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Increasing Atmospheric Levels
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Estimating the risks that would follow from
a global climatic change & developing
strategies for the prevention of further

increase in atmospheric CO, concentrations

are undoubtedly important tasks!
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Prospect for Future Emissions
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*U.S. Anthropogenic Greenhouse Gas Emissions by Gas, 2001
* (Million Metric Tons of Carbon Equivalent)
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Energy Vs. Emission

Greenhouse Gas Emissions fiom Electricity Procuction U.8. Primary Energy Consumption Resulting Carbon Dioxide Emissions
1400
. . Wamral Gaz 4% Metural Gaz 12%
o Indirect, from life cycle
1200 g
m Direct emissions from IE‘ Coal 224
1000 UG iE; Coal 36%
Twin bars indicake rangs @ ;
grams g E Man-Fosal 16 %
co,
equivalent ==
PKWh 600 m
Petroleun 4 %
400 ‘
Petraleumn 38%
200 ﬂ ’;‘ e
36 o 0,
, 4 o] e 10 2 8 E .Elacm: g
Hydro Solar PY Wind Nuclear Hon- f
n 2 Ly Elecmic )
Source: |AEA 2000 m Lonh
g £
n [ i
=] im £ ue
1 )
i . ’ o 5 i T B Em
Commercial/Marketed Energy Consumption, [l = "
U.S. vs. Asia = s
11} Transpomadon nauzdal TRgzkendal  Commenclal Transpsfagdon nauzrlal Redaendal  Commerclal
*Reddendalan a Commerdal eethia & Tanspomadon, *Rezh anal ana Com marclal sxduds Tanaporadon .,
160 -
140 El :
Haluml Gaz 9%  Palrakam 2% HaluralGas 4% Fatabum 1%
120 -
a —
E 100 g ,
£ 80 - &
g 60 - = Han-Fassi 0%
b
40 4
Q
20 - m Caal W%
0 - ==
2001 2010 2020 2025 11]

B United States CJapan B China ® Other Asia

Source: Erergy infomnation b dministration,

World population, energy & electricity demands are ever increasing and are directly related to emission levels
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CO, Emission: A Closer Look at the Numbers

World Carbon Dioxide Emissions by Fuel Type, 1990-2025 CO2 Emissions by Region and Fuel
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Carbon Cycle

Movement of carbon in its many forms, between the biosphere, atmosphere, oceans & geo-sphere

THE GLOBAL CARBON CYCLE

Numbers are billions of tone of carbon [GtC) - combustion
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seasurface o
gas exchange K Diss. metabolism
100-115 o,

respiration [ Org:

partial - uptake and
metabolism| | metabolism

BIOSPHERE ingeston [Anmaic

. decomp: / ingestion
- ¥ L Alﬂngdemmp-

3

net orean uptake

leachin ipitation |abiotic  |partial geobogical
(bioticcgld ioticand  |reactions mhbdlsm\pmessng
abiotic) abiotic)
geolagical reservolr HumicMaterials Petroleum
Kerogen etc. Coal
Peat

6

Department of Chemistry



Sources & Sinks

* Sources * Sinks Example Strategies

* Large, concentrated " Geologic Large Concentrated Sources (e.g., Sleipner)
= Large, dilute * Ocean = Transport — Storage
» Distributed * Terrestrial Large Dilute Sources (e.g., Power Plants)
» Mineral = Capture — Transport — Storage
Distributed Sources (e.g., cars, homes)
= Decarbonization/Capture — Transport - Storage
= ¢.g., hydrogen economy
All sources
* Remove from Air — Storage
= e.g., trees, iron fertilization, non-biological

Utilization

Storage Reservoirs
Key Challen

Ge(}loglc B Safety /The trend towards recovery of C?
will probably greatly intensify in the
future, leading to the increasing

Terrestrial - permanence availability of large quantities of this
cheap raw material

Mineral - economics i/ -
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Ocean - environmental acceptability
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CO,-fixation & Calvin cycle

Photosynthesis: 6CO, + 12H,0 » C,H,,0, + 6H,0 + 60,

3Q

3C0,

PHASE 1: CARBON FIXATION

sore g ch
.o Calvin Cycle § "

) ; & MATPE
S yCerate v it
T RY ‘
CyYcLE . i - Di!
CoH,,0,
REGENERATION OF " .,
CO, ACCEPTOR (G3P) E:‘;ﬁE cﬁén C; + CO, + ATP + NADPH - C.H,,0,
(RuBP)
10-0-0-B
@ ff:ar] Glucose g:':l?c Nature uses CO, so successfully as a synthetic building block
compounds in photosynthesis- the basis of life on earth!

Copynght @ Pearsen Education, Inc., publishing as Benjamin Cummings.
A Lesson from nature?
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R & D Areas

l

CoO,
Disposal
Technology

v
Land disposal

GLOBAL WARMING
Global CO, Cco, CoO,
Reproduction Separation & Capture Utilization
Plan Collection Technology Technology
Technology

\ 4 v
Field Investigation Bacteria
Development of model Algae

v
Absorption
Adsorption
Membrane

Other related items

Other related items

v

Methanol

Ocean disposal

Other related items

Manure-feed oil
Other related items

l

Environmental Friendly
Productive Technology

v

Hydrogen
Catalyst
Other related items
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Challenges: Large-Scale CO, Utilization & Sequestration

Two Critical Challenges

Reducing Costs Developing Storage Reservoirs

* Separation and capture costs prime target « Need to be safe and environmentally

right now acceptable
* Efficient power plants critical starting point » Need to be effective, i1ssue of permanence
* Essential to reduce energy penalty » Economical
« How to judge? = Development costs

» Relative to other alternatives = Monitoring costs

* Relative to status quo = Location relative to emissions source
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Problem Matter or Inexpensive Raw Material?

i Global CO, Emission !
Commercial Use of CO, CO, Disposal
! ! I ' }
Ocean Subterranean Terrestrial || Biological Fixation

\ 4

v

CO, as Raw Material in Chemical Processes

CO, as Resource in Technological Processes

\ 4

\ 4

\ 4

Entire molecule
Incorporated
In the product

l

Urea & derivatives
Organic carbonates (DMC)
Salicylic acid & deriv.
Polymers
Org. intermediates
& fine chem.
Inorganic carbonates

CO,_in reduction process
— C, molecules

l

Richer in energy,
Producing bulk chemicals
Methanol (alt. for gasoline)
CO, CH, & other
Cn molecules

v" Addition to beverage & drinks

v Food packaging & freezing

v Manuring subs. in horticulture

v" Industrial extraction, Foaming agent
v Enhanced oil recovery

v Waste water treatment

v" Inert atmosphere

v Cold welding &molding processes
v Dry-ice cooling foodstuffs

v" Cleansing processes, Lasers

v" Calibration gas, Smoke effects

v Metal production

v’ Anaesthetize agent for pigs
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Comparison of the properties of various C, building blocks

Factors CO (6{0 6] CO,
MAK Value 30 ppm 0.1 ppm 5000 ppm
Toxicology Affinity for Hemoglobin 210 War gas Danger of

times that of O, asphysiation at

10 vol % in air

Environmental Yes High Negative

Hazard

Flammability 12 - 74 vol % No No

Boiling point 81 K 291 K 195 K (subl)

Storage Only at < 3.5 Mpa Very difficult No problem

Transport Gas bottles or tanks kg Possible Gas bottles or tanks
quantities

M. A. Scibioh & B. Viswanathan
Proc. Indn. Natl. Acad. Sci., 70 A (3), 2004. 12
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Attempts at CO, reduction

e Radiochemical y-radiation
co, - HCOOH, HCHO
*  Chemical reduction 2Mg +CO, — 2MgO + C
Sn + 2CO, — Sn0, +2CO
2Na+2C0, —  Na,C,0,
e Thermo chemical Ced+
Co, - CO + %0,
T>900°C
e Photo chemical hv
CoO, - CO, HCHO, HCOOH
e Electrochemical eV
CO, +xe + xH* - CO, HCOOH, (COOH),
e Biochemical bacteria
CO, + 4H, — CH, + 2H,0
 Biophotochemical hv
CO, + oxoglutaric acid — isocitric acid
e  Photo electrochemical hv
CO,+2e¢ +2H" — CO +H,0
eV, semicond
e Bioelectrochemical enzyme
CO, + oxoglutaric acid — isocitric acid

. . eV, methylviologen
« Biophotoelectrochemical

hv. enzyme, p-1nP

co, o HCOOH

eV, methylviologen
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M. A. Scibioh & B. Viswanathan, Proc. Indn. Natl. Acad. Sci., 70 A (3), 2004.

