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Power Generation

Sources as they apply to 24 hour
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We’re still heavily dependent on the fossil based fuels. ‘
Consequent effects are gaseous emissions! Especially CO,... 2
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World Energy Related CO, Emissions

World energy-related carbon dioxide emissions

billion metric tons

Source: http://www.ico2n.com/
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OECD = Organization Economic Cooperation and Development member of CO2 released to the atmosphere annually
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Emissions Source
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Water Table "
CO, is transported using pipeline systems similar to those '
that have moved natural gas and oil for decades. ]
CO, is captured from large Y :
emission sources, including: |
¢ Coal-fired power plants, '
. . Carbon Capture and Storage (CCS) is a process designed to: U
¢ Oil and gas operations 9 9 e .-
(including oil sands 1. capture carbon 2. Transport the CO, S Permanently store =
upgraders and refineries), dioxide (CO,) emissions through pipelines, the CO, in deep, a
e Other industrial activities from large industrial and secure underground 3
such as chemical, fertilizer facilities before the rock formations. ]
and cement. CO, is emitted to the — | ——
atmosphere, :
|
STORAGE |
CO, is injected at a depth of 1 - 5 kilometres into deep underground rock B | B —
formations where it is permanently stored. A barrier of impermeable rock \/ !

and natural chemical interactions ensures long-term storage.

Geological formations used for storage include: . N -

n N\ Y !
* Depleted oil or gas reservoirs \ \ Y ;
¢ Saline Formations lS A ' :

¢ Coal seams
CO, in rock

Impermeable
Cap Rock

*Not to scale
http://www.ico2n.com/
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Problem(s)?

“If you are looking for a nice
academic/industrial/environmental
problem to work on,
CO, capture is a great one

14
:

Paul Alisivatos & Michelle Buchanan
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New/Recent Reservoirs
Qatar North Field

0 20 40
_ == an Scale 1: 1500000 (1] 25 50 Miles
270-1
| 1 1 I |

Q 25 50 Kilometers

e e e ] |
26504

| a
Q*f Iran
2640 South Pars
{lran)

Persian
Gulf

/
2630 o,

2610

2600

i
&)
c.'!:arnrggs,} il

and RasGas,

A -
g

2590

Qatar selected energy infrastructure

g % Capital = Qil pipeline, operating
JI TN 4 Ports & terminals — Natural gas pipeline, operating
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Basic Gas Facts - Qatar

Qatar natural gas flows, 2003-2012

trillion cubic feet Baslc Gas Facts 2006 2007 2008 20089 2010

6.0 .| 25620 | 25242 | 25366 | 25257
51556 | 61878 | 78306 | 89389 | 120568
50
17236 | 19232 | 20291 | 22921 | 23687
4.0
3.0

dry production
20

vented, flared,
and reinjected consumption

— Natural gas supply per capita (toe)
Technically recoverable shale gas
resources (bcm)

57887

1.0

U.U T T T T T T T T T 1
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Coalbed methane resources (bcm)

_—
Cla' Source: U.S. Energy Information Administration, infernational Energy Stafistics ¢ conideniial: - u it = not pusiiehie

* Imports dependency of natural gas = (imports - exporis) / consumption
Source: Natural Gas Informafion @ OECD/IEA, 2011

Exports of natural gas by members ofthe Gas Exporting Countries
Forum, 2012
billion cubic feet
Equatorial Guinea [l
Libya Wl
Egypt
United Arab Emirates

Iran

Qatar’s natural gas production rate
&
Qatar’s proven reservoirs.

Oman

Balivia

Trinidad and Tobago
Migeria

Algeria

Qatar

Russia

o

1,000 2000 3000 4000 5000 6000 7000 8000

6 Note: Venezuela did not export natural gas in 2012.
€1’ Source: U.S. Energy Information Administration, Infemational Energy Statistics
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CO, Capture Perspective

Various Opinions: Politicians vs. Academicians
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Grand Challenges of the 215t Century

Environment

Sustainability

Greenhouse gases Accessible technologies

@ CO, levels will reach ~
500 ppm by 2050 (460 ppm
is the point of no return)

€ Ocean floor has more
carbon (in CH,) than all fossil
fuels combined

€ Lack of accessible and
sustainable technologies

€ Higher energy prices

€ Expensive infrastructure
maintenance

+ Energy
+ Water
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Where is the problem?

