH, \ .
O—H Dehydrogenation

maximum CH3;O0H yield =1.9 % )
88 % of the C-H bonds yield H, rG°(298 K) = -3.2 kcal/mol

Goldberg, Miller et al., Angew. Chem. Int. Ed. 2013, 3981 Cantat et al. Angew. Chem. Int. Ed. 2014, 53, 10466
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CO, ELECTROREDUCTION TO CH;OH VIA HCOOH

P=PPh, M06-2X/6-31+G*(H,C,0,P)+SDD(Ru) PCM(THF)

17.1

transfer hydrogenation

+ 2 HCOOH
THF, RT
- CH(CHg)s \ !
P

dehydrogenation

| .$03>’H -CO, Fl’ 0 3 HCOOH 258
P—Ru—0 — P—Ru> > H Ru—O CH3OH
P (|) THF, RT P( 0) H +2CO, + H,0O
H -29.7
H/J\O 24h o) 3 (H2+ COy)
+ 2HCOOH |T~ o Selectivity is under
THF. RT p—(Ru‘i8>_H + CH30H/CO2/H; thermodynamic control
48 h P",
0.6 mol% cat. cat. =
1.5 mol% CH3SO3H TRaoirH
3 HCO,H >  CH30H + 2CO, + H,0 S
2 THF, 150°C ’ 20 LoRI—0
1h 50 % RO
2
H)\o

Cantat et al. Angew. Chem. Int. Ed. 2014, 53, 10466



C2A O, PHOTOELECTROREDUCTION

The dream reaction

. . co,
m CO, + Hy0 + light = reduction o, /
B Artificial photosynthesis: "7 Fuels + Useful Compounds \! » Starch +0;
Mechanistic scheme ] Photo Catalyst Particle
e ' ho j
| - ‘1’ cat Keat CO, : ) .
Et3N .
© cat™ reduction products
Et;N
(donor)

hv
e (in donor) e” (high energy) reduction products

+ hV + COZ
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''' ' P: photocatalyst Reduction cat.

Review: Meyer, Fujita et al., Acc. Chem. Res. 2009, 42, 1983
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C22 REDUCTION OF C-O BONDS BY HYDROGENATION

Thermodynamics

. Kinetics

E® (V) vs e _ o

A H-H Bond Dissociation Energy (BDE): 104 kcal/mol
HZO H2 0.0 cat. = PPh,
CO, H;COH 0.0 Fo(BF L 6H,0 + P
CO, HCO,H -0.2 vem 0

CO, + H, B n—d o+ iRe,
CO, H(CO,),H -0.5 30 bar 30 bar 100 °C, 20 h S
MeOH/H,0 TON > 1500

M. Beller et al., J. Am. Chem. Soc. 2012, 134, 20701
CO, + 3 H, cat.1/cat.2/cat. 3 . CH3OH + H,0
H

PMe3 ’_PtB
Me3P\|/PMe3 Z | uz
_Ru_ Sc(0Tf); < _N—Ru—CO
Me3P |I OAc >—Ns
Al,O, LiAIH, -1.5 ¢ =

M. S. Sanford et al., J. Am. Chem. Soc. 2011, 133, 18122

— PPh
C02 C02°_ -1.97 cat. |
P7R”“~,_{'.{' + MSA

PY A
Nat Na 2.7 CO, + 3 H, Ph, . CH3OH + H,0
10 bar 30 bar 140°C, 24 h TON =63
Cantat et al., ACS Catal. 2017, 7, 2107 THF

Saveant et al., Chem. Soc. Rev. 2013, 42, 2423 W. Leitner et al., Angew. Chem. Int. Ed. 2012, 51, 7499
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C22 REDUCTION OF C-O BONDS BY HYDROSILYLATION

