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CO, fixation by serpentinite
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/X\ Overview
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= Background and scope
— CO, mineral sequestration
— The AA route for stepwise serpentinite carbonation
" Progress / results since 2006
— Mg(OH), production from magnesium silicate-based rock
— Mg(OH), carbonation
— Process energy requirements
— Avoid CO, capture: direct operation on flue gas

= Conclusions
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A\ CCUS* in / for Finland
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In Finland
earlier:
»"CCS” Geological storage Netpessible

Mineral sequestration Large potential
Projects ongoing

———->

\4

»CCU” co0, utilisation Several applications
(PCC, CO, solvent...)

Projects ongoing

* Carbon capture, utilisation and storage, or
Carbon capture, use and sequestration

Abo Akademi University |Thermal and Flow Engineering | 20500 Turku Finland

Near Finland /
abroad

Baltic sea ?
Not-pessible
Projects ongoing

PT, SG, LT, (CA?, ZA?)

Projects ongoing
UN)

22/05/2013
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CO, mineralization: what, how

Carbon
—

\
A
\

P '_,': \'--,_ =
4 'b" Mine \ Carbon Dioxide
E’&. Solid wastes Mineral N\
. 3 \\‘ Carbonate
Industry
Mine
reclamation | it
Re-use in construction
(Ca, Mg) CO3
co. _
Pipeline Mineral
carbonation "ﬁ ,;
plant N €t .N
Storage 3 IPCC
Power plant i Dls;osm - SRCCS
2005
Generation Storage process Re-use/Disposal Chapter 7

Overall carbonation chemistry, with M = Mg or Ca (or Fe, ...)
MO VSIO Z2H O (S)+ COL (g1 = = MOO (s) + ySIO (5) F 20 (1) + HEAT
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/R CO, mineralization potential

Abo Akademi
University
Lackner,
* Much larger potential Science vol. 300,
2003, 1677-1678
than other CCUS .
options, for example: G T
Olivine-containing rock in Oman { n% C%
(350 x 40 x 5 km, ~30% olivine) 62 28 \ mnera
—~ 405 gg s carbonates
. . @ @E 3
= Could bind all fossil  § : i @
carbon :E: oy B g £
= Available world-wide, § | : (8 £
. . 2 A Ocean
hence increasing @ wrnover
attention % 102 WOO
g bioma! Fuel consumption Infrastructure
u NO ”Ieakage” ::g . Leaﬂi lifetime
problems from °
carbonates 1 e —
1 10 100 1000 10,000 100,000 1,000,000

Carbon storage capacity (Gt)
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/R CO, mineralization potential: Oman

Oman: some of the 77 trillion tonnes of ultramafic rocks

Muscat: surrounded by ultramafic rocks

Pictures:

R Hunwick
Presented in Sydney,
March 12, 2012

(350 x 40 x 5 km, ~30% olivine)

Kelemen & Matter, PNAS 2008)
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(8]
/mxkad}mi Mineral resources; source-sink links

University

For example for Finland: e
= Vammala Mg-silicate B R, g
resources (~200 Mt rock) S DY L
X & Fas3 s
o) 'E'| 20_2.!
Ioe) " 15 §
l 10 E
l o Mg.[g]lilzExlt)lr:(:tianf?t;i)ruck{:ﬂiu[-} e ”* O"

' Suomusjarvi .
&_M%"C)mm&

. - -
GTK sumne o0t

= Possible application:

Meri-Pori power plant
(2.5 Mt CO,ly)

gy,
ey

Zevenhoven et al.
ECOS2012
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{0%\ Serpentinite materials recently
tested, as oxides (7%-wt)

I\/IgO CaOo Fe203* SlOZ A|203 Other
Hitura (FI) 36.2 0.5 14.4 24.8 <0.1 24.1
Ni-ore Hitura (Fl) 28.5 0.6 15.9 33.9 2.0 19.1 (Ni0 1.0)

Vammala (Fl) 19.2-28.0 | 1.4-90 15.4-18.4 | 39.3-46.9 1.3-35 7.9-11.6
Suomusjarvi (FI) |13.5-20.9 | 7.8-8.3 109-119 | 443-50.2 7.0-10.8 6.8-7.6

NSW Grt Serp belt (AU) 38.1 0.05 6.9 41.8 1.0 12.1
Braganca 7 fontes (PT) 35.8 0.02 8.2 41.9 1.2 12.8
Braganga ponai (PT) 36.7 0.25 7.29 42.7 1.6 11.5

Varena (LT) 25.5-354 10.21-25 | 141-33.6 | 288-37.2 0.11-18 95-150

* Calculated, presumably a mixture of FeO and Fe,03, partly (?) Fe;0,.