Big Picture of the CO2 Cycle
human activity vs. nature activity

A modern day example
Dissecting a fossil fuel power plant

o Atmosphere
iy o E2
«

Respiration @
Fossil fuel combustion Decomposition 4
] 1.6

& industrial processes Photosynthesis
TEEN
e\
| Vegetatiol \\\j
t i\ Y
l \\ L
\ 5 121.3 S

P e o Deforestation
. Fossil fuels & land-use change ’
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. = " “ “ ‘ R
0lls
b
1m

Surface Ocean

Carbon fluxes
— into the atmosphere, gigatonnes carbon per year

— out of the atmosphere, gigatonr

@ — ocean circulation, gigatonnes carbon per year
m Gigatonnes carbon stored

P issible exhaust fume: CO2 ¢
C2, H20, N2, O2

Capacitor
Kondensator

}

kessel

Leittechnik

Controllers Gasturbine
Steam | Generator
Turbine
Dampftu rblne Bildquelle: ALSTOM

€ Target CO, capture locations:
- Post combustion

- Pre combustion

@ Solving one problem shall not produce another problem

€ Thermodynamically appreciable solutions

10
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Current Status

Pre-combustion

http://millicentmedia.com/

o, Water

Sulphur
Gasifier Particde Sh?m il
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| T shin Hydrogaa
Mechanical I reclldor Gypsum separation :
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turbine Mea
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\ ash generator
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Oxy-Fuel i
http://millicentmedia.com/ POSt-CO m b ustion

Oxyfuel (0,/CO;recycle) combustion capture http //WWW ico2n com/
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Turbine Electricity

Steam turbine

Sulphur
removal

co,
) Air
Mechanical co,
energy compressor
Fuel
Cooler and

condenser

Steam
condenser
Particle
removal
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Mechanical
energy
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(€O, and water vapour)

Remaining Exhaust
CO,
> @ o mmEm o e

co,
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Chemical Engineers are conservative: Amines

Captured CO,

¢ Gas-liquid interface controls kinetic
studies of structure and dynamics

e Can complex fluids be employed?

http://www.co2crc.com.au/

CO,rich solvent —»

e Can the non-ideal solution behavior in mixtures be predicted and exploited?

e Can chemically / thermally stable materials be designed with high and
reversible reactivity and specificity? lonic Liquids...

12
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Membranes

Robeson upper
bounds

2008 inorganic
1991 membranes

—»

organic
polymers
trade-off
curves

selectivity, (xi‘j of preferentially

permeating gas i to gas j

preferentially permeating gas i permeability P, —»»

Robeson Plot

Schematic presentation of the trade-off between permeability and
selectivity with the 1991 and 2008 Robeson upper bounds.

Dalton Transactions, 41 (46), 2012

Polymer membranes are used in many gas separation applications including natural gas treatment
(removal of CO, before the natural gas can be passed to the pipeline)

« Separation based on selective permeation of targeted gas:
— Selectivity based on relative solubility and diffusivity in membrane
— Selectivity is not 100%
« Trade-off on selectivity and permeability (need to have both)
« Changeinpressure needed to drive separation
« Can new materials be designed with nano-scale structures to enhance transport and selectivity?

» How can chemical and physical properties be used to design new membrane materials for 13
enhanced performance?
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Adsorbents: High Temperature & High Pressure

Organic-inorganiy
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Calcium oxides I Chemical Looping '
" Biofixation approaches
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" 2 lonic Liquids
_g Metal-Organic Frameworks
A aba & Gas Hydrates
. % % Membranes
3 Solid Adsorbents (zeolites,
Lithium zirconate* g carbonaceous adsorbents)
@
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Advanced Amine Solvents
Advanced Physical Solvents

Amine Solvents
Physical Solvents

Hydrotalcites

needs/ lime to comme

Angew. Chem., 2010, 49, 6058 — 6082

14
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CO, Solubility in lonic Liquids at High Pressures

Imidazolium Based lonic Liquids: Experimental and Simulation Approaches

Swelling effect on each ionic liquid was calculated and corrected.
1-butyl-3-methylimidazolium hexafluophosphate, [bomim][PF.],

1-ethyl-3-methylimidazolium bis[trifluoromethylsulfonyl]imide, [emim][Tf,N]
1-butyl-3-methylimidazolium bis[trifluoromethylsulfonyl]imide, [bmim][Tf,N]

0.8
Isothermal experimental solubility 0.6
data of CO, in the studied ionic
. . 1 - o
liquids. —~ o7 e
Swelling corrected for high pressure 8 0.4
X

CO, absorption data.

