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Outline of presentation

 Membrane capture technologies — brief overview
* General about driving force and separation
 New trends, examples

Nanocomposites

Facilitated transport membranes
Pore tailored membranes
Membrane contactors

Process solutions

« Challenges using polymer membranes
« Simulations must be mentioned
« Conclusions
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CO, capture — membrane technologies
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* Depending on where in the process the membrane

will be placed, the transport mechanisms and m NTNU

demands on the material will be very different Innovation and Creativity
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Membranes in precombustion

High H,-Pressure
H,O

H0 co 2],

Five stage process of permeation

Permeation is by solution-diffusion

Governing equations for:
concentration of H at surface (C)
and flux through membrane (J,,)

Cy =K,R}”
J —_ DM KS (Pl_?jRet B PF?jPer)
% 2 X,
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Separation of CO, — H, at
high temperature (> 300°C)

Typical materials:
— Pd/ Pd-alloys

Challenges:
— Poisoning
— Detection and elimination of
defects

— Material costs
Engineering design
— Complex

— Scale-up
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Membranes in oxyfuel combustion
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Demands on the material:

High flow rate (diffusion coefficient)
Temperature (900-1100°C)

Chemical stability in oxidising and
reducing atmosphere

Compatible TEC (Thermal expansion
Coefficient) with joined materials.

No chemical reaction

No reaction with joined materials (seals,
interconnects etc.)

Strong demands on the module sealing!
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CO,/steam

Ref.: Kvamsdal et. al. , SINTEF Energy
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Membranes in post combustion

Steam to
Econamine FG+

/l T EI_Po:ver Membrane?
CO, separation
Steam \I Dried Z_J,pit Pipeline to
Flue , s storage
Air —» s _( Dehydrati Gas o
PC Boiler Bag Limestone gnydaration ; '
Coal —» (With SCR) | Filter B FGD
ID Fans l N
————» Ash H,O N, O, to
atmosphere

O Process design based on a typical coal fired power plant

d SO,, NO,, VOC and fly ash are removed to given spesifications

O Dehydration unit may complicate the process if needed for the membrane
d Feed gas components to membrane are basically (H,O), N,, CO,, and O,
O Feed gas at atmospheric pressure, temp. ~50° — 70°C
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Polymeric membranes for gas separation
have been in commercial use since 1980’s
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Areas of applications:

AN NN

H,-recovery

Air separation (high purity N,)
CO, removal from Natural Gas
VOC recovery from gas streams

Standard polymeric materials are:
derivates of cellulose acetate and
polyimides

Separation depends on trade-off
between permeability and
selectivity (the "upper-bond”) and
the driving force available
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The driving force In a standard membrane

Xcoz = 10% : _'

Retentate
Permeate
Xcoz = 100%
Flux = J [m3(STP)/(m?h)]
D-S P
‘]002: | ( cozf " Pu ~ coz,p'pl) | ( coz2.f " Pu ~ coz,p’pl)

The membrane will separate on basis of:

» Molecular size and structure of gas components

Physical properties of the gases (ideal / non-ideal)
Membrane material properties

Transport mechanism (solution-diffusion in a polymer)
Process conditions (temperature, pressure, concentrations)

®NTNU
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"The upper bond” with respect to driving
force for polymer membranes in general

»  The upper-bond must be broken for Y e T
the gas pair CO,-N, if membranes are ST ey
to be used n pOSt_CombUStlon. 1000 L Y%{.‘Eiﬂ'ﬂ Upper Bountd |ndustrial_;
g s Baina e ' attractive |
. . @ region
This can be done in several ways: .. T T NI I
1) Nanocomposite materials £, AL T We s
2) Facilitated transport membranes e | o LA LB
3) Pore tailored inorganic membranes - }
Two other ways to neglect upper-bond: | LR odb
> Using membrane contactors 00001 00 - 100
P(CO_) Barrers

» Innovative process design
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1) Nanocomposite (mixed matrix) membranes
- the effect of adding nonporous nanoparticles
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Filler volume fraction, ¢ n-Butane permeability (Barrer)