Department of Chemistry



Reduction of CO, to provide sources for industrially important products

heogH| 2% . [ co

+H2
+Hsg +Hy
"H'ZO
4LHg +2H,
e —_ H, O
CH, -2Hy0 -H,0
A
+Hg +3Hp +3H;
_EHZQ - Hgo d H2
W n
il P ~/
+H2
Cn H2n+2
Fische-Tropsch
M. A. Scibioh & B. Viswanathan
Proc. Indn. Natl. Acad. Sci., 70 A (3), 2004.
407-462 14
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Selective Properties & Energy-Level Diagram for CO,

Selected properties of CO,

Point group Dah

Ground state 1%,

Boiling point (°C) -78.5

LUMO 2w,

HOMO Im,

Bond length (A) 1.16 (C-0)
Bond energy (eV) 5.453
Ionization potential (eV) | 13.78
Electron affinity (eV) -0.6

IR data (cm™) 1320, 235, 668

Energy

MO diagram for CO,

Oxygen
combination
orbitals

-.'ﬁ
-

\
>SS gm"_ _—Z»———12pldegenerate)

A - - e
Qﬂ' \ _ - >=———12s(degenerate)

M. A. Scibioh & B. Viswanathan, Proc. Indn. Natl. Acad. Sci., 70 A (3), 2004.

407-462.
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Energy Considerations

(kJ/mole) for Key Carbon Compounds

C.H, (+130)

CH, (-51)

HCHO (-102)

CO (-137)

CH,OH (-166)

HCOOH (-361)

NH,COOH (-364)

€O, () (374

CO, (aq) (386)

COy= (ag) (-527)* *Need: water to supply energy of hydration
HCO; (aq) (:586)*

C,0 (aq) (-671)*

CaCO, (s) (-1130)** **Need: alkali to supply nentralization energy
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Interaction of CO, with Transition Metal Centers

C - — Lewis Base — M == C ——— M = slectron rich
Donor and acceplor bond ) )
— - lexes.
‘ ) e n-Cormp — ‘ r-Chaft-Duncanson) — - suitable orbitals
O -  Lewis Acid o M o= O — M = electron deficient

Reactive positions of CO, molecule & electronic properties of a transition metal centre required for complexation

o
&
M:i M, —C—0-M, 5 5
£
2 Hz-T ﬂ"'\\‘ ﬁt,.-""
3+LL = Repulsive
0. o o-M n
M1=CHO“M2 Ml_cfho‘,ﬂ’h‘!' MI_C:G—M;
Ho=m13, Class 1 uz—-n?, Class 11 [T b 5
GH 5t 5"
C O
M M2 M, Repulsive _"'\}\ /‘*-'— Allractive
' Ce-M M c. M &
M,—C:U‘M, o ] ? Lo o’ ML
o- M, M ‘--Mi/’
Hy-n* Hg-n* me-n*
Structural types of metal-CO, complexes Orbital overlapping & electrostatic interaction
of coordination modes of CO,
M. A. Scibioh & B. Viswanathan 17

Proc. Indn. Natl. Acad. Sci., 70 A (3), 2004 ]
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Homogeneous Hydrogenation of Carbon Dioxide

Formic Acid or
Formate Salts

Alkyl Formates
from Alcohols

MeOH, CH,, CO

Homogeneous
Hydrogenation of CO,

Diols & Diol Formates
from Oxiranes

Alkyl formates from
Alkyl halides

ormamides or
Methylamines

from Amines =

Department of Chemistry



Producing Formic Acid or Formate Salts

CO,(g) + Hy(g) — HCO,H(1) Effective homogeneous catalysts —
Complexes of 2" & 34 row metals of

AG® = 32.9 kd/mol-AE°® = —31.2 kJ/mol: groups 8 - 10, usually with halides or
| ’ AS°® = —215 J/(mol K) hydride as anionic & phosphines as

neutral ligands.

CO,(g) + Hy(g) «{ NHy(aq))— B T TOF
~ N Wyt
1CO, (aq) + NH, (aq) catalyst precursor solvent dittes G (0 B TN ()

Pd(dppe; Cilly NCHy+HO 226 110 2 B2 3
o o RuH P(CgHz CsHs NICHgh # H:O 20/ VR 8 {
AG® = —9.5 kd/mol;SAH” = —84.3 kJ/mol; ) B0 KOH Wi M0 3
AST= —250 J/(mol K) Pildope); Cifs NaOH Wuooon N 09
RuH{PCiHoh (il Nas(0y B 4 W 4
MO Roweol N AM B Gr M o0

UCLCOK] o) + iy il K
COy(aq) + Ho(aq) + NHy(aq) — KIRuCIEDTAH) B0 - WMo om W
HCO, (aq) + NH, (aq) (Rhb){PCH:MCiH)BF,  TH HO W 6 1m )
(Rh(eod DMSO NCHj=dpb 2020 o 2 U0 R
B B Rty B
S . D . (CHemSONaly  Hy (CH o1 MWW
AG 35.4 kdJ/mol; AH Ags:._s__ k_‘%‘fﬁ},’(mol X PACHP(CiHh) Ol NCHyHO 8080 w5 m
RubPICH) w00, NCH+HO 8120 50 1 1400 1w
RuCl{P(CHy) 00, NCHL+HO 810 50 4 M0 15
(RhHcod DMSO NCH+dppb il o 08 32 3
(RRH(esd) DMSO NCHy+dpph M0ttt 18 20 12

Addition of a base improves enthalpy of reaction,
while dissolution of gases improves the entropy

P.G.Jessop, Chem. Rev. 95 (2), (1995) 259 19
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Pathway - CO, to Formic Acid, Formaldehyde & CO

Normal CO, Insertion into an M-H Bond

Abnormal CO, Insertion into an M-H Bond

MH Ly
MH 01 (02CH)L |
~HCO,H
—HCOZH

“Dihydride” route

CO,
Hz H—M—H
e .
M 1]

H—M—C—0H

“Unsaturate” route —
Coordination of CO, before addition of H,

P.G.Jessop, Chem. Rev. 95 (2), (1995) 259 20
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Products Generation!