) o ® [BMIM][PF{]-318K
O  [BMIM][PF{] - 338K
0.2 - H  [BMIM][TFN]- 318 K
Fluid Phase Equilibria, 2013, 74-86 (351) O [BMIM][TF,N] - 338 K
J. Phys. Chem. B, 2012, 116 (30), pp 9171—9185 A [EMIM][TFN]-318 K
J. Phys. Chem. C, 2012, 116 (22), pp 12055-12065 A [EMIM][TF2N] - 338 K
J. Phys. Chem. B, 2011, 115 (43), pp 12499—-12513 0 | - | - | . I .
Energy Fuels, 2010, 24 (11), pp 5817-5828 0 4 8 12 16 20
Energy Fuels, 2010, 24 (9), pp 4989—5001 P/ MPa 15

Ind. Eng. Chem. Res., 2010, 49 (20), pp 9580-9595



Issues with lonic Liquid Utilization

Still very expensive

Needs bulk production for making them
economically attractive

High viscosity — pumping issues
Limitations in mass transfer

Florination might be an issue with some
anions

Alternatives???

16



AAAAAAAAAAAAAAA

Deep Eutectic Solvents (DES)

Definition
* Deep Eutectic Solvents (DES) are a mixture of 2 or

more components with a melting point lower
than either of its individual components.

* DES are obtained by mixing a quaternary
ammonium halide salt, an hydrogen bond
acceptor (HBA), with an hydrogen bond donor
(HBD) molecule, which should be able to form a
complex with the halide, leading a significant
depression of the freezing point.
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Deep Eutectic Solvents (DES)

* Mixture of 2 compounds that
has the lowest melting point

e Depression of freezing point
related to the strength of
interaction between the 2
components

cation + anion + complexing agent <>cation + complex anion
or
cation + anion + complexing agent <>complex cation + anion

TIK

T, (salt)

T, (DES)

DES™ ' mol % (DES)

0 mole % HBD 100

Schematic solid-liquid phase diagram for a
binary mixture between a salt and an HBD,
showing the appearance of DES at the
mixture composition and temperature
remarked in the Figure. T,, stands for melting
point. Solid line shows the melting point
temperature as a function of mixture
composition, dashed lines shows the
temperature and composition of the eutectic

mixture.
18



AAAAAAAAAAAAAAA

Deep Eutectic Solvents (DES)

* DES provide other interesting advantages in
comparison with pure ILs, such as the fact that
DES preparation may be carried out with 100%
atom economy.

* DES can be also obtained from natural
sources, so-called Natural DES, particularly
through primary metabolites such as organic
acids, amino-acids, and sugars.
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Objective(s): We're after

* Low cost

* High solute solubility

* Wide potential window

* Environmental compatibility
* No registration requirements

Solvents to substitute the current state-of-the-
art in CO, capture.

20
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Choline Chloride + Levulinic Acid

[CH][CI] is a non-toxic, fully biodegradable compound, which

can be obtained at very low cost

— Vitamin B4 RDA - 550mg

— Produced on Mt scale (chicken feed additive) hence costs about 2
Euro/kg

Levulinic acid (LEV) is a compound fully biodegradable, non-

toxic, that may be obtained from biomass at low costs

C"HB OH |C|’
H:aC—T+ Ho/\/\H/CHs
SH, Cl- i

[CH][CI] levulinic acid

21



Components

* The available studies on CO, capture using
[CH][CI] — based DES are mostly limited to
systems such as urea, glycerol, ethyleneglycol
or carboxylic acids such as malonic or lactic.

e But no studies for DES involving LEV are
reported

e Molar mixing ratio: 1:2 (more will be
experimented soon)

22
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Physical Properties - Density

1.150
Table. Density, p, for CH_Cl + urega,
1.146+ .
1:2 molar ratio
-3 )
gg 1,130 TIK p/gcm sample origin method
> ~ 31315 124  prepared  notstated
2 1.128 298.15 1.25 commercial not stated
(%]
S 298.15 1.212 prepared vibrating tube
9 1.11m : .
Ll 298.15 1.1979 commercial vibrating tube
313.15 1.1893 commercial vibrating tube
1.1@
313.15 1.1887 commercial vibrating tube
1.093 ‘ ‘ ‘ 298.15 1.20 prepared tensiometer
2800 300@ 3200 3400 3600

