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Infroduction
CO, and CE

The conversion of CO, into added value chemicals
and energy products must not be read as C-storage
but as fossil-C substitution

* Thermal tfechnologies for the conversion of large
volumes of spent-carbon into working-carbon

» Direct conversion of CO2 (without/with H,)

 Light driven processes
« Photochemical CO2 conversion

 Infegration of catalysis and biotechnology
Aresta, Dibenedetto, Chem Rev 2014



Sustainable Chemical " 0

0 L oL
N~ O R~ C< R
and Polymer Industry - v
Bulk chemicals R
Carbonates: linear and cyclic o R
Carbamates: linear and cyclic R JL R’ ; \
. . \O O/ ) O
Formic acid
Acrylic acid and Acrylates R = aryl, alkyl O

Aromatics

Olefins

Alcohols (C1-=>Cn) and ethers (DME)
Carboxylates

Monomers, Polymers



) 0
Sustainable Chemical 7 0 05 3
and Polymer Industry R0 JL
\_/ g JO
e Fine-specialty chemicals O\ /
e actones

* Pyrones
e Cyclic carbamates ﬁj ﬁ]

e Pharmaceuticals (direct
carboxylation of substrates to
afford acids or esters)




Innovative technologies based on carbon dioxide
HOOC\/\/ and isomers
or
HOOC N .
A~ + CO —> ——> X" cooH and isomers

or

HOOC. -~ ——~_~~_COOH

_ _ Pd-cat ioh i
CH,=C-CH=CH, + CO, —»—— | ﬂf”i“‘“ﬂ w(ﬂ fﬂ High TRL (6-7)

Aresta, Dibenedetto, The Carbon Dioxide Revolution 2021



Perspective use of CO, to Chemicals

Compound Formula Coxstate | Actual CO, Use | Market CO, use
Market Mt/y | Mt/y 2030 Mt/y | Mt/y

Urea (H,N),CO 180 132 154
Carbonates linear OC(OR), +4 >2 0.5 10 5
Carbonates cyclic Z’ZC_CH‘; +4

e
Polycarbonates -[OC(O)OOCHZCHR]-n +4 5 1 9-10 2-3
Carbamates RHN-COOR +4 >6 1 11 ca. 4
Acrylates CH,=CHCOOH +3 5 (0.5)? 8 5
Formic acid HCO,H +2 1 (0.9)? »>10 >9
Inorganic M,CO; +4 CaCoO;
carbonates M’ CO, 250 70 400 100
Methanol <gf§» CH;OH -2 60 10 120 >100
Total 207 >370

\\



Capacity in e
Companies Countries tonnes per Final products COz share (%)
content (%)
annum (V/a)

Production Ty
oy e VanOUS under ther 750,000 Aromatic polycarbonates 173
capacities for CO,- e
Polycarbonates polyols
based polymers - Gamany 5000 or pouestnanss =
Empower Materials e 500 PP:PgHEg ;gcm ca. 40 ca 11
: : Jangsu Zhongke
* The production capacity, Sriong CAS e S PRG polycls Q »
mainly for polycarbonates and “="
polyols for polyurethanes ~ Jedsiter o oo eome ww e
production, already amounts
to more than 850 kt/y today, MenGaHgh-Tach ||| Chine 3000  PPC.PERC, PPCHC ca 40 ca 11
. . roup
with an average weighted CO,- : T
based carbon content of ﬁm‘,.',“mm"” s 5,000 PPC, PEC 43 ca 12
currently only 5.4 %.
s ol 30,000 PPC ca. 40 ca 11
. Nanyang Zhongju
* Epoxides are co-reagents Tianguan — Crina 5,000 PRC ca 40 ca 11

Tanguan Group



Synthesis 2ROH + CO, = (RO),CO + H,O

and uses of dialkyl carbonates.... 1
Dialkylcarbonates uses... Ei' - Shifts the Equilibrium, Damages the Catalysts
¢ -~ ﬁ! SOLUTIONS
oL /> Pesticides