Hydrogenation of CO, — CO, CH;0H, CH,

HxQ 4+ CH;0H

RuCH;3 Ru

1/2H, €O,

HL0
1121, @ Ru(CO) =—= Ru +
2H,

HLI‘CO;)

Hz

COylag) + Hylag) = COdaq) + H,O0)

CO,(ag) + 3Hy{ag) — CH,OH(D + H,00)

COyag) + 4Hylag) — CH, + 2H,00)

AGT = 11 kdimaol; AH® = 11 kd/mol;
A8 = —0.8 Jimol K)

AT = =79 kJ/mol; AH® = —106 kJ/maol;
AS® = =88 Jimel K)

A = =195 kJ/mol; AH® = —230 kJ/mol;
AS® = =125 Jimol K)

The thermodynamics are neutral or favorable
because of the production of water from hydrogen
but economics are unfavorable for the same reason

Diols and Diol Formates from Oxiranes

H,C—CHR
Co, + H; + . \Df

H,G—CHR
Hﬁo OH

Hﬁo OﬁH
0

.\ H,cl:-cun , HG—CHR _ H,C—CHR

HiG—OHR

HO OﬁH
o]

o) HC ©H
\/
Cc
Il
0]

CO, with methyloxirane in the presence of H, —1,2-
diols & their formates in addition to cyclic carbonate

P.G.Jessop, Chem. Rev. 95 (2), (1995) 259

21
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Products Generation!

Catalytic hydrogenation of CO, in supercritical CO,
in the presence of additional substrates

CO, + Hy
CH;0H EtsN
(CHs)sNH
HCOOCH; {HCOOH) NEt5(x 1-2 )
+H
20 E!j-’ + H,0
NH=CHO + H,0
TON: 37.0° & \ ;
3 TON: 7,210 TOF : 1,410
TON: 3.7.40°

Cycloco-oligomerisation of CO,
& alkynes in compressed CO,

2 MesP | NCOD)

+
C0; compressad COs
WM p

2 R=Cm=(C=R

R=CyHy : TON= 2040 Selectivity : 98,5%
R=CiHy: TON=2  Selectivity: 93%

The hitherto solely highly selective catalytic C—C coupling reaction
using CO, as substrate can also be realised in compressed CO,

Styrene or cyclooctene react in a catalytic system —
epoxidation as well as the reaction to cyclic carbonates

> The potential of this types of catalytic reaction is by no means yet explored.

» The field of homogeneous catalysis in compressed CO, will attract major interest in future.

» The development of new CO, soluble catalysts, understanding how to prevent deactivation reactions with CO,
as well as the control of the fine tuning of the reaction parameters in scCO, are starting points to discover new
selective catalysis in scCO,

22
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Direct control technologies

Capture, Disposal or Chemical recycling

€0, + 3H, & CH,0H (5)+ H,0 (¢
1000 _

1000.00 - B - . ?0 00 T ETELL - o,
W CIO, E 100 ' T '.'|ll.. . l.. S ——
g 10000 _HO L . —

2 . E ; 0

£ ? CO E e ——t——= ) C;) £ "L 0000 98 bs 0008 % & ¢ o
‘ g v i @ 10 ,ﬁejL,,,,, o -

E 10.00 é ‘ .5 1

cmon| [& . ——s CH, ‘ 1

g 100 — — ‘ LIRS Y Py .

E 'g ~ . K . ®e o ') 0.

£ 010 | g ol T | T P000g ag g, ce )

£ CH “ " - D 5 CHOH FALIE e P —{~ CH.

0.01 | : } 0.01 + } — . . ‘ . _ CH,0OH
100 150 200 250 0 50 100 150 200 0 20 4 60 80 100
Catalyst temperature [°C] Temperature [°C] CO, amount in the feed [%]

H,/C0, = 3:1, Pressure = 20 bar,
Q. = 0.6 NL.min -1, Sv = 4500h 1)

Electrical power = 400 W, H,/C0, = 3:1,
Pressure = I bar & Qtot = 1 NL.min 1)

Electrical power =400 W, Pressure = 1 bar,
Temp. = 80 °C & Qtot = 1 Nl.min !

If pure hydrogen from renewable sources (e.g. hydroelectric power) is available, an easiest method for converting it to
methanol with CO, is to combine both gases in a thermal reactor at about 220 °C under moderate pressure (20 - 50 bar).

A. Bill, A. Wokaun
Energy Convers. Mgmt. 38, (1997) 415
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CO, to hydrocarbons

Catalyst: Fe supported on MY-zeolite (M=Li, Na, K, Rb)

—a—(, Table 2

80 . —— G (0, hydrogenation” over Fe catalysts supported on MY-zeolites
3 S, e ) hydrog 1S supp
T "] \ N g Catalysts €O, Selectivity (C mol% Hydrocarbon distribution (C mol%) 0L(%)"
Q61 . i (17 wt)  conv. (%) (01+Pa.
= T TTT— _ _ _
'§ 504 " CO HC G Cq_- (s C}' (4 C; Cy (s> CrCy
2
g FHY | 1014 3004 6086 7256 002 153 007 76 - 2% L& 036
T FeLiY | 175 4430 5550 1701 365 037 U268 449 060 345 381 6001
e N . . RN | 2076 208 69058 1462 78 494 36 436 ILIS 3R B X
3 g, . FKY | 1795 3135 6649 1254 8% 308 B 3% 1040 3 M0 7593

0 R U — FROY w1124 3161 6590 93 708 219 1% ¥ oM 2m o Sy W

— v : .

0 0 2 30 0 0 00y hydrogenation a 1900 mligh, 573 K, and 10aim.

Wi% Fe on HY "Selectivity to olefins (C mol%).
Hydrogenation of CO, to hydrocarbons over group V111 metals proceeds in 2 steps.
1. Partial reduction of CO, to CO by reverse water gas shift (RWGS) reaction
2. Subsequent F-T synthesis.
S.S. Nam et al.,
Applied Catalysis A: General 179 (1999) 155 24
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Hydrogenation of CO & CO , — Methanol, Alcohols & HC

‘—3:91" CH .
[’ CO+H, J___ iﬂ, _i... cn!.i‘o —= CH,OH
CO,+H,
Clﬂilai c‘“‘
CHIOH Yield %
& o G o
B cocorm B C2eRrH
N CcoH B CH4
0 cooo?
B Me0H
HET
SOCu*  SOCuSZat SOCUM4Znt 3CUINZat 5CW2SZad D COIC*  CONCW  CO/CoMoCu* COYCOMoCu*
(Cu-La,Zr,0,) — Alcohols & HC from CO + H, & CO, + H, feeds
Addn. oxides, e.g., ZnO or ZrO, — Good MeOH selectivity
Addn. trans. metal promoter like Co — C,, alcohols & C,, hydrocarbons
Cu-La,Zr,0, + HY zeolite — Mainly C,, hydrocarbons
R. Kieffer et al., o5
Catalysis Today 36 (1997) 15
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CO, to hydrocarbons

v" Fe promoted with Cr & Mn — Conversion of CO, 1& Selectivity of C, - C, alkenes?
v’ Zn promoted iron catalyst — Unusually very high selectivity for C,- C, alkenes
v With smaller ratio of Zn in Fe:Zn — Alkene selectivity?]