TemperatureZ&KEp

Figure. Experimental density data for [CH][CL]+[LEV] 1:2 system at 1 atm (data
obtained from Anton Paar® DM4500 Apparatus)

23
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Physical Properties - Viscosity

160
e jel salt:HBD
| I salt HBD molar ratio T/K n / mPaxs
3 120 choline chloride urea 1:2 303.15 449
& 103- P choling chloride glycerol 1:2 303.15 246.79
£ choling chloride ethylene glycol 1:2 303.15 35
2 8@ o choline chloride  glycolic acid 1:1 303.15 394.8
= choling chloride levulimig acid 1:2 303.15 164.5
S 6 o cheling chloride phenel 1:3 303.15 35.17
S an. ® o choline chloride g-cresol 1:3 2098.15 77.65
@
0o
Wle . . . . Much lower viscosity is obtained

2800 300 3200 340@ 3600
Temperature Xz

3802 \Wwhen compared with similar DES

systems made by using [Ch][CI].

24
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CO, Solubility Measurements

We used Rubotherm® sate-of-the-art gas
sorption apparatus.

Two isotherms are used: 25 °C and 50 °C

Pressure measurements have been collected
up to 30 bar with 5 bar increments.

Buoyancy correction has been taken care of.

25
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Gas Solubility Apparatus 7’!

hermodynamics
Energy & Environment

20 paind
pesition

tobalang

connaction

dectiomageel —l_!

parmanant _l_—.
magnit

samph

Rubotherm ® Magnetic Suspension Balance
Assembly Atilhan Lab, Qatar University

Rubotherm ® GmBH

Magnetic Suspension Sorption Apparatus (top-left)
Magnetic Suspension Thermal Analyzer (bottom-left
— Gas Processing Center, Qatar University) 26
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High Pressure Sorption Cell

Suspension

magnet .
9 Suspension

. magnet
Suspension 9

assembly
protection cast

Measuring
load cage

Sinker (for
in-situ density
measurements)

Deposit screw
(for sinker)

Measuring
load hook

Sinker

container
basket

Gas inlet
Measuring

cell flange

Heating coll

Thermocouple
well and
protector
capsule

Gas outlet

Rubotherm® Magnetic Suspension Balance (MSB). Photos of
the magnetic suspension assembly, sample container basket,
measuring cell and the magnetic coupling housing.

27
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Operating Principle

A B C
[ Weighng Balance | [ Weihing Balance ] |&Weighiné;NBalanceﬁ|
Schematics of magnetic suspension
h i i . m‘w sorption apparatus operating
— - i QIW” = principle. (A) sample loaded to
measuring basket in high pressure cell;
|| N | N N | N (B) Measurement point 1 (MP1) —
magnetic coupling is on and mass of
the sample is measured; (C)
(4] == T Measurement point 2 (MP2) — in—situ
[ density of the adsorbed gas is
e measured.
F N

gas chamber

28
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CO, Solubility Data — 25°C

2.5~

2.0 H

=
(62}
I

=
o
I

Absorption (mmol/g)

o
ol
1

0.0

35

Pressure (bar)

29
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CO, Solubility Data — 25°C (Repeatability)

CO, Absorption Data by DES up to 30 bar at 25 C (Repeatability)

2.5

2.199

____________________________________________________ 9
= 20 -
©
o o
~ X
S 15 |
g Dataneeds | ., ;
£ Repeating * . ‘. o o L.
'g, Balance , N ‘e ‘.
o 1.0 - unstable * -« ° *. _+ ®Absorption Run 1
8 m Desorption Run 1
§ 5 A Absorption Run 2
< 05 ¢ X Desorption Run 2

o
X Absorption Run 3
X m ® Desorption Run 3
0.0 - ‘ | | | | | |
0 5 10 15 20 25 30 35

Pressure [bar] 30
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CO, Solubility Data — 50°C (Repeatability)

CO, Absorption Data by DES at 50 C (Repeatability)