Thermodynamics

E* (V) Kinetics
vs NHE
A
Si-H Bond Dissociation Energy (BDE): 92 kcal/mol
Ph2
C02 H3COH 0.0 \ / CO
CO, = HCO,H -0.2 N LN "
CcO H(CO,),H -0.5 Co, +3 4 Pho 7.1 mot cL 4 TMSOTMS
-U. 2 P ~ Hs AT +
2 (CO2). 1par 1 Me 40°C, 14 days 0 \Me
B(OH)3 BH4_ -0.5 benzene
. . R. Eisenberg et al., Organometallics 1989, 8, 1822
S|02 S|H4 ‘06 \S-/CH3
\ v
/ N/O,/ \\\SIMeRZ
— Ilr‘NCCHg,
. OTf .
. OSiMe O OSiMe
A|203 L|A|H4 -1.5 co. + di_ ’ 1.0 mol% (II: S| ’
2 Pl s S NG
3 bar H MOSlMe3 25°C, 6 days H O \MOS|Me3
F. J. Fernandez-Alvarez, L. Oro et al., Angew. Chem. Int. Ed. 2012, 51, 12824
C02 C02°_ -1.97
Ph O Ph
Nat Na 2.7 | BPhs 10.0 mol% I |
C02 * H/Si\\M : > H/C\O/Si\\M
Cantat et al., ACS Catal. 2017, 7, 2107 1 bar H° 40°C, 7 h, MeCN H

Savéant et al., Chem. Soc. Rev. 2013, 42, 2423
J. Okuda et al., Chem. Eur. J. 2016, 22, 7730
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REDUCTION OF C-O BONDS BY HYDROSILYLATION

Thermodynamics

E® (V) vs nHe

/

\

CO,

CO,

CO,

B(OH);

SiO,

AlLO;

Nat

H;COH 0.0
HCO,H -0.2
H(CO,),H -0.5
BH, -0.6
SiH, -0.6
LIAIH, -1.5

Na 2.7

Kinetics

Si-H Bond Dissociation Energy (BDE): 92 kcal/mol
B-H Bond Dissociation Energy (BDE): 78 kcal/mol

()

_ (5 mol%)
H N)\N

g Me

MTBD

|
B 0
CO,+3 R > RZB/ \CH3
1 bar 25°C, 7 h, THF

- boroxanes

Cantat et al., Chem. Eur. J. 2014, 20, 7098.
Patent W0O2014162266 (2013/04)
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C22 REDUCTION OF C-O BONDS BY HYDROSILYLATION

Thermodynamics Kinetics
E° (V) vs nHe Si-H Bond Dissociation Energy (BDE): 92 kcal/mol
N
CO, H,COH 0.0 B-H Bond Dissociation Energy (BDE): 78 kcal/mol
CO, HCO,H -0.2 Generation and recyclability
C02 H(COQ)QH -0.5 Cc—0O C—H
B(OH); BH; -0.6 _ LiAIH .
SiO,—— SiH,  -0.6 Et:SI—Cl —  EtSi—H SlsS 0]
siloxanes
u silanols
Al,O4 LiAIH, -1.5
H2 R3S|H, RzBH
4] Energy efficiency 4] Energy efficiency
[ Reactivity and selectivity [ Reactivity and selectivity
Na* Na -2.7 ¥} Recyclability B¢ Recyclability




CZA cOo,TO FUELS

Limited short terms opportunities

Hzo —_— H2 + 1/2 02

+ CO,

> CH30H + H,0

methanol




CO, CONVERSION
TO VALUE-ADDED CHEMICALS




| 44

C22 CARBON BASED PRODUCTS IN AN ENERGY SYSTEM

3.0 A .I\/Iethanol ® Propylene
® Butadiene
2.5 - Xylene ® Benzene O
Toluene Ethylene
2.0 { @ Acetic acid

® Commercial
® Formic acid

Organic and ® Demonstration

RN
o

H, equivalents needed for the
fixation of CO, (per C atom)
o

0.5 - Inorganic carbonates
® Lab scale
00 a2 . | . . |
0 10 20 30 40 50 60 70

CO, volumes required to cover the production of the main
chemicals consumed in the EU (in MtCO,/yr)