Table 1, CO; hydrogenation on various coprecipitated iron-metal catalysts Table 2. Effects of catalyst composition on the catalytic activity of Fe-Zn"
Cataysts CO,  Selectvity Hydrocarbon Distibution o’ Catalysts CO; S(Zlecul::t; Hydmc:l(‘:bon ?i/s;n'buﬁon oLeR"
conv, mo mol % oL
W0 %) Caol%) k) ° : — @fa)
. R . . e.Zn (%) CO HC Cl Cz Cz C‘_l, C3 C4 C4 CP C2-C4
(M) () COHC G G GG GG GG GO 10:0 1602 3639 6361 49.67 0241926 1171661 115 751 441 555
Fe 1621 3639 63.61 4967 0241926 1171661 115 751 441 555 9:1 2654 4359565 2462 695 7.111958 4921393 5601729 69.64
FeV 11172730 7270 3072 1571502 - 2205 586 822 754 1413 7:3 2536 1421 8579 30.35 3.06 10.04 1438 756 9.57 7.63 17.31 51.61

5:5 2482 802 91.98 43.05 1931652 98912090 540 695 418 32.63

FeCr 2570 21.53 7847 6475 1011554 405 739 210 291 225 2170
3:7 2327 20.51 79.46 37.84 1621574 754 13.58 7.50 5.7510.54 32.08

Foda 2315 806 9154 3806 L4 1742 B0 1382 309 8 7'53 1:9 1967 2243 77.57 54.87 0.1218.38 0481425 044 682 466 2.25
Y Feln 2654 435 9565 2426 695 7111958 4921393 560 17.20 69.64 0:10 440 931 060 T390 0 788 0 1843 - - - 0
00, hydrogenation at 1900 mijgh, 573 K, and 10 atm, *CO; hydrogenation at 1900 ml/g/h, 573 K, and 10 atm,

"Selectivty to olefins (C mol %) *Selectivity to olefins (C mol %)

S.S. Nam et al.,

Energy Convers. Mgmt. 38, (1997) 397 26
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CO,-hydrogenation to EtOH

Well balanced multi-functional FT-type composite catalysts

Physical mixtures with 3 different function
Fe-based Cu-based Pd/Gd addition
CO, to CO C—C bond formation Stabilize optimum reductive
—OH group formation state of catalyst
500 500 500
400 400
= =
.fé 300 3 300
E 200 E 200
100 100
o i ;% it o LE EHH === WP
MeOH EtOH C.0H C,0H Cy0H C,O0H MeOH EtOH C;0H C,0H C,0H Cy,0H MeOH EtOH C;O0H CO0H Cy0H CyOH
Kind of alecohol formed Kind of alecohol formed Kind of aleohol formed
(a) Fe-based catalyst (b) Physically mixed catalyst of {c) Pd-Ga added physically mixed Fe-
Cat.2 FeCwALEK = 1O0:0.08:2 007 Cat.2 and Cat.3 with an atomic baszed (Cat. 3), Cu-based (Cat. 4)
ratio of Cuw/Fe 0.53 catalyvsts and 9.8 wt%Pd/1,060°C
Fe:Cu:Zn:AlLK=1.0:0.53:0.5:2.5: caleined alumina with atomic
0.75 ratios of Cuw/Fe=0.53 and
PdiFe=0. 02
Fe:CwZn:ALK:Pd:Ga=1.0:0.53:0.5:
2. T75:0.75:0.02:0.16

Difference in alcohol distribution for different catalysts

T.Inui et al.,
Applied Catalysis A: General 186 (1999) 395 07
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Electrochemical Reduction of CO,

CO,/CO, redox potential is -2.21V /(SCE)

CO, + 2H" + 2¢
CO, +2H" +2¢e
CO, + 4H* + 4e
CO, + 6H* + 6¢

»

—»CO+H0 E”=-052V "
— HCOOH E” =-061V
> HCHO+H,0 E”=-048V
> CH,OH+H,0 E”=-038V

CO, + SH* + 8¢,

5 CH,+2H,0 E”=-024V

Influence of the Solveni and Electrode on the Reaction

Mechanism
Reaction Cathode Solution
CO,+ e — CO,7 Aldl Adl
CO,+H +e” — HCOO" In. Pb. Hg H,O
CO,— CO+ O-
CO+O+H™+e — CO+0OH Fn, Au Ag H,O
CO,~+ CO,” — (CO0O),™ Pb. Tl. Heg MNon-agueous
CO,~+CO,+e — CO+CO* In. Zn, Sn. Au MNon-agueous

M. A. Scibioh & B. Viswanathan
Proc. Indn. Natl. Acad. Sci., 70 A (3), 2004.

28

Department of Chemistry



Reduction of CO, under Protic, Aprotic & Partially aprotic conditions

Protic HCOO' S~ HCO0O™ N A otz N AP aome M e
or COy L= o /C“C e ~HO=¢-C
Ho” oW 20 W oM b o

/0 co Oxalic acid glyoxylic acid glycolic acid
C02 04‘ \ oy dimerization
+2H" +2e”
CO+ e +==C0;
/° e rfoo'
0// \ . EET 0 OHOH o OHH H H
Sobt e, bl e 0 UL
e HO™ 4 iA Son MO o’ L o
Aprotic [ tartaric acid malic acid succinic acid
Partially Aprotic
Aq. solutions leads to formic acid production (C, products)
Aprotic solvents favor dimerization of CO, leading to C, products
M. A. Scibioh & B. Viswanathan
Proc. Indn. Natl. Acad. Sci., 70 A (3), 2004. 29
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Solubility of CO,

"2 300} (@)

|5 Benzene o 300 (b)

3 =

Q oluene 2

E 2001 CoHsOH g 200}~

™~

8 CH,OH sv Ethyl acetate

z 1 Propanal -

- 100} € 100~ Benze Toluene

b =

ol B 1. Propanol

3 =

8 0 L. .I = H0 l & ol | 1 I 1 I

0
0 20 40 50 0 4 60 80 100
, Pressure, atm

- Pressure, atm
Variation of solubility of CO, with pressure for several solvents at T = 293K and 333K

z .
g
E CH;COOH
€ 4 <
5 Mﬁdine

D"‘D‘D—a—n_a_ﬂ_ﬂ_dc OH
£ 2f CaHs0H
5 U
= - - s A
8 (o] L ll %c

] 25 35
Temperature'C

Solubility of CO, with temperature for several solvents used in electrochemistry
30

M. A. Scibioh & B. Viswanathan, Proc. Indn. Natl. Acad. Sci., 70 A (3),
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CO, electroreduction on sp group metal electrodes

Cathode Potential vs SCE. HCOOH o ; Electrode  E.vs SCE! V' Oxalate Formate  Glvoxviare
meltal AY % 1% %
Graphite  —0.900 100 - -
In =20 87.6 6.8 49 1.05 10 78 12
-24 83.2 42 132 Y ) -
Pb =20 729 2.0 15.6 :: ES :; E_’: _?
24 789 2.1 14.3 0 -88 6 6; )3
Zn =20 46.6 356 124 ’ -
- - Pb -1.26 44 55 -
24 534 16.8 352 | 40 9 90
Sn -2.0 67.5 9.1 299 _I 49 25 iy a
-24 376 4.2 6l.6 e - -
—~1.65 1 62 35

Mechanism of CO, electroreduction on sp group metal
electrodes. Neutral hydrated CO, molecules (a) undergo
electronation to yield qadsorbed CO,radicals; (b) the latter
react with adsorbed water molecules to form adsorbed
HCO, radicals and OH" ions: (¢) HCO, radicals remain
adsorbed at the electrode surface and undergo further
recuction to formate ions: (d) the negatively charged HCOO-
ions are rejected from the electrode surface

o

HCOz

M. Jitaru 31

J. Appl. Elec.Chem 27 (1997) 875
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Periodic table for CO, reduction products

1A o

TA 1IB IVB VB VIBVIIB
[]

A VA VA VA VIIA —VIll— B UB Py
TilvicriIMn]|Fe|Col N1 [Cu|Zn

L

s o

D O Aty T e
K A

Bu|Rh|jPdjAg]Cd | In |Sn
k.

b
L]
N

"

b
L]

K
A
LA
At

LA

T
BN

W
oY

Pt JAau i Hg |Ti |PDb

o
"]
W~
[t B

v
nl
L]
R
=

4 CO B Hydrocarbons
[ HcCoOoH H{ 95%)

At -2.2 V /SCE in low temperature, 0.05 M KHCO, solution

Y Hori et al.,

J Chem Soc Chem Commun (1987) 728 3
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Summary of Metal Cathodes Employed for Electroreduction of CO,