' s Abo Akademi University |Thermal and Flow Engineering | 20500 Turku Finland 22/05/2013
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/X\ Mg-silicate carbonation: the AA route

University
: ] . Il .
Mg-extraction Mg(OH), production MgCO, production
Magnesium silicate mineral
(e.g. serpentinite) Steam
ST T T T T e T T T T T N,
L A A

N
] |
< /// NHy Dt H,0 \ P
- <V ~ 1

. a . A
AS + Mg-silicate Magnesium- Pressurised
X MgsO0, etc. (and iron) Mg(OH), fluidised bed MgCO
reactor > 20 bar, >500°C |

) extraction
. A
{oas ;
) N
Ammonium sulphate
recovery
Sio, CO,
+ unreacted (pure or flue gas)
Iron oxide
(— iron/steel industry)
' & O Abo Akademi University |Thermal and Flow Engineering | 20500 Turku Finland 22/05/2013

/X\  Test methods @ AA 2007 >
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University

|. Mg(OH), production 2. MgCO; production
— Mixing serpentinite and @
AS 0
- Heating (<4500C) ° Veerminal < Vluid
o
o
° Attrition/
[  abrasion
— 058
Heating in oven gooo%
— Dissolution of MgSO, and noooc
precipitation of Mg(OH), \
from aqueous solution |_|\ Fluid inlet

— Regeneration of AS salt

Abo Akademi University |Thermal and Flow Engineering | 20500 Turku Finland 22/05/2013
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X\ Closed loop process producing
Mg(OH), from Mg-silicate rock

University
Specific surface
Mg-silicate rock 40 - 50 mzlg
Pore volume
20 — 25 cclg

Mg(OH)2

ot
—
—
l
T
o

Ammonium sulfate

-

(NHg4 }'7904(& )

Gases ¢ '\

Water NH; (g)

Extraction ___J “"; Solids ) Product q Preﬂpltatmn/
Reaction separation stages ‘- FeOOH

Si02

heat
Q
input

(NH4)2504(aq)
Crystallizati (

pH ~8.5

e Material flows
o Energy flows

Nduagu, dr. thesis AA 2012
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Ab{%\ Producing Mg(OH),
from Mg-silicate rock:
furnaces used

Tested: 1) dry / wet samples

2) mixing / no mixing

3) Iayered / Pre'mixed | Reactor 3
4) Al | ceramic sample holder ' _
5) Ammonium sulphate/ bisulphate Nduagu, dr. thesis AA 2012
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/R Summary for Mg(OH), production

BOCckIype > 2.16 I

Serpentinites |

(Mg/Fe ratio) 107 131 154 216 38 403 412 44
" 440 4l <480
Temperature r r T 1
(°C) 250 350 450 550 650
>30~60
Time | . : ;
(min) 0 30 60 90 120
>3.5 (u— ©
Process energy | . ‘
GJ/t-CO, 2 4 6 8 10
380 500
GHG footprint | “ . :
kg-CO.e/t-CO, 200 400 600 800 1000

4.79

Preferably
max 400°C

Nduagu
PhD thesis
defence
lectio
13.12.12

Abo Akademi University |Thermal and Flow Engineering | 20500 Turku Finland
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CO>
ouT

HO
FILTER

4 "0/

SAMPLE ™%

CYCLONE

17 3
L3 A | swes
®_. i |RE | coLEcnNG
FLOW- Ve
o2
METER ~ PRE- Es=
HEATER IN
g : N R
IS S AP-GAUGE
ht§O)
P ]

|

3m

Research questions:

I) No build-up of MgCO; on
Mg(OH), particles?,

2) Fast kinetics?

3) What about supercritical CO,?

. i
Lot 4 Abo Akademi University |Thermal and Flow Engineering | 20500 Turku Finland

/R The pressurised fluidised bed @ AA
. 5

A

ACADEMY OF FINLAND

2008-2011

22/05/2013
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{o%\ Mg(OH), carbonation — results

University

using commercial Dead Sea Periclase material (BET ~ 5 - 8 m?/g)

~ 20 bar CO, — ~ 58 bar CO,
|00 T mmmmmmmm e ooooooooooooeeooioooooo
unusually high Mg(OH), +MgO
0.80 4 NG " MgCO3 |
- \ Mg(OH)2
E; scCO,:
L 0.60 - : S — - no
c -
S : advantage
]
2 N 2 o (tests up to
I - —l - -
8040 A ’ 4 T S ~80 bar)
8 - -
)
0 20 A L] - - ’-ﬁ- 7777777777777777777777
' - “
_ - -4 3
0.00 | :

T 2l

470 480 490 500 510 520 530 540 550 560
Temperature (°C)