Solvents and reagents

Inorganic/Organic Traps,
Use of pervaporation membranes

Carbonates: Linear

DEC P
E
v
A
EtOH-DEC P
EtOH h o]
- g Reservoir | Pump T R
ff R o ik
Additives to gasoline Reservoir !
!
Linear: monomers, Cyclic: solvents, Fxpansion-compression H:0
CR“—’f.g“-’”fo %Oévlfg’ff gge/\/;}: Reagec"'fsft,(CO)-mO%mefS- Low energy option, New concept reactor
: > + > :
e e aptive use Aresta, Dibenedetto et al 2012, 2016, 2017, 2022




Use of Urea, H,NCONH,, as active form of CO,

0

co, 1 2 NH, )k : { ol dé -
H,NCONH, + H,0 )

+ 31 kcal/mol Dibenedetto et al, EU Patent 2010 to Arkema

¢
o | 0 0 2ROH + H,NCONH, — ROC(O)OR + 2NH
o//< H,N" “NH, HN//< o//< 2 2 3
— O —> l\(O + NH 100
o CH,OH CH,OH CH,OH S |
N g better thermodynamics,
Ho/\ﬁOH 2 2 z . )
oH o % higher conversion as the
o = o R=Et reaction is not equilibrium
HN//<0 20 driven
CH,0H ’ 0 100 200 300 400
Time (h)
5-6 membered rings. _
Dibenedetto et al, Eurobioref Project A. Dibenedetto et al, RSC Adv 2015
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Direct carbonation of olefins.
Several issves....

1. The oxidation products

Ph H
RHC —CH @ distribution is mediated by CO,

0,/CO, ~No - ,-CCZ
p p O H// \ H
O -0
RCH,CHO i 2. An aldehyde is formed that

promotes the formation of the
epoxide

RHC(O)CH,

o, RCHO

3. The latter is converted into
RCOOH the carbonate

“two oxygen” transfer to the olefin” i i i
= 4. lIs 1t possible to avoid the

“one oxygen” transfer to the olefin” double bond cleavage?

Detailed study on solvent, pressure of O, and CO,, co-catalysts

M. Aresta, A. Dibenedetto, J. Mol. Catal., 2002, 182-183, 399



Integration of Biotechnology and Catalysis

Conversion of glycerol into 1,3-PDO >> TMC
—— —_——— —_——— - Polymers

- Biodegradable materials

| - Film and coating materials

A Glycerol L

v | L13PDO_ |~

Eco-friendly route

r .
(@) o

New
< 0 catalysts
S HO™™"0H — ¢ Deam
Rueterin it Q) 3
i 3-HPA
I v
I
— — JL —— — ——- 13 ppo NADH/NAD*
v Glycerol Dehydratase (dhaB1-3) oxidoreducta
Cell mass by-product se (dhar)

(e. g. acetate, NADH)

A. Dibenedetto, M. Aresta, L. di Bitonto, J. L. Dubois, Patent EP 13192912.7, 2013



Gibbs standard free-energy

200
oo HCN({)
0 CHa(g)
= ¢ CO(g)
= -100
2 CHOHD . (NH,),COG)
E—Eﬂ{l *
<] -300
< COL(@)
a &
Use of PV-H2
-500 In the reduction
CO.+ *
. 379 of CO, to
5 4 3 2 10 1 23 a5 Ch:lmlcals
y s and energy
C oxidation state products

A. Dibenedetto, M. Aresta, A. Angelini Chem Rev 2014
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Use of solar energy
PV-H, for CO, conversion

nesis of methanol, DME, derivatives
nesis of C2+ hydrocarbons
nesis of C2+ alcohols

thesis of C2+ olefins

nesis of aldehydes

thesis of amides



Use of solar energy and p-type

SC In the direct CO, conversion - |
' T .. 228V
1. Photocarboxylation of organic substrates o sz HEOOH
H'+R,,
R-H + CO, = R-CO,H el
| 'I : RH
CO,
HCOOH
2H' + (CH,),CO e, 2. Photoreduction of CO, in glycerol (i-
(HOCHCO N o propanol)-H20 with n-type semiconductors
(CH,),CHOH
(HOCH,),CHOH NADH
Pt <
3. Hybrid systems n.c DH NAD® “ansa @
Cascade synthesis of methanol
From C 02 HZO Ox. products bio-glycerol

