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Chemical reactions taking place during the CO,, capture in
Monoethanolamine (MEA):

2 H,0 <--> H,0* + OH-
C,H,NO + H,0* <--> C,H;NO* + H,0
CO, + 2 H,0 <--> H,0* + HCO,
HCO, + H,0 <--> H,0* + CO,2
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Context: reduction of the CO,, capture cost for large scale
power plants

Colt
Capture actuel

f%ofnt
Transport et b ta
séquestration b'
Valeur en :
’ ’ - c
récupération ,E
assistée | | ©

Total RS coit du CO; évité : 60 €/t

T @)+He)  Cot du €Oz évité : 15 €/t

20 10 0 10 20 30 40 50 60 70 80 Cout(€/)

® GIEC

=> Energy requirement and degradation induced costs are
among the largest operative costs!
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« To establish a link between modeling and degradation
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« To establish a link between modeling and degradation

« The result will be

a proposal
... for optimal operating conditions in the CO, capture process
... taking into account process efficiency and solvent degradation

... l.e. cost and environmental impacts of PCC
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« Model building

« Sensitivity study of key parameters

« Simulation of process improvements

« Validation based on experimental results
* Implementation of degradation results

« Multi-objective optimization
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* Model building ¥

-

« Sensitivity study of key parameters Y’

« Simulation of process improvements ¥
* Validation based on experimental results q

* Implementation of degradation results z

« Multi-objective optimization q

%
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Two different modeling approaches

Mass transfer
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Simulation tool: Aspen Plus V7.2
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Sensitivity study of process key variables
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Stripper Pressure (bar)

Results Stripper Pressure
Base Case Value 1.2 bar
Optimized Value 2.2 bar
Gain in regeneration energy -16.9%
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Solvent concentration Solvent flow rate
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Impact study of process improvements
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Regeneration energy (GJ/tonne CO2) Split Flow return stage in the absorber
Process modifications Lean vapor compression Absorber intercooling Split-flow configuration
Gain in regeneration energy -14% (exergy) -4% -4%
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 Itis possible to identify optimal operating conditions
using modeling

« Simulation results are less costly than lab experiments
and can help to the decision for process improvements

« Good model knowledge has been gained and can be
useful for further simulation

 However, simulation results still don’t take secondary
effects into account (degradation, corrosion, ...)
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« Writing of an article and submission for publication to a
journal in the field Energetics and Engineering

=> planed at the beginning of 2012.

« Validation of the model may occur soon, depending on
pilot experimental results

=> validation based on:
- Regeneration energy = f(solvent flow rate)
- Absorber and stripper temperature profiles
- Solvent lean and rich loading

14t December 2011 19
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* Follow-up of a master thesis with subject « Simulation of
the dynamic behavior of a pilot plant for CO,, capture »

=> First semester 2012

=> Objective Is to develop a dynamic model using Aspen
Dynamics

=> Eventually modeling of process improvements

 First tests for the implementation of degradation
parameters in Aspen Plus

14t December 2011 20
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4. Solvent
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« Design and construction of a degradation test rig
» Detalled screening of MEA degradation

« Study of the impact of operating conditions
(temperature, gas composition, flow, ...)

« Study of the effect of additives (degradation inhibitors, metal)
« Test of 1 or 2 other solvents

« Results implementation in the process model

14t December 2011 22
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S

« Design and construction of a degradation test rig ¥
* Detailed screening of MEA degradation |/ Il

« Study of the impact of operating conditions
(temperature, gas composition, flow, ...) I U | ‘

:

« Study of the effect of additives (degradation inhibitors, metal) L4

» Test of 1 or 2 other solvents q

* Results implementation in the process model

.
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3 types of degradation mecanisms: Temperature, O,, CO,