2.5
=
[T
5]
(o]1]
~ 20 1941 o
B B
(w]
E .
£ 15 ©
Q - .
o [ @® Absorption RUN1
©
°é. 1.0 + N A Desorption RUN1
o o
é A Adsorption RUN2
e X Desorption RUN2
05 r
. X Absorption RUN3
fiw
Desorption RUN3
® 2
0.0 O | | | | | |
0 5 10 15 20 25 30 35

Pressure [bar] 31
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Comparison w/ Previous Studies

Componentes of DES TP
Absorbate Solubility (K/bar)
IL HBD Molar Ratio
p—
. choline chloride levulinic acid 1:2 CO, ﬂlgg mmolA 298 /30
This work -
choline chloride levulinic acid 1:2 CO, 1.941 mmol/g 323/30
i choline chloride urea 1:2 CO, .559 mmol/g 303.15/60
choline chloride ethylene glycol 1:2 CO, QlZGS mmol/g} 303.15/60
. . . 1:6 e—
choline chloride ethanole amine CO, 0.0749 mmol/g 298/ 10
choline chloride triethylene glycol 4:1 CO, 0.1941 mmol/g 293 /5
choline chloride phenol 4:1 CO, 0.2108 mmol/g 293/5
Literature - choline chloride diethylene glycol 4:1 CO, ( 4.204 mmol/g ) 293/5
choline chloride glycerol 1:1 SO, 0.678g/g 290/1
choline chloride 2,3-butanediol 1.4 CO, 0.426 mmol/g 298 /5
choline chloride 1,4-butanediol 1:3 CO, 0.372 mmol/g 298 /5
choline chloride 1,2-propanediol 1:3 CO, 0.374 mmol/g 298 /5
choline chloride lactic acid 1:2 co, 0.562 mmol/g 348 /20

32
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In-Situ FTIR Measurements

Asymmetric Stretch of CO, at (2300 to 2400) cm™ band

I 1o CO2
“7 [

B 1.0 bar Jw

I 1.0bar

2.0 bar ‘ ‘

I 3.0 bar ‘ ‘
B 4.0 bar N7 ‘
I 5.0 bar
I 6.0 bar

I 7.0 bar
I 3.0 bar

I 9.0 bar
I 10 bar
I 15bar —
[ 20 bar
[ 25 bar o

30 bar 3
I 0.2 bar
I 0.4 bar
I 0.6 bar

I 0.8 bar Wavenumber cm-1

|

—
y

Single channel
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In-Situ FTIR Measurements

Vertical Bend of CO, at (700 to 800) cm™ band

I vo CO2 < 4
I 1.0bar
I 1.0bar

2.0 bar

N 3.0 bar
I 4.0 bar
I 5.0 bar
I 6.0 bar

I 7.0 bar
I 3.0 bar

I 9.0 bar
I 10 bar
I 15bar i
I 20bar =
[ 25 bar
30 bar
I 0.2 bar
I 0.4 bar @

l
N 0.6 bar 1000 900 800 700 600
I 0.8 bar Wavenumber cm-1

Single channel
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In-Situ FTIR Measurements

Other characteristics of CO, IR Spectra at (3600 and 3700) cm'™

I vo CO2
I 1.0bar
I 1.0bar

2.0 bar

N 3.0 bar
I 4.0 bar
I 5.0 bar
I 6.0 bar

I 7.0 bar
I 3.0 bar

I 9.0 bar
I 10 bar
I 15bar
[ 20 bar
[ 25 bar

30 bar
I 0.2 bar
I 0.4 bar

T T T
I 0.6 bar 3900 3800 3700 3600 3500 3400
I 0.8 bar Wavenumber cm-1

Single channel
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Further Work...

e Surface tension

* Conductivity

* NMR

e Other mixing ratios

* Molecular simulations
e [CH][CI]+[PAC]

()
3}‘:5‘f ;&‘;‘? "‘j ‘@ “?t‘ ‘&‘\ “‘lh

‘;‘\
L} L § ‘\
4

Snapshot of the [Ch][CI]+LEV] 1:2
(a) vacuum or (b) CO, interfaces calculated from molecular dynamics
simulations at 298 K. Color code: (blue) [CH]*, (green) CI-, (red) LEV,

36
and (yellow) CO,. Snaphots obtained after 5.5 ns simulations.
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Energy & Environment
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Atilhan Lab, Qatar University
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