ChemSuschem 2012, 5, 2, 373-378, Beilstein J. Org. Chem. 2014, 10, 2556-2565; Applied Catalysis B: Environmental, 2015, 178, 170-176; Chapter in:
“From Molecules to Materials-Pathways to Artificial Photosynthesis' Rozhkova, Elena A., Ariga, Katsuhiko (Eds.) (Springer), 2015, ChemSusChem 2016



Michele Aresta - Iftekhar Karimi - CCU: Shlftlng from HZ 1o HZO

Sibudjing Kawi Editors

=» Game-changing technology

An Economy » Avoiding the production, stockage, fransport,

B d distribution of H,

ase On » As both can be derived from the atmosphere,

C b D d it makes ubiquitary the production of

ar On IOX' e chemicals and fuels

3 nd W ater = Makes use of perennial energy sources for
CO, valorisation, mimicking Nature: storage of

Potential of Large Scale Carbon Dioxide natural energy into chemical bonds

Utilization » Great interest by EU and other International

Organizations (several Calls, low TRL up to 3-4)

@ Springe




Value-chains for CO, utilization

Only if perennial energy sources are used to power the process and hydrogen is derived from water it makes
sense to convert CO, into energy products for some selected sectors, such as avio-, navy-, road-transport
where electric motors (directly or indirectly) powered by solar energy cannot be conveniently used.

CO, is synonym of renewable carbon: it can be recovered and cycled incessantly, as Nature does since ever.
Clustering of processes is a strategic approach to the efficient use of resources and valorisation of “waste”
streams. Approaching the conversion of CO, via “value-chains”, more than single reactions, will give a new
system perspective to CCU.

| {160 Mt /y)
T2 .
tc
30 Mt/y CO,H Ethene X
n B tc Ic . Pl"ﬂ'pene

CH, «—“— CO, —> CH;0H— DME

v H\\ te BEM'LW\
Ak

- W
HCn (CH,0),CO MTBE

A. Dibenedetto et al Chem Rev 2014, Advances in Inorganic Chemistry: CO, Chemistry 2014, Advances in Catalysis, 2018



Clustering of processes for a better use of resources

In a system in which processes are clustered, “waste” H, can be more easily cycled into a new process
for CO, reduction opening to a full range of products. This is the case of the use of CO, (combined or not
with O,) as dehydrogenating agent (reactions 1-3) towards aliphatic hydrocarbon moieties with production
of C-C bonds or C=C bonds and hydrogen. Such application has been found useful for the production of C2

moieties from methane or olefins from alkyl moieties.
The released hydrogen could be used for the reduction of CO, to useful products in situ.

) CHy —2s CpHg+CH;  +(Hy) ) oo
2
2 RCH,CH; —22» RCH=CH, +(Hy l
CcO
CHy __CH, : » 5 CHZOH
CO, + l
3 — 2 hooon  © CHOCH:

7 CO,-OCM; 2 CO,-ODH;3 CO,-ODE;4 RWGS;5 CO,toMethanol;6) CO,to DME 7) CO,to HCOOH

A. Dibenedetto et al Chem Rev 2014, Advances in Inorganic Chemistry: CO, Chemistry 2014, Advances in Catalysis, 2018



Michele Aresta
| Angela Dibenedetto

The Carbon

Dioxide
Revolution

Challenges and Perspectives for a Global
Society

@ Springe

A new scenario opens

* CO, Is a valuable source of carbon: it is already used in
the chemical industry at a rate of 200+ Mt/y.

* Using the existing knowledge, the expectation is to
convert over 370 Mt/y by 2030 avoiding >1000 Mt/y

* Nature makes from CO, thousands energy-rich
compounds using solar energy

* The combination of the use of solar energy with CO,
catalytic conversion may bring to the reduction to fuels,
enlarging the utilization to a several Gt/y level, with
concomitant reduction of extraction of fossil-C.

* Hybrid catalysis and biotech may open a new scenario
iIn CO, conversion into energy products.
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