Fagerlund 2009, 2010
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A{O%\ PFB carbonation of Mg(OH),

Universi
ity 0,00 Llj'nwanted Mgo

Low P: 25 bar, 495°C High P: 59 bar, 550°C = Main data

® HighP

1

1
o MgCo, o MgCoO.
0.9} 3 0.9 3
1 MgO | o MgO * o wet
0815 > MQ(OHJZ 0.81 7 MQ(OHJZ O Incl steam
g 071 £ 07 + High Vs
=] = 4
g 06 g osf \
§ 05 Eosi
@ y @ G P
% 0.4 \,\ E 0.4 I__;,/ 0
%03 i e & 03t/
/o
0.2 /::r 0.2/ 5
0.1 % 01f
% 10 20 30 40 C{ri'-.:. 10 20 30 40 100
Time (min) Time (min} m;l F 1'; @@”;“ “_,; - ||:| 0.00
DSP Mg(OH), START MgCO, TARGET

= Competition between dehydroxylation and carbonation
— Own-produced Mg(OH), has good quality (green triangles)
— Optimise Mg(OH), precipiation conditions, control properties

Fagerlund, dr. thesis AA 2012
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/R\  Process energy requirements
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Reaction Enthalpies Mechanical vapour recompression (MVR)
g o crystallization of AS salt
£ 250
i 200 %
= 150 . _
2w —Mg(OH)2 £ CO2 MVR cgrnpressmn work ~1.2 GJ/t CO,
S 50 | —Serpentine+ AS —— m;“::‘ﬂf s
El 0 |—— = Serpentiniterock+AS — | o Saturated steam:
E _50 7069 kg, 110°C. 1 atm
S -100
& 0 200 400 600 800 1000 0%, 13tm 110°C, 1atm
Temperature (°C) Water; 7077 kg @
(NH.J:50, (2q); 3763 kg A+ HeatExchanger
. . Heat duty: 18.6 MJ
Reaction enthalpies vs. temperature for

extraction of 1 mol of Mg from pure 377k
. . . . (NH,);50,(aq) 99.8 %-wt
serpentine or from Finnish serpentinite, and
for the carbonation .

Bjorklof MSc thesis AA 2010

1974C, 2atm

- Mg(OH), production needs 3 - 4x the heat Superhested steam 7069 k3
the carbonation gives

Total penalty ~3 GJ (mainly 400°C heat) and ~3 t rock per ton (1000 kg) CO,

Abo Akademi University [Thermal and Flow Engineering | 20500 Turku Finland 22/05/2013

A{,%\ Optional: application at a lime kiln 2013

University

Integration lime kiln, no CO, capture, full flue
gas compression to 80 bar ~ 20 bar CO,,
0.2~0.25 t CO,/h fixed,
heat (kiln gas) 2.6 GJ/t, power 0.9 GJ/t CO,

LNy S y y
.;.'

water [ l

wet B
Rock - j NH, —a_C:L Hot water

DH system

I n MgCO,
‘E_‘ 88— gj;l T Exit gas

Slotte et al.
FeOOH water AS 2012/2013
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Conversion of Mg(OH), to

University

1.00 -

0.80 4

MgO-content

0.20 4

0.00

g
' ?
N e f

0.60 -

0.40 -

MgCO, and MgO in (wet) CO, or
CO, diluted with (26-72%) N..

1.00 -
ANo nitrogen

@ Added nitrogen

ANo nitrogen

@ Added nitrogen
0.80 ~

>
>
Dy
>
P
o
3

o

S

o
1

MgCO;-content

A
AL AL A
N AAA!

0.20 A A

0.00

1.00

0.60 0.40 0.20 0.00

Mg(OH),-content

0.60 0.40 0.20 0.00 1.00 0.80

Mg(OH),-content

0.80

Total pressure 10 — 59 bar, temperature 450 - 550°C, time |5 minutes
Dead Sea Periclase (DSP) Mg(OH),, 212-425 ym
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/X\ Conclusions
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o,
S A
R —

CO, mineral sequestration offers a leakage-free alternative for
CO, underground storage worldwide; only option inside Finland
CO, capture from oxygen containing gases isn’t "taking off’:
capture is more expensive than economically viable CCUS!

—> remove capture step from CCUS chain by operating
mineralisation directly on flue gas.

AA staged process route: ~ 80 % Mg extraction from
serpentinite + fast (~10 min) Mg(OH), carbonation ~65%

Energy input AA route so far ~3 GJ/t, ~ CO, capture from NG
Challenge: Mg(rock) = Mg(OH), > 90% & ’good” particles

Several LCA studies have been reported, uses are found for the

solid products. For example heat storage in Mg (hydro)carbonate

Integrate CCUS with flue gas desulphurisation ?!
o
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