Metals

Aqueous medium

Cu, Zn. 5n

In. C, 51, S0, Pb, By, Cu, Zn, Cd, Hg
In. 5n. Pb, Cu. Au. Zn. Cd

In. 5n. An. Hg

In, TL Sn, Pd. Pd. Zn, Hg

Ni. Pt

Ni. Pd. Eh. Ir

Fe. Bu, N1, Pd. Pt

Ti. Nb. Cr. Mo, Fe, Pd
Mo, W. Eu, Os, Pd, Pt
Zr. Cr, Mn, Fe. Co, Bh, Ir

Products

Non-agueous medium

< sp group metals >

HCOOH
HCOOH, CO, hydrocarbon

< d group metals >

HCOOH. CO

Hydrocarbon

MeOH
co

Hydrocarbon, CO, CO,*
co

Oxalic acid

CO. COZ

Oxalic acid

M. A. Scibioh & B. Viswanathan
Proc. Indn. Natl. Acad. Sci., 70 A (3), 2004.
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Influence of Pressure on Mechanism — An Example

— CO0>
H
A o3 ————— CO + HCOOH
— H
— CO;
— H
— H
B — CO3 = CO,+ H,

Comparative mechanism of high-pressure CO, electroreduction (A) &
Electroreduction of CO, at atmospheric pressure (B) on Ni cathode

M. Jitaru 34

J. Appl. Elec.Chem 27 (1997) 875
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Electrocatalytic Reduction of CQO,

(a) (b)
CO2
Reduction
product
Cathode

CO, Product
Electrolyte
C=Catalyst CP = Conducting polymer

Cat=Catalytic species

(a) Molecular electrocatalysts in solution;
(b) Cathodic materials modified by surface deposition of molecular electrocatalysts

M. A. Scibioh & B. Viswanathan
Proc. Indn. Natl. Acad. Sci., 70 A (3), 2004. 35
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Electrochemical reduction of carbon dioxide in copper particle suspended methanol

€0, » o 0; (ads)
4
» L0 (o) = CH }am adsorption
Tanchon gt
~H, % i)
» CHiads) » CH, (B.(C)
-fi{
*CHy(ndi]
O B
5 i,
Oy —— (0 (o)  HCO0 ok  HOU(lw) (A
‘ 0, o
v (1 A
-0}

S.Kaneco et al, (under publication

Calhode

-

-
3

gs

Charge transfer

E&clrcde
slrface

o Mass fransfer
|
|

@ Offiusion @

@ Liffsion @
|
|
|

Near surface
AP reduction product

O:copner naricle
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Transition metal complexes — Electrocatalysts to reduce CO,

Categories:  » Phthalocyanine complexes
» Porphyrin complexes
» Metal complexes of 2,2’-bipyridine & related ligands
» Phosphine complexes
» Metal clusters and polymetallic complexes
» Biphenanthroline hexaazacyclophane complexes
» Azamacrocylic complexes
» Macrocyclic ligands related to macromolecular functions

R
B, . i
o J“N p. = m‘\E R ;H ‘;:’j%. TA"|’ 2+ Th.,{, 2+ r,A..l 2+ ’;\'7 T2+
w_/]"w;.: W TR fe L Il AR (Cﬁlj /i:?c'!. T CONI N Co--
Ny R L oL ~n by, o HN N N NH & r\\_>
é } Fll R R +\/L ’I\/J\ \_/-
f= CgHg - QEP Ra - % ©TFF . = 2
gl R={ y__TPPS T T '
POTSY H=503 Y NN \]/*N HN NH]
- Re-{ Y _TCPP L HN-- Ni-—NH [ N
Ptk alocyasine amd L0 L0 Coy Hy MNH N\__;) I-U-{
tetrasubshituted dervative + ,CH H
e
R @_NC;HE.) TTMaRP
Porphyrins and phthalocyanines Tetraaza macrocyclic complexes
J.P. Collin & J.P. Sauvage 37

Coord. Chem. Rev. 93 (1989) 245
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Fuels from the reduction of CQO,

CO;+e” = CO;

CD;+H++E_ZiCDiH = —060V

g = —12V

(-0.61 V/SHE) (-0.52 V/SHE)
HCOOH - - CO+H,O
+2H*]| +2e
+4H™ +8H"
HCH(O - CoO, = (CH,+ H.,0

+de (048 V/SHE) +he (=024 V/SHE)

+6H* | +6e(-0.38 V/SHE)

Y
CH,OH+H,0
J. Costamagna et al., 38

Coord. Chem. Rev.: 148 (1996) 221
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Coordination compounds with acyclic ligands

L W,
-"""“'so + GH.; ml
<N\c°'g ?‘}J/L L N\co/o\ )/l. “
"--/._...\}0 \l- n,__/__lo/ N M- cH. u-co;
L 20 + IH*
v+ H
da + @
,{U T2 ; \g . 26+ M
b oo bcon Lo
e b
u-cﬂo
hy b We
H“
7 —Ry HCOH HDOCCHO

General cycle for the generation of CO, reduction products with various complexes of
acyclic ligands as electrocatalysts [Also valid for electrocatalysis with macrocyclic ligands]

J. Costamagna et al., 39

Coord. Chem. Rev.: 148 (1996) 221
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Coordination compounds with macrocyclic ligands

— . 7 7 20
q T'- | 4 _i : 3 N“'}L "H']L” + 05 H: + m-
a) Eﬂ‘m’ :| 1d|pnl - ;
) i b
: L E o H0
E :I I'-'ﬂl-l:-'l : ; €0, CO, e, CO -
W/\fjh l - -]—--_i. N0 reaction —e——— Ni{ Il JL2## ————a= NI{ | )L CO* ——==Ni( 0 )L CO
L ] H - '
L (:*N"nj v I’“’f‘ v
1 [
AL Cor ]
N [] ] M
) () : A | .
"o . ' ; ; NI 1)L aas NI(1)L* s
IL":"‘L : .[su-,m ! ]
CHy 1 : ] ! OH-
" r Py
e LS A P * . AN
N, N 0 SR
d) E T j 1 : : ; .
) ; . : : i o, OH|® o 9 *
l>< " ' WuA - i c C|:
] i ML H NICIIL Joas
=20 =10 0 H*
E/VvsSCE L = Cyclam
Cyclic voltammograms of cyclotetradecane derivative complexes in N, (- ) and CO, (—):

{a) glassy carbon electrode; 0.1 M NaClO, (pH 6.2), .1 Vs~ (b) hanging mercury drop electrode; : :
acectonitrile water, 0.1 M NaClO,, 002 ¥ s~ (c) hanging mercury drop electrode; acetonitrile water, CyCIam & cyclam derivatives
0.1 M NaClO,, 0.1 ¥ 3~ % {d) glassy carbon electrode; 0.5 M Na,S50,, 0.2 Vs~

J. Costamagna et al., 40

Coord. Chem. Rev.: 148 (1996) 221
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Porphyrin and phthalocyanine derivative complexes

F-ur"\*"-h{"n"# co,

.

A ——

Fe(ll): C:
a_
Fe{ | YCO
co,
. | _ o
% ' i 0=

c) Mg, Y ST Fe{ Il )CO Fe(ll): C o
_{%,i . : wA
o | i 1 H |

B -10 0 COyMg Mg?*
E+Vws SCE

Cyclic voltammograms of porphyrin and phthalocyanine derivative complexes

(a) porphyrin fixed on a glassy carbon clectrode; phosphate buffer (pH 6.86), 0.001 Vs~

(b) glassy carbon electrode; 0.1 M dimethylformamide; (C,H,),NCIO,, 0.1 Vs™%; (c) hanging mercury
drop electrode; 0.1 M (C,H,),NCIO,, 0.1 Vs~

41

J. Costamagna et al.,

Coord. Chem. Rev.: 148 (1996) 221
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CO, Activation by Metal Complexes- Perception

Binding of CO, to a metal centre leads to a net electron transfer from metal to
LUMO of CO, & thus leads to its activation.