Aldehydes / Ketones Carboxylic Acids Amides Cyclic Compounds
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Referenca Description Valume Gas feed mode T{°C) P (bar) Solvent Analysis Run time
Supap et al., 2001 Kinetic law for MEA-degradation in function of solvent 230ml 120-150 | 2,41-3,45 bar 02 | MEA {2-11mol/L) GCMS 2-12 days
concentration, 02, Temperature and stirring
;g;‘;a'f“d lldetmi Influence of 02, CO2, MDEA-MEA-ratio, Temperature, amine as0ml 55120 | 2,5 bar 02/c02 MEA-MDEA blends | GCMS (+HPLC| =
; i ) ) . . m - ,5 bar - ays
iLawaleta concentration + Product formation mechanisms, Ecotoxicity (7-3molfL) from 2006) Y
2005&2006
Bello and Idem, 2005]  P@thways of degradation reaction, influence of 02, C02, 230ml o . 55-120 |2,5-3,5 bar 02/c02| MEA (5-7 mol/L) GCMS 6 - 30 days
Temperature, MEA concentration, ... Discontinuous with gas
GCMS, HPLC
Supap et al. 2006 Analysis techniques: comparizon and methods 450ml feed to compensate for 55-120 |2,5-4,5 bar 02/C02] MEA (5 mol/L) ' "1 18-24 days
pressure losses CE
Bello and Idem, 2006 'Mfluence of the CD’rOS'O”I:_”h'tt?'tor NaVO3 on Degradation 230ml 55-120 |3,5-4,5 bar 02/c02| MEA (5-7 mol/L) HPLC 6-30 days
inetics
Uyanga and Idem, Influence of the corrosion inhibitor Nav03 and of 502 on 2,5 bar
yang : orrosion innib 450ml 55-140 ‘ MEA [3-7 mol/l) HPLC 5-10 days
2007 kinetics. Kinetics model 0,/N,/CO4/SO,
L ) _ 2,5 bar
Supap et al,, 2009 Kinetics data for 02 and 502-induced Degradation 450ml 55-120 O3/NafCO/SO5 MEA (3-7 mol/1) HPLC 6-13 days
Chi and Rochell Infl f CO2-loadi d inhib (Fe, Bici EDTA NH3 to 8
tandrochells, § nfluence o oading and inhib (Fe, Bicine, Jon sooml  |5U/min Air/N2/airs2%co2]  ss 1 MEA (13-42 wt-%) FTIR upto
2000 production rate hours
Goff and Rochelle | Importance of 02-mass transfer and agitation rate, influence of
. . " i Up to 8L/min Air/Air + 8-17
2004; Goff, 2005; Fe-Cu and of the presence of degradation products on 550 g p / / 55 1 MEA (6-85 wt-%) FTiR
Goff and Rochelle degradation rate, Test of several oxydative degradation coz hours
2006 inhibitors for Fe-Cu catalvsed degradation
Test of different gas flow rate, influence of degradation catalysts Low flow {100ml/min FTIR, IC
Sexton, 2008; Sexton ) N ) 296C02/98%02) and high .
(Fe, Cr-Ni, Cu, V) and inhibitors, test of MEA-PZ blends, amine [J350-400ml 55 1 MEA {42 wi-%) (AC&CC), 12-15 days
and Rochelle, 2009 ) flow (7,5 L/min
screening ) HPLC
AirfN2/2%C02)
i Dependance of Degradation rate on Temperature, Prassure and i Few days to
Davis and Rochelle, ! IC [cationic),
i i i i i 10ml Batch +C0O2 100-150 1-8 MEA (13-40wt-%
2009; Davis 2009 amine concentration. Thermal degradation of different amines, ( ) HPLC, MS several
Kinetics model months
. . . ) Mot . . . GC, GCMS, S
Bacot et al., 2007 Degradation and corrosion screening for 20 amines Batch 140 5 bar 02/CO2/N2 Different amines 14 days
reported HPLC, IC
) i - . . i o
Notz et al., 2007 Degradation rate of primary, secondary amines, and activator 3508 10 nml/min 40%6MN2, 90 1 Diffarent amines GC, RMN 14 days
(PZ]). 30%02, 30%C0O2
Notz 2009 Solvent degradation induced by contact with gas, Castor 1&2, 350g 10 - 20nml/min 40-120 14 MEA GC-FID 14 days
MEA N2/02/C02
Notz 2009 Thermal degradation 7 ml Batch 140-180 | N2 atmosphere MEA (30wt-%) GC-FID 7 days
Knudsen et al., 2007 Results from test campaigns on Esbjerg pilot ~20m3/h Plant conditions up to max 2 bar MEA (30wt-%) Not reported several
125°C +Castorl&2 months
Captech, 2007 Degradation studies for the Captech program. Few details 100ml | 350 ml/min N2/cO2/Air | 150 1.2 Different amines GC Several
available. months
Lepaumier, 2008;
Lepaumier et al,, Degradation Mecanisms and products for differents amines 100ml Batch O2/C0O2/N2/fAir 140 20 Different amines J| GCMS, RMN 2weeks
2008
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Test rig continuously improved to face experimental

problems

Liquid Sampling Valve for
withdrawing liquid samples through
which shows the pressure within tha dip tube shared with the gas inlet

the vesssl at all times. wvalve. Incoming ges can be used to
i claar the dip tubs betwesn liquid

samples.