Abanades, Aresta, Blekkan, Cantat, Centi, El Khamlichi, Mazzotti, Schlogl, et al.,
Report on CCU for the Science Advice for Policy by European Academies, Feb. 2018
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AV [{HY THTS Ho G € LX i
; |3 o7 N N /
ks Petrochemistry = &
OH = H HH
| L a7 A
I H\\“IC\H € ethers amines alkanes
H > /
I O WWILEY-VCH
0| (”; : . | acetals imines ketones i
'H” OHI : | COVER
; ; \ : VIP Paper
o | eaé"“’“ Highlighted in Nature
: 5 522 .
: , " ; carboxylic
+l || /(”;\ i e esters | 5 | amides acidé/
H OH
T . O o Value added chemicals
—_—
o) Horizontal utilization | [| Small markets (7_'7090 kt/y)
Y C// . R\O/C\O/R HZN/C\NH Short terms applications (5-10 y)
o// CO; Recycling carbolnates (€) urlea (€) |
'
| | | Functionalization
C-0 C-N C-C C-O, C-N, C-C

. . . . bonds formation
CO, functionalization and reduction steps

coupled in a single process Cantat et al., Angew. Chem. Int. Ed. 2012, 51, 187.



PROOF-OF-CONCEPT: NEW CATALYTIC PROCESS

Proof-of-concept for the diagonal approach

Energy
Carbon oxidation state
1

A
L
AV HYC
HH H

o}
a
Vertical reduction

+l

Petrochemistry

| acetals |

imines

l6) Horizontal utilization

+V

7
o// CO, Recycling

(0]
I Il
S0 TN R PN

0 H,N NH,

| -

carbon]ates (€) ureali (€)
[

C-0 C-N

‘ Functionalization
C-0O, C-N, C-C
bonds formation

Angewidndte
:i)z;nationalEdiﬁan Che"m_ig

2012-51/1

-Cover picture in
Angewandte Chemie

-Very Important Paper
(top 5%)

-Highlighted in Nature

| Co-recycing CO,/PMHS (CEA/DSM technology) |

Metal-free catalysts, room temperature, single step

cO, — formamide
ﬂh 2 R'RZNH N-methylformamide
DMF
—>
1 step formamides:
% PMHS — R'RZ2NCOH
Me\ /H Sans métal
Me,;Sid _Si _SiMe;  Sans additif
0 0 259, 1 bar
n __________ Une étape
Metal-free [\ Recyclage 602

i catalysts: R~ "R:

..................................

World production: 500 kt/y from oil
Utilization as solvents and reactants

« CO, as an alternative to
petrochemistry
Utilization of an energy vector
(H, Si) coupled with a
functionalizing reactant

Cantat et al., Angewandte Chemie 2012, JACS 2012, W02012137152
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CZ2QA  SECOND CHALLENGE: METHYLATION USING CO,

CO, as a methylating reagent

B Goal: diagonal reactions with large slope (access to highly reduced compounds)

Energy
H HH HH
A AR B
wl s M oSS CH4OH: 400 €/ton
H % F{,H F{H Methylamines: > 4,000 €/ton
S
3 Petrochemistry
OH = alkanes
| 8 H2N_CH3
VT - amines
HHI H S _CHa}
RoN )
0
J
P
H™ H
o .
0 @ (e? formargldes N
I 100 carboxylic W
+/ G oed -esters i ot ‘
H” “OH PON
RN~ H HN
Q “CH
; o 3
o Horizontal utilization [ |
awl| & R o~ C\o/ HN" - NH methanphetamine
i 2 2
O// CO; Recycling carbonates (€) urea (€)
| | | .
| ! | Functionalization

C-0 C-N Cc-C



C2QA NEW REACTIONS INVOLVING CO,

Catalysts:
R Me, H 0 C N/j
\ \ / 1
N—H + CO, + 2 MesSi| 5| _SiMe, 2" > RS~y P
R2 O r? - siloxanes 8 H
R
PMHS (3€/kg) TBD
‘—‘
i-Pr /= \ i-Pr, NN
,-.prT i-Pr -
R _Zn_ IPrZnCl, R’ r
\ Cl Cl' 5.0 mol% \
N—H + CO, + 2 PhSiHs , > >~  N—CHj;
é - siloxanes é
R THF R For a Ru cat., see:
100 °C, 20 h