Hence, coordinated CO, undergoes reactions that are impossible for free CO,.

Many stoichiometric & most catalytic reactions involving CO, activation
proceed via formal insertion of CO, into highly reactive M—E bonds —
formation of new C-E bonds.

These reactions might not necessarily require strong coordination of CO, as in
stable complexes, but are generally initiated by nucleophilic attack of E at Lewis
acidic carbon atom of CO,.

Weak interaction between the metal & the lone pairs of one oxygen atom of CO,
may play a role in supporting the insertion process.

Although we are more knowledgeable about CO, activation, the effective
activation of CO, by transition metal complexes is still a goal!

42
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Direct photoreduction of CO,

At the surface of semiconducting materials; p-Si, p-CdTe, p-InP, pGaP, n-GaAs

Three principles of photocatalytic cycles of CO, reduction

"

- |
i

I n Photocatalyst **|

E- /,,,_—— n CO» !
\—»n cCO,*"

I n Photocatalyst * |

h-v '-J
- -

(=11 € + H + ¢ ;," (=1} Ok = H" + e

{n=2) Coh+ H* =2) COy + H*
: : ———=[ n Photocatalyst J=—0 =

(m)

“ @)
OO+ (OH” | nr CO = OH”

| n Photocatalyst®" |

43

D. Walther et al.,

Coord Chem Rev 182 (1999) 67 i
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Photoreduction of CQO,

ALV

E—T B

E; - Ef oo !
i

h '

(a) (b}

Energy band modes of an n-type
semiconductor with a Schottky-type barrier:
» Pd/Ru0,/TiO, photoreduction of CO,
(a) band-band transition;
(b) surface state population transition. Vs and Vs,
surface potential difference; CB, conduction band;
VB, valence band; Et, surface state level; EF, Fermi
level.

T. Xie et al.,
Mater Chem Phy 70 (2001) 103 44
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Role of the Nanoscale in Surface Reactions: CO, on CdSe

1.4 T T T . 1Im T
1.2 Surf*(Vac)+CO; -
Surf+Vac CcoO, Surf+Vac+In MNanocrystal
1L i inlael e
>oal i i CB
30-8 }_ CB LUMD """'C‘_B___— I i i
& 06 [ . 48 0deV ===z
@ 04 - Surf*(Vac-In)+CO, | L 1.3eV
5 04ev “ 7 % 77
0.2 ) i / / /
0 Surf’(Vac)+CO; i’ i )
-0.2 ' S - —

-05 05 15 2.5n 3.5 45
Distance (A)

The total energy of a CO, molecule
chemisorbed in a Se vacancy on the CdSe1010
surface as a function of the vertical distance
between C atom & ideal truncated surface

Electron transfer from surfaces or nanocrystals to
the CO, molecule. The localized energy level near
the valence band edge is caused by a Se vacancy

L. G. Wang et al.,
Phy. Rev Let. 89 (7) (2002) 075506-1 45
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Direct Solar Reduction of CO, to Fuel

CO, + hv or heat — CO +'/,0,

COa teed
Aluminum 16
orifice teed ring
Thermocouple
| 0 Reoyele
- \J\?\e“'f\!\‘!v‘!{t{f-“fﬁfo‘lir-'iﬂ'/‘—g-
1 " — ..«‘,‘..el";:‘,_ 1?:?1_‘"?:, I\f s ;}:;d Fuel 0 EW &
kW Cherecal 1 Symhwsts | Fuel
cop feed eflector Cone\_ 100 kW P }
J Insulator plate Quenching jets lonal Solar
T ‘f : Prower
Region of high temperature "
Fused quartz Qi a P G
window |

as giw
High temperature ceramic rod ~ ]

i |
9.7 am —3.8 cm-- m
COgz feed - i =
. Gas sampling 35 LW
I L N - p'DﬂS
T T T T T T e T T T T T T T 2.2 om
i x’\’\’\’\'Silver heat exchanga Mrnings*’x’\"."\"-.
- E I I 4
T T T T b

4

45 kW Flectrical
RN N R Thermocouples Wasie Heml Power Oul

Metal bellows | |
Aluminum stray
radiation sheild

Spring

Energy conversion goals for a direct

solar reduction system based on 100
kW initial solar input

Converter assembly for direct solar reduction of CO,

A. J. Traynor & R. J. Jensen
Ind. Eng. Chem. Res. 41 (2002) 1935
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Photocatalytic reduction of CO,

0
"\C _
T
C0z :;
hy [- Ti
(- T* - 0¥ -)
surface species
v
Hz20 e_(HZ
[- T&

C0, O desorption

§0 Je. / f ot M

-0 -] — =

0 desorption

H, OH desorption

C (surface)

C o+
C o+
2H
20

- i H, OH (surface)

H
£
o/
_r{::‘l1

-]

J

OH + H

%

s

CHa
CHaOH
Hz

Oz

Photocatalytic reduction of CO, with H,0 on the anchored titanium oxide

M. Anpo

J.Electroanal Chem 396 (1995) 21
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Photocatalytic reduction of CO, : Formation of MeOH

3

£n

=
—
o

=
(=]
T

i

Rate of Product Formation,
CH, / pmoleg "-TiO,
L] LA
=1 E=]

iy
=
T

0 i 2 3 4 L} 6
Reaction Time [ h

Reaction time profiles:
To produce CH, (a) &
CH,O0H (b) on TiO,/Y-zeolite

&

T-F f._; 15

- ’:'N . Oﬂ
& ™ = S:‘\' EH4 =
'é 2 1.; B CH.OH \ ;

5o 810 \ 510}
ol g ; N | £
= E -
5 , N =
k=] ey E 5 x o
0% O 5 % o
: 5 | \ :
i} :; 0 fonnl |:\§ Jk @
(a) ® € @ o >

Catalysts

Product distribution: Photocatalytic reduction
CO, with H,O: anatase TiO, powder (a),
Imp-Ti-oxide/Yzeolite (10.0 wt% as TiO,) (b),
Imp-Ti-oxide/Y-zeolite (1.0 wt% as TiO2) (¢),
Ex-Ti-oxide/Y-zeolite (1.1 wt% asTiO2) (d),
Pt-loaded ex-Ti-oxide/Y-zeolite (e) catalysts.

H. Yamashita et al.,
Catalysis Today 45 (1998) 221

L
T

N CH,
# CH,OH

7

.

7

=

@ ® (© @ (o
Catalysts

The yields of CH, and
CH,OH in the
photocatalytic

reduction of CO, with H,O
TiO, powder (a), TS-1 (b),
Ti-MCM-41 (c¢), Ti-MCM-
48 (d), Pt-loaded Ti-MCM-
48 (e)catalysts.
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PHOTOCHEMICAL REDUCTION OF CO,

0]
T —
4 — Fell1) = - lﬂellli'—ﬂ:ﬂ-lll
Rell) .- +
! - Hy0 TEA —. ,elilui':hpﬂsdj-ﬂ—ﬂdibﬂi@*m CH,

b .I - C0, h_CU;, 3 =
AR Relof i Oheckat
_ - wdation AN +

*”L_m'x[?_‘ [Fi:j H] Preducts Rulbpz)] Co;
0 e~ - -
dac s N

Gl R

Re=RefbipyHCOL X X=CL”

Formation of HCOOH Formation of methane

J.P. Collin & J.P. Sauvage

Coord. Chem. Rev. 93 (1989) 245 49
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HOMOGENEOUS SYSTEM

(SHL)Co (COOH)

HA

(s)Lice (cos)

s [Led (coa)’

¥

"

TP

c0;

+

|Lco

S+C0O+0H

€O, l W €O,
HCO;

TEA

TEA™

MICROHETEROGENEOUS SYSTEM

Light driven catalytic cycle reducing CO,.