Pressure Gage_ analog type,

Safety Fupture Disc to pro-
tect the vessal and the operator
from dangerous pressures
beyond the rated limit for the
vaesel,

Gas Inlet Valve for charging gas into
the reactor. This vakve and the ligquid
sampling valve are connected to a dip

vesssl,

Gaz Release Valve 1o releass

:_'f__,_._"""_’f gas from the reactor during or at
the eompletion of a run.

tubs which extends to the bottor of the

Thermocouple or Thermowall

for messuring the temperature within the vesssl. In
amall reactors, a thermocouple encased in a meatal
sheath exten ds dirsctly into the

wvessal. In larger reactors, and in vesssls constructed
of apecial alloys, the control thermocouple iz
insert=d into a thermowell which extends to a point
near the bottormn of the vesseal.

Internal Stiring Systam
consists of a motor drive magnetically cou-
pled to an intemal stirrer shaft with attach ed

turbine-type impellaris).

Dip Tube

Cooling Coil

Guida or Foot Bearing with a FTFE bushing
to support and stabilize lower stirrer shaft, (ot

required with footless magnetic drivel
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 Liquid phase:
— HPLC (High Pressure Liquid Chromatography): MEA quantification

— GC-FID (Gas Chromatography): identification & guantification of
the degradation products

— IC (lonic Chromatography): quantification of organic anions
— Karl-Fischer Titration: water quantification

— AAS (Atomic Absorption Spectroscopy) and CE (Capillar
Electrophoresis): quantification of inorganic ions

« (Gas phase:
— FTIR (Fourier Transform Infrared Spectroscopy):
NH, and MEA quantification

14t December 2011 28
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Quantification of MEA: 3 different columns have been
tested

« C18 Pyramid E:

A NO)—SO0Ne
] Si-OH
* Nucleosil 100-5 SA i) sona

Si-OH
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With different results...

« (C18: no retention

0k ,.,
‘04 _ [ SEEEPIRY CORSISEN .

v F T ¥ N O S
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* Nucleosil 100-5 SA: Better separation but bad peak
shape

0.10

i

0.067 / \ \ Degraded MEA

AV NSy

I 1— ]
|

-0.04

min
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* Nucleosil 100-5 SA: quantification of MEA possible:
=> calibration curve

Peak area (V.s)

0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10

0.00

y = 0.0239x +0.0259"

Rz=0.998

o

./

10 15 20 25 a0
MEA Concentration (wt-%)
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« HILIC: Better peak shape but separation still to be
Improved...

0.6
0.4 J\
\ Degraded MEA
0.2
!\ ’\k L«L
0.0
-0.2
0 4 3 12
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GC-FID:
- Analytical method has been developed
- Identification of degradation products possible

99000 -
EDA
< 79000 MEA
=2 HEEDA
Q
c
S 59000 -
o
5]
v
j:j 39000 -
o HEA  HEI
et
X HEIA
o 07D
19000 - Acetamide M
-1000 I~ . JL
0 10 20 30 40
Time (min)
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- Quantification using an internal standard (1% of
2-Methoxyethanol)

detector response (pVv)

99000

79000

59000

39000

19000 -

-1000

2-Methoxyethanol

ﬁ MEA

-

S

10 15

Time {(min)
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« QOrganic ions may lead to heat stable salts (HSS)

« HSS can not be regenerated and lead to a loss of
efficiency

« Analysis of Formate, Acetate, Glycolate, Oxalate

irtual Chromatogram, Gradiant Profla Gradiant Slopa: 0.439 méA'min, Resclution: 1234

T 100.0
3 Syl
] uling Sulfate i
] yeol Chioride  pyigs
& ?5-—_ e E||"1Erml1! = Nlr:ﬂ:a
] Hﬂrltl Crealate
5,00 |
- Fregser=a
= | '
& 375 | Phasghate
g ] |
o 1
| e
- 1
1,25 % |
] [
_- ] .I _L—/_’rji_ﬂ_ | L1 I || |I I| & II. .-'| ."‘--_
] /“_____x—*’f _
-1 ﬂ?_ I_F | I 1 I 1 I | I L] I.II.I"‘.II:I :l
0.0 1.0 20.0 .0 40.0 0.0 B0.0 ma an.0 LR