Beller et al. Angew. Chem. Int. Ed. 2013, 52, 9568

" ° 1@ Przncl, 17 S “EHs @
NH, + "'CO, + 25 PhSiH NH
N/ 2 2 s diglyme N/

half life= 20.4 min 150 °C, 20 min

[''C] PIB, B-amyloid radiotracer

RCY=38%, overall time: 50 min
Angew. Chem. Int. Ed. 2012, 51, 187

J. Am. Chem. Soc. 2012, 134, 2934
Chem. Sci. 2013, 4, 2127

Liger et al., EurJOC, 2015, 6434
ChemCatChem 2013, 5, 117

Cantat et al., Patent PCT/IB2013/054599



DE LA RECHERCHE A LINDUSTRIE

B H, as areductant
catalyst:
R4—NH
1 2 lorll /CH3
or + C02 + H2 > R1_N or
H 20 bar 60 bar - HO CHs
Ri7 R,

Klankermayer et al., Angew. Chem. Int. Ed. 2013, 52, 9554.
Beller et al., Angew. Chem. Int. Ed. 2013, 52, 12156.
Cantat et al.,, Angew. Chem. Int. Ed. 2014, 53, 2543 [Highlight]

B HCO,H as a carbon and hydrogen source
R R
NH cat. N\CH3
R' +6 HCOOH ——> R’
THF
150 °C, 17 h
54-99 %

Cantat et al., Chem. Commun. 2014, 50, 14033

METHYLATION OF AMINES USING HCOOH

|, Klankermayer et al.

PPh,
thp,’//\ [Ru(triphos)(tmm)]
thP-—’Ru\ ~ 2.5mol%
HNTf, 5 mol%
CHy \ THF, 150 °C
_N. Il, Beller et al.
R{ "R,

[Ru-(acac)s] 1-5 mol%

PPh, triphos
PPhy, ~ 2-7.5 mol%

PPh
2 MSA 1.5 mol%
THF, 140 °C

PPh,
PhoP, |

(4

Ph,P=—R
2 U\

cat. =

+4CO, +6H,0

[Ru(triphos)(tmm)]
1.0 mol%
HNTf, 1.5 mol%

or Pd/|n203



BEYOND CO, REDUCTION:
DEPOLYMERIZATION OF WASTE
PLASTICS AND LIGNIN




Cea CONVERGENT REDUCTIVE DEPOLYMERIZATION

Ond-”

p-C —» Oxidation

L C —> Reduction
70

AN

! | >
1 3 20 Distribution size
(of aromatics)

Cantat et al., Energy Environ. Science, 2015, 8, 2734

For lignin oxidation see: Weckhuysen et al. Chem. Rev., 2010, 110, 3552
Stahl et al. Nature 2014, 515, J. Am. Chem. Soc. 2013, 135, 6415

Zhang et al. Chem. Rev., 2015, 115, 11559



CATALYTIC HYDROSILYLATION OF ETHERS

Catalytic hydrosilylation of ethers (Piers and Gevorgyan) Et3SiH SiEt3
ROR +2 x5 ————7 RH+RH+ X,Si0SiXs Ph/ow — Ph/% \Hj B(CsFs)s
cat.: B(CeF5)3 e} R R
©/O\R' + X3S|/H R \SiX3 + R'H l B(C F )
- 6' 5/3
Utilized in organic chemistry only SiEts H
Never applied to biomass molecules |
O+
V. Gevorgyan, et al. J. Org. Chem. 2000, 65, 6179 Ph
Piers et al, J. Org. Chem. 2000, 65, 3090
o~ OH OSiEts
0 O Et3SiH (8 equiv.), RT, OSiEt; K\CEOSiEts
> +
99 % 3G, 84 %
v
O OH OSiEt,
_ 2h, B(CgF5)3 (2 mol%) *
OH O Et,SiO OSiEt,
99 % 4G, 83 %

Chem. Commun. 2014, 50, 862






REDUCTIVE DEPOLYMERIZATION OF LIGNIN

—> Hemicellulose

Water VT T T :
Formic acid " Hemicellulose | _Water
Acetic acid  Lignin ;
soluble L ELignin |
~insoluble
—> Cellulose
SEC chromatograms 50