Light reaction: terphenyl (TP) - photocatalyst,
triethylamin (TEA) - reductive quencher (electron donor).
Dark reaction: cyclam cobalt complex -electron relay
(a) oxidising - terphenyl radical anion & (b) reducing CO,.

leoW

o
R
|

oY

o

Y
N\ ||/N

Ni H

e

COOH
GH:

GHOH
COOH

NADP"

CH,COCOOH + H

CH;CHOH-COOH

Light driven carboxylation of lactic acid to form malic acid
(MV?*, methylviologen dication, FNR, ferredoxin-NADP-
reductase; ME, malic enzyme).

J.P. Collin & J.P. Sauvage
Coord. Chem. Rev. 93 (1989) 245
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Photoreduction of CO, - Perception

Unsolved Problems!
TON (mol reduction product of CO, / mol catalyst) are still low

Efficiencies of the reactions is unsatisfactory-both the amount of reduction products of
CO, (usually C1 products) & oxidation products of the sacrificial donor

The tuning of the single components w.r.t. their redox potentials, life times and
selectivity is not well understood.

Necessary to device systems which do not require sacrificial donors light energy is also
used for degradation of sacrificial donors, influencing the energy balance of the reactions
unfavorably

Macrocyclic complexes of transition metal ions- satisfy the requirements of a useful
relay. They may play a dual role as a catalysts and relays

Even with transition metal complexes — Reduction products have not been of great
economic value (usually only C1 products)

Multicomponent systems containing photoactive center, electron relays and/or molecular
electrocatalysts in addition to possible microheterogeneous systems will be discovered.
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Photobiological Hydrogen Fuel Production & CQO, Mitigation

Photo-bioreactor technology

., A o ‘ Cias Chromatograph H Controller
{J@[} Sarnplin
1
£ WV A ¥ ¥ T o powret
oy, Separaticn PEI gud

Encapsulation o, l Urat : FuelCell —®

atem AN A Delivery or

\ 1 ! -i Refuehng
Bacteria = - """: Storage Lo _ g

recycling i !

Shell 1=
decomposition i g
by acidic Frnldns
solution 3 \\\

4: i W] | Encapsulatedbactenain the

— o Fas[ shell of microbubhles
*-m,_‘_/
Vegetative

Cells ~——__ ;Envisiuned integrated CO5 mutigation and Hz production system

A 1. Encapsulate carbon dioxide bubbles into a biocompatible &biodegradable polymeric
shell containing photolithotrophic autotroph bacteria.

2. In absence of nitrogen, these bacteria produce hydrogen & oxygen from water by

(i) consuming the CO, gas entrapped in the microbubbles as their carbon source &

(ii) absorbing solar light as their energy source.

Cyanobacteria

http://herc.ucla.edu/PilonJay.html
52

Department of Chemistry



PHOTOELECTROREDUCTION OF CO,

ON SEMICONDUCTORS - CATALYSED BY MOLECULAR SPECIES

Appealing Approach!
An important energy input contribution from light might be expected, thus diminishing electricity consumption.

vy .
E._rjﬂ 4. % e Lt
o W, L, N ."’lﬁ_
" . E--0isE FOb E--0L20
hu| VA N
) :,-"- '\"'_Ll'E Il -_-?_'_ -
vB & | = | MY CO+2HY
7 S L RN Y
. FFFrid "__":,l:.' -
Semicanductor -4 Electrolyte / -evE--.-é-}fq
Principle An Example
J.P. Collin & J.P. Sauvage 23

Coord. Chem. Rev. 93 (1989) 245
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A study on photoelectroreduction of CO,

€02 aq = CO2 ads
Possible Mfach.anlstlc Route €Oy g + 8 = CO2 ™ g4a
By insitu-IR COp”gds * Hy0 + e = HCOO™ + OH-
Catalyst Currant gl CO/minuce Productsa Efficiency
_ o Dens ity o Detected
bare 9.8 5, R co 974
Hy 10%
bare 9.63° <0, 24 Hy 100%
bare 0.12¢ <p.2d Hy 954
bare 0.11¢.@ <0.24 Hy 993
. Ni 5.06 1.24 €0 £9%
m HEOO" 14%
E Ho 153
“E Ru 10.00 6.14 o 1024
— H: 12
- Te 10.63 Z.76 co 673
HCOD™ 19%
Hy 17%
Pt 11.04 2,10 €o Lk
HCOO™ 27%
Hy 35%
~0.5 -1.0 -1.§ -e.9 “8.% Pr 0, 08¢ <0, 2d Hy 97%%
POTENTIAL/YV (NHE) Pr n.o11® L "5 G974
Zn 10,04 L.30 co 314
HCOO" 3%
1B LH40%
Id 9.84 0,52 G0 3%
p=(dTe electrode in DMF-0,1 M TEAP/[57 HZD fcon” 1%
H"a l_'.-'l%

Photovoltomogram
2=560 nm (0.5 mW cm2)

averaged for one hour

includes both gaseous products and those dissolved in zolution
under Ar atmosphere

limit of GC detection

under dark condition

Tanoe

J, O‘M. Bockris & J. C. Wass 54

Mater Chem Phys, 22 (1989) 249
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Study on photoelectroreduction of CO,

. ' N =

3
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°- 7 d 1imit of GC detection
T N T ® under dark condition
Q.o -0.5 =1.@ -1.5

POTENTLAL/YV (NHE) Product analysis results for CO, reduction on phthalocyanine/p-CdTe

MPc catalysts adsorbed on a p-CdTe electrode
in DMF-0.1 M TEAP/5% H,0
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Study on photoelectroreduction of CO,

3 -
Catalyst Current gl co/minuce Products Efficiency?
_ Donsity? _ Detected
Ru3(CO) 3y 8,72 4.25 o CET
HCOO® b
. CH40H 14
0d 2= Hy G
| Ruz(€O) 1 B.61C <0.24 Hy 974
£ Ru3(C0}{9 D.318 <p.2d Hy 944
U HCoD" 1%
o CH {01 13
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CHAOH ’
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POTENTIAL/Y C(NHE) — e e
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b jncludes both gaseous products and those dissolved in solution
€ under Ar atmosphere
Current-potential curves for trinuclear carbonyl catalysts 3 limit of GC detection

under dark condition

adsorbed on a p-CdTe electrode in DMF-0.1 M TEAP/5% H,0.

Product analysis results for CO, reduction on carbonyl/p-CdTc

Iron carbonyl is the best among the three carbonyls studied
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Study on photoelectroreduction of CO,

3_.—
Catalyst Current pl CO/minute Products I-'.t'firif-lu'y"
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limit of GC detection
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2 a0 Oo

Current-potential curves for crown ether catalysts added to the

electrolyte for a p-CdTe electrode in DMF-0.1 M TEAP/S% H20. Product analysis results
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Catalytic shift (AE)

170

120

100 4

40 1

20

Yo-
180 -

150

140

130 ~

AE/mV

120 ~

110 4

200

260

T

300

350

400

450

600

100
250

300

360

400

450

T

500

550

T
600

650

M-O BOND ENERGY M-O BOND ENERGY
Catalytic shift (AE) times the CO faradaic efficiency for metal For metal-phthalocyanine catalysts on p-CdTe
catalysts on p-CdTe as a function of M-O bond energy as a function of M-O bond energy
150
T 14n< Fea™
| 130
120 .
AE values for CO production are linear 3 110+ N
“u~:l- 100 - \.\\Ru
<] 90 \\"-M
80 - \xk‘x\
70 - e
80 0s, ™
50 — T

J, O‘M. Bockris & J. C. Wass
Mater Chem Phys, 22 (1989) 249

T v T T T
600 625 650 875 700 726 750

M-C BOND ENERGY

550 575

58

For trinuclear carbonyl catalysts on p-CdTe

as a function of M-C bond energy Department of Chemistry



CARBON MANAGEMENT

Proposals to mitigate anthropogenic climate change

Cloud seeding to “terraforming” of the planet Mars!
through planetary engineering projects

lerraform Ws@

A ———————— Add chermicals to save pzene?

heid ianl Bellectors in Okt
Yo o v = - | !