Time
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Potentiometric titration of water based on the equation:

2H,0+S0O,+1,—>S0O,2+21"+4H*
=> \Water guantification in
degraded amine samples

=> |n relation with the mass
balance

14t December 2011
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Quantification of elementar ions because their presence
can be directly related to corrosion

Ton Method

Fe Atomic absorption
Cr Atomic absorption
Ni Atomic absorption

Si Atomic absorption

F Capillary electrophoresis
Cl Capillary electrophoresis

Fe, Cr, Ni: components of SS 316
Si: found in many analyses
F, Cl. corrosion accelerator

14t December 2011
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* Quantification of NH; and MEA in the gas phase at the
reactor exhaust

« Quantification of H,O, CO,,
MEA and NH,

Compound Wavelength interval (cm™)
CO; 926 — 1150
MEA 2700 — 3200
H,O 3200 — 3401
NH; 910 — 1150

14t December 2011
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« Heating rope from reactor to FTIR

Stainless steel tube end Silicon cap

Protective braiding

Silicon foam insulation

Heating cable Basic hose

bPaTe 14

=> Combined with a pre-heating of the dilution gas
=> Prevents condensation of the gas sample in the line

14t December 2011
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 Calibration of liquid samples
Air outlet to FTIR

Air supply

Syringe pump

Heated plate
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 Calibration of NH; and MEA

Absorbance

Absorbance

1,5-
' NH; \A
1,0
0.5
U.UNMLMM o ” WMNN_
4000 3500 3000 2500 2000 1500 1000 500

,w,lﬂ*’fma'wwm {ﬂ

Mombre d'onde (cm-1)

—

w"
4000 3500 3000

500 20

" é{;u:ul .h“lm

Mombre d'onde (cm-1)
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Operating conditions
Experiment Experiment Lengthl Parameter T Piwt Poz Peoz Puz Gasflow  Solvent Mass balance
Name i Problems
Start end [Days] tested [°C] [bar] [bar] [bar] [bar] [min/min] [wi% MEA] [%]
Experiment 1 | 19/02/2011 503/2011 14 | Basecase 120 4 02 3 08 80 3000  not recorded -
EXp. Gas exhaust stopped due to
Experiment 2 | 24/03/2011 5/04/2011 12 | Lengthistrong 140 20 1 15 4 200 30.00 333 |crystal formation in the condenser,
cond. pressure up to 25 bar
Experiment 3| 11/04/2011 25/04/2011 14 | Temperature 120 20 1 15 4 200 3001 10.07 -
Foaming, temperature sensor
Experiment 4 | 10/05/2011 19/05/2011 & | Pressure(Nz) 140 20 02 3 168 500 30.05 1.43 defectuous => heating stopped
aUtDmﬂ”Cﬂ”Y
Crystal formation in the
Experiment 5 | 27/05/2011 10/06/2011 14 | Repetabiity 120 4 02 3 08 80 3001 6233 | condenser, pressure up to 20 bar
for a few hours, mass losses
Experiment 6 | 1/07/2011 15/07/2011 14 | Repetabiity 120 4 02 3 08 80 30.02 47 60 Mass losses (150g)
Experiment 7 | 20/07/2011 3/08/2011 14 Batch 120 20 02 3 08 0 29 99 033 Corrosion “g;::otrem perature
Experiment 8 | 24/082011 31082011 7 | TEMPEEU®  oh 20 0 0 20 20 30.00 233 -
and gas flow
. Temperature Gas bottle empty (2 days), current
Experment 9 | 310812011 groerzort o | HEEITE 120 20 0 0 20 200 30.00 3,70 Shorage
Experiment ml 13/09/2011 27/09/2011 14 |Newbasecase 120 4 02 06 32 160 29.99 1130 Mass losses
14t December 2011 43
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Experimental feed-back of the 15t test campaign
« Corrosion

« Crystal formation
« Mass balance regulation
« Temperature regulation

« Agitation

December 2011 44
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HPLC quantification of MEA in degraded samples