2 % n-butane / 98% methane feed;
upstream pressure = 150 psig; downstream pressure = 0 psig

& Barrer et al., Journal of Polymer Science, 1, 1963
[ : Most, Journal of Applied Polymer Science, 14, 1970

Merkel er ai.. Ultrapermeable. Reverse-Selective Nanocomposite Membranes. Science, 296, 519-522 (2002).
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PMP = poly(4-methyl-2pentyne), PDMS= poly(dimethyl-siloxane)
TS = silica (SiO2) nanoparticles

%
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Nanocomposite material, an example:
Crosslinked PMP with FS for air separation

45 -

401 PVP+HFBAA PMPAHERAA

35 - L e +25W t96FS *
> PMP+HFBAA ’ PMP+HFBAA
S 307 +15W t9%FS +35W t96FS
3 25 -
& 20
n <. ¢ PVP
215 P e e maew @NINU
© 10

0.5 -

0.0 T T T T T 1

500 1000 1500 2000 2500 3000 3500
O, Permeability (Barrer)

The effect of fumed silica (FS) content on O, permeability
and O,/N, selectivity of uncrosslinked( #) and
crosslinked PMP ( 4 »).

Crosslinked membranes contain 2 wt% HFBAA; T=35°C.

Ref.: L. Shao, Thesis NTNU 2008 m | \| I | \| I I
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2) Faclilitated transport membranes; general

Several types are available:

www.ntnu.no

lon-exchange resins

Hydrophilic polymers with CO,-reactive
salts

Polyelectrolytes
Biomimetic membranes
Fixed-site carriers

The category "blue” above, contains a
mobile carrier that can react with CO, and
diffuse acrosss the membrane — typically
a supported liguid membrane (SLM)

In the fixed-site carrier the CO,-reactive
funcionality is attached to the polymer
backbone, and the CO, rather "nops” from
site-to-site

carrier —  liguid solid
solute _I | l
o >
'ﬁ’— camier '-;
<o YA
>— i
miobile camer fixed carmer
Ref.: M. Mulder, 1996
!
} "f o :
(=31 )
. e =
(o AR 8
e d'; »
Ref.: M.C. Trachtenberg, 2001 '5-3.*_“ ,3;!
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Supported (immobilized)
- an illustration

iIquid membranes

10000 1
3 " =
Membrane + liquid Membranes o
1 L\
- Gas \ 4 4 Gas Jf \ -+ = apsicl
O - AT - E
.................... R Liquid \ 3 ] Propylene
(ias Gas ot 100 3 carbonate
¥ v 2, ipp PYTMS
=] e !‘-.- : Methanol
Left: Immobilized liquid membrane, o OMS
(ILM) microporous polymer PTMSP
Right: Flowing liquid membrane, ’ o o I
(FLM) dense polymer 10 100 1000 10000 100000
COy permeability coefhicient. Barrer
Thethb”I(I? (SQ_UOUS) carrier may - Upper bond for selected polymers ¢
gp'ga yte. <N - Upper bond for some solvents ®
Aar_ onates (K, Na) - ILM using carbonate glycerol 4
miNes - ILM hollow fibers using glycerol ®
 Glycerol
Ref.: M.G.Shalyigyn et al. 2008

« Enzymes
e Mixtures thereof

www.ntnu.no
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http://www.sciencedirect.com/science?_ob=MiamiCaptionURL&_method=retrieve&_udi=B6TGK-4S0PK8C-4&_image=B6TGK-4S0PK8C-4-6&_ba=&_alid=1770134331&_rdoc=1&_fmt=full&_orig=na&_pii=S0376738808001804&_st=13&view=full&_isHiQual=Y&_acct=C000030078&_version=1&_urlVersion=0&_userid=586462&md5=006f7c39d90665086ef49fed2cbebc63�

Fixed-site-carrier membrane — an example, PVAmM

 Mechanism of separation: diffusion through a non-porous membrane +
carrier transport. The driving force will thus be the partial pressure
difference of the gases in the feed and permeate and the concentration
difference of the complexed component