¥ o i fafci ke ]
L, ek Cloud SEEing =
[ Fienstana L

Asrosols in Sttatosphere

Tortilisers fl:lt"_ﬁsh
~ Shallgly CO2 fijection
Genetically enginepred algas? i

Pump hquid CO2 to deep s

Pump liguid
232 into rocks

v" Fertilization of open waters to increase primary production &
hence to absorb more carbon in fixed form

v" Disposal of captured carbon dioxide directly into oceanic waters Matthews, B. (1996) Climate Engineering:
v' Injection of captured CO, into sub-seabed geological formations University of East Anglia, Norwich, UK.
59

Department of Chemistry



Disposal of CO, into ocean waters

Capture of carbon dioxide from power station/industrial process flue gases

Condertas

Energy demanding components & Generation of waste streams

Current Energy Penalties!

(Reduction in utility output as a result of using the process)

* Gas fired plant — 15 - 24%
= Conventional coal fired plant — 27 -37%

= Advanced coal plant — 13-17%
Greenpeace Research Laboratories, UK

Technical Note 01/1999

Absolute reductions in efficiency of up to 35%
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CO, into ocean - Technical approaches to deep sea disposal

Pipeline of

Liguid CO,
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o
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Introduction by pipeline into deepwater Dispersion following discharge of dry-ice blocks Formation of a lake of liq. CO, in deep ocean

followed by dissolution

or liquid CO, from a ship

Shodl ahalloss
hroge

— MNerilic —gple— Ooceanic _—
N [ Epipclagic —
Mesopelagesc E

Major oceanic domains

Greenpeace Research Laboratories, UK
Technical Note 01/1999
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Pathways for carbon dioxide in the oceans

«— Equator {warm) Atmasphera COg, Op Pala (cold) —

Stratification
according
to density

Biogenic organic debris
CaCOy shells

Industrial CO, addition
Respired GO,
Dissolved CaCO,

s Dxygen consumption
Calcium (alkalinity) addition
Meutralization
Water flow
Gas exchange
Particles and dissalution

Science, 305 (2004) 352
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Global CO, recycling

| CO,Recycling |

by Solar Energy

Electrolysis
at Desert

Power Generation
H; Production

Seawater ‘

Energy Con summ]
COz Recovery

Product]
on of CC

rach

CO; +4H; — CH: +2H;0

K. Hashimoto et al.
Mater Sci Eng. A304-306 (2001) 88
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Global CO, recycling —-Material Search

Key materials for global CO, recycling

€0y +4H; — CH: +2H;0

A A A

Active cathodes for hydrogen Effective anode evolving oxygen instead Catalysts for
evolution in seawater electrolysis of chlorine even in seawater electrolysis methanation of CO,

100 |
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Rare earth elements stabilize tetragonal ZrO, polymorph
“Enhancement of catalytic activity”

Ni—Zr alloy — Ideal methanation catalysts

K. Hashimoto et al. 64
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Substantiation of the idea of the global CO, recycling

B R — e Coast close to the desert

. Ty P s : Hydrogan production
Elactricity ganaration § ’ % i - by alectrolysis of seawalar,
n'yfﬂnr ..i—.:l.l.-.!pl'_'--:l.|||:"|'l ____ B e T Bl s Mol = MMy + Oy
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'\:.:l'lq_ + E".:"'l = GD} + -:-!H_EL; X CH4 x ':':'_I._l + '1-|}! =g EHq_ + E-EL‘-

The CO, recycling plant built on the roof of the IMR, Tohoku University

K. Hashimoto et al.
Mater Sci Eng. A304-306 (2001) 88 65
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Reduced CO, emissions by global CO, recycling — An Example

A comparison of CO, emissions between the global CO, recycling & LNG combustion without
CO, emission control in a 1GW power plant for 1 year
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K. Hashimoto et al.
Mater Sci Eng. A304-306 (2001) 88

Reduction of CO, emissions by global CO, recycling is 79% of CO,
Emissions from an LNG combustion power plant, i.e., 2.62 Mt/year 66
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CO, Storage in Underground

The concept of CO, sequestration in reservoir rocks underground

DEEP UNDERGROUND STORAGE OF CO,

s s

2

compressed & piped to disposal area

Platform

Pipeline

Sleipner Main platform & CO,-processing plant

Sand grains
: 7
3 q P N
i Critical
Reservoir (sandstone) '}’ﬂ’l I Y S
“4 :6" |
E Liquid :
S : : : 2 :
¢ Some CO, will dissolve in reservoir formation water. _ CO;fills pore spaces g !
! : i g in sandstone, displacing & !
¢ Much of it will remain as free supercritical CO, in the water which was A |
the reservoir. originally present. i
| |
Storage in the Pore Spaces Between the Grains ! i
of Porous and Permeable Rocks ey 31T Temeco)

Phase diagram for CO,

S.Holloway
Annu. Rev. Energy Environ. 26 (2001)145
67

Department of Chemistry



CO, sequestration
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Barriers to wider implementation

High cost of capturing, processing, & transporting anthropogenic CO,

Incomplete understanding of reservoir processes

Underdeveloped monitoring & verification technologies

Unclear emissions trading regulations

Potential conflicts of interest between sequestration & EOR or natural gas recovery

Public perception

The technology is in its infancy and unproven

The technology is too costly

Not enough is known about the long-term storage of CO,

The capture and storage of CO, are seen as being energy intensive

The option presents an enormous engineering and infrastructure challenge
It is not a long-term solution

Barriers can only be overcome by research and design

& effective demonstration of the technology
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Perceptions: Large-Scale CO, Utilization & Sequestration

Two big challenges

* Reducing Costs

* Developing Storage Reservoirs
Utilization scores well on these two big
challenges, but opportunities are limited

Utilization will play an important role on 1nitial
sequestration projects

Utilization will play a very minor role for longer-
term, large-scale sequestration projects

69

Department of Chemistry



Utilization

* Opportunities
» Helps economics
» Eliminates “storage” issues
= Why is Large-Scale Use of CO, such a Challenge?
» Market Sizes
» Transportation Costs
= Product Life-times
» Energy Considerations

Transportation Costs

= Many production sources
» CO, expensive to transport well in small quantities
» Use sources of opportunity (e.g., process by-product,
natural wells)
= Example — US 1997 capacity for liquid CO,
= 9 7 million metric tons
= 93 plants
= Largest: 900 metric tons/day

= Average: 300 metric tons/day
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CO, Utilization & Recovery - Market Research

4.0
3.5
3.0
2.5
4.0

Billions

§

1.0
0.5

il

8000 2001 2002 2003 2008

Chemists, chemical engineers, biotechnologists, process engineers,
microsystem technologists in the chemical and pharmaceutical industry &
academia, as well as manufacturers of analytical instruments, will find this
technology extremely interesting and useful as a rapidly developing field!
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