D
o

(92}

w w
o
I

ASe case

Pressure New base case
Temperature Batch
‘ONo - SETe © ) gas DW

1 2 3 4 5 6 7 8 9 10
Experiment number

N
(9]

[EE
(9]
|

=
o

MEA concentration (wt-%)
N9
o

(92}

o
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GC Identification of degradation products

Std Exp 1 | 2|3 | 4| 5/ 6|7 | 8|9 10
Acetamide ? |7 2?2 |2
HEEDA X X X
HEA X
0zD X X X X X X X X
HEI X X X X X X X X
HEIA X X X X X X
) "r{}
G0y . 5~
2 HI::)-’%-’NHE : Hg-"ﬂ"‘x._.fNHl'!- -PFJ.L-NH h_l-m;-.h D._, H
MEA HO HE’G‘“J ' '::—"I OzD
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GC Identification of degradation products: Experiment 10
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GC Identification of degradation products: Experiment 10
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14000 - Experiment 7
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6000 - Long Term testing at Esbjerg
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LABORELEC

4.5.2 GC-FID cor swes v U
GC Comparison with pilot plant results
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4.5.3 Inorganic lons

LABORELEC

GOF S\CZ

Universite
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Quantification of inorganic ions

Fe Cr Ni Si Cl F

MEA 30% 044 <0.10 <0.10 - <2.00 38.944
Experiment 1 7.57 1.55 4.24 - <2.00 416.08
Experiment 2 22.40 8.60 9.75 13.01 513.16 1826.18
Experiment 3 6.80 3.10 2.66 10.66 522.32 869.35
Experiment 4 1.90 1.30 1.01 15,57 291.36 307.13
Experiment 6 14,70 2.75 159 2754.21 <5.00 594.62
Experiment 7 66.10 7.50 o571 147.78 <5.00 321.14
Experiment 8 0.19 2.27 0.69 9480 <5.00 251.55
Experiment 9 0.14 2.39 0.51 9555 <5.00 276.30
Experiment 10 3.46 6.41 0.87 55755 29.34 532.38

=> More ions during Experiments 2, 6 and 7
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4.5.4 Organic lons
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|dentification of organic ions performed at Laborelec O
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4.5.5 Karl FiSChel’ Titration GDOF S\CZ Universitéug

— de Liege

« Quantification of water in degraded amine sample
« (Good correspondance with mass balance results!

N
o

O Water balance B Mass balance

Mass and water balances (%)

Experiment number
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LABORELEC
4.6 Conclusion GCDF Swez  Universitd UE

de Liege

* First test campaign has brought practical experience
using the degradation test rig that may be very useful for
future experiments

* Analysis methods are numerous and allow for a
complete screening of MEA degradation

* Observed degradation products were expected and may
be explained in relation with previous studies

« Unexpected degradation products are also obtained, but
similar to pilot plant results
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LABORELEC
4.6 Conclusion GCDF Swez  Universitd UE

de Liege

 First tests have permitted the definition of a new base
case, with results similar to pilot plant’s

 Influence of temperature, gas flow rate, gas composition
and pressure may already be observed. Results are Iin
accordance with previous litterature

« Corrosion follow-up is pursued
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LABORELEC
4.7 Perspectives CDF Swsez  Universitd UE

de Liege

* Development of analytical methods, especially FTIR and
GC-FID for quantification of degraded products

* Next degradation tests must ensure repetability
=> the new base case experiment will be repeated

« Second test campaign with MEA to determine more
precisely the influence of gas composition and
temperature

=> first experiments will study the influence of O, and
CO, separately
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LABORELEC
4.7 Perspectives GDE S\sez  Universitd UE

de Liege

« Bibliography studies about degradation inhibitors and
additives that may be tested with MEA

« Test of alternative solvents furnished by Laborelec

« Collaboration with the University of Mons in order to
determine the influence of degradation on the CO,
capture process

« Participation to a conference at the University of Texas
In Austin
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5. Conclusion and
perspectives
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5 Conclusions CDF Sz  Universitd UE

de Liege

« Good knowledge about the CO, capture process
considers the energetical efficiency but also takes
solvent degradation into account!

* Results prove that the study of MEA degradation under
accelerated conditions can be related to pilot scale
results

* In the coming year, the construction of a model
Including solvent degradation parameters will begin.
This model will have to be validated with experimental
data in order to perform a multi-objective optimisation
of the CO,, capture process.
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Thanks for your attention!
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