9 .
Black poplar lignin Q 407

5

o

c

>

< 2-
Black poplar lignin 4 i
+ 276 wt% Et;SiH % %
+ 25 wt% B(CgFs)3 X o A "
After 20 h at RT in CH,CI,

-20 T T T T T T T T
400 600 800 1000 1200 1400
Feghali, Cantat et al., Energy Environ. Science, 2015, 8, 2734 Elution Time (s)



DE LA RECHERCHE A LINDUSTRIE

B(CgF 25 wt%
Black poplar , 574 w9, Et,SiH (CeF5)3 (25 wt) _

REDUCTIVE DEPOLYMERIZATION OF LIGNIN

Conditions correspond to:

+
(Formacell) CH,Cl,, RT, 3 h 10 mol% catalysts
2Vv12, ’ . . .
- Et3SiOSiEt, OSiEt; EtsSiO OSiEts 5 equiv. Si-H per aromatic unit
OSiEt, OSiEt,
R=H: 1G (9 wt%) R=H: 18 (21 wt%)
R=0SiEty: 2G (9 wt%) R=OSiEts: 2S (34 wt%)
: I . e - J e I i, A Mo p_‘ OSiEt,
3 Et;SiOSIEt; OSiEt3
E ! B 16 Et,SiO OSiEts
—E ....... Et3SiO OSiEt3
_- X 1G C 1S
] 1S ﬁ _
E D Et3SiO
] A B AR 2G
2G )L E OSiEts
§ M o OSiEts
E 2S
: : ; : ; : ; : Et;SiO OSiEty
0.0 2L 5.0 7.5 10.0 125 15.0 1T 20 .
28 OSIEt3

Feghali, Cantat et al., Energy Environ. Science, 2015, 8, 2734



AN INTEGRATIVE APPROACH

Purification and hydrolysis
Selection of: - Purification method

Wood selection - Hydrolysis conditions
l, o Depolymerization
Extracted lignin products:
1G. 2G. 1S. 2S
Lignin extraction Reductive depolymerization
Selection of lignin Optimization of the reaction
extraction method conditions
~40% efficiency 30-80% efficiency >80% efficiency
Global efficiency = 5-25%
HO
OH HO OH
OH OH
0.5 wt% from wood! 2.4 wt% from wood!
7.0 wt% from lignin 24.0 wt% from lignin

Feghali, Cantat et al., Energy Environ. Science, 2015, 8, 2734



BIOMASS/PLASTIC DEPOLYMERIZATION,
SAME CHALLENGE ?

Lignin Poly(Ethylene Terephtalate) Poly(Lactic Acid)



DEPOLYMERIZATION OF WASTE PLASTICS

O
O
OV\O/ O
_ O dn Me n
PET PLA
HO
1) B(CgFs)s (2 mol%)
CH,Cl,, RT, 3 h OH
+ 5Et;SiH > + HO Y
2) n-Bu,NF3H,0
THF, RT, 1h
OH
65 % 65 %
PS PVC
(, | ChemSusChem, 2015, 8, 980; ACS Sust. Chem. Eng. 2018, 6, 10481
PLA ’ £ _t Patent app. PCT/IB2016/059684

For the hydrogenation of pure PET, see: Robertson et al., Chem. Commun. 2014, 50, 4884



REWEAR
CLOTHING THAT CAN BE WORN
AGAIN IS MARKETED WORLDWIDE
AS SECOND-HAND GOODS.

ENERGY
WHEN REWEAR, REUSE AND RECYCLE ARE
NOT OPTIONS, TEXTILES ARE USED TO
PRODUCE ENERGY.

REWEAR

ENERGY

RECYCLING STRATEGIES

I}
|

RECYCLE

REUSE

| 59

REUSE
TEXTILES THAT ARE NO LONGER SUITABLE
TO WEAR ARE CONVERTED INTO OTHER
PRODUCTS, SUCH AS CLEANING CLOTHS.

RECYCLE
TEXTILES THAT CAN'T BE REUSED GET A
NEW CHANCE AS TEXTILE FIBRES, OR ARE
USED TO MANUFACTURE PRODUCTS SUCH
AS DAMPING AND INSULATING MATERIALS
FOR THE AUTO INDUSTRY.
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