P
i Ji:Tl(phXi_p|Yi) _ _
o o. 51 ™o 1) Sd(_—:*f?argtlon by solution-
e _ iffusion
N, %° |9 o ° COo, P=D-S G=5P
t e o ol ©
CO, °Jo o D, D, _
2 e o J. =—'(Ci,0 —C,| )+ < (cic,o —cic,,) 2) Carrier added
AP | |
y ‘—’0% How CO; passes through the membrane: Facilitated transport in polyvinylamine (PVAmM):
w, n W g ' —The amino group contributes to transport of CO,
o-o‘: i s 9 through membrane as a bicarbonate ion (HCO,-)
= = A S in the wet membrane while N, is being retained.
“é e 1 — CO, transport through the membrane is
g-oo PR AP ' attributed to this carrier effect along with the
. gl

E 366 ET:T:_ED_, o Fickian diffusion. E NTNU
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The FSC-membrane for CO,-capture developed at NTNU is
currently being upscaled to a small pilot in collaboration with
Industry and also demonstrated at EDP power plant, Portugal

Process conditions:

 Humidity of gas stream; >75%RH
 Temperature should be below 70°C
 Pressure 2 — 8 bar

Current results (in lab):
CO,-permeance > 1 m3(STP)/m?h-bar
CO,/N, selectivity > 200

D D40
Jy= TA {.CA,D - CA,ﬂ + 7 {CAC,D - 'CAC,.E:I'

This is what we want in a pilot — hollow fibers E \| I N l I
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3) Pore tallored membranes; example: Carbon MS

ating rate W

k time

al Temp. Ideal carbon

structure
Tailoring the pore size:
Robeson's upper bound

Carbonization parameters / Q

Temperature (500-1000 °C) g "

Heating rate : O

Soak tlme é\, O Pure carbon

g . al| > Fe(NOy); v ,

Atmosphere (vacuum or purge 100 5 cuNoy), Dots are ieralre. 3

g aS) 2 gigcl)\lzos polyimides

Purge gas ﬂOW rate é ;ch())s From the doctoral thesis of J.A. Lie 2005 1

+ CaO
1010'1 I 1I00 I lé)1 I 1IO2 I ""'103 I ”””:II.O4

CO, permeability [Barrer]
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Other types: Membrane contactor for CO,-removal

 The membrane function Is

— To be a barrier between the gas and
absorbent liquid

« Advantages:

— Compact system

— No direct contact between gas and
liquid phases

— Reduces problems such as liquid
entrainment and foaming

— Lower Ap

Pore radius in membrane
depends on La Place eq.:
AP: over membrane

v, surface tension of liquid

cosé, wetting angle

www.ntnu.no

Ref.: figure from the PhD-work of K. N. Seglem

=2—7/cosH
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..not only the membrane itself, but also creative
process solutions are important..

Boller

5
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module Air sweep 3 “~ membrane A - %
Particulate 1 = L 2 \
remaoval R 1 = _E 100 .
b1 - f
' p = Polaris™ \ 3
= \
& \ ]
(&

CO; recycle L Optimum
CO, - deploted | - e membrane
- residue @ E——— i 18 Yo _ pmpartln:::
1 flue gas feed - ¥ by \
Coal feed CO3- enriched \
to bailer parmeate ¥ @ Commercial .
Condenser " natural gas ¥
Comprassor meambranes
HzO Liquid GO 10 | el L
for sequestration 10 100 1,000 10,004
13335 CO, permeance (gpu)

Ref.: T.C. Merkel et al., J. Membr. Sci., 359 (1-2) 2010: Two step process, counter-current sweep

e  This membrane has a permeance of 1000 GPU (~2.7 m3(STP)/(m?h-bar)), with only a
selectivity CO,/N, = 50 (= high flux, low selectivity)

* This design dramatically reduces the membrane area and energy demand while also
meeting the product spesification for CO,, purity (> 95%)

* Challenges are in the process design rather than the membrane E NTN U
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Challenges using polymer membranes for
CO, capture In flue gas streams

CHALLENGES TO BE

ADRESSED ACTIONS |
1. "Standard” polymers may 1. Materials can be crosslinked,

swell gas may have to be dried
2. Driving force may be too low 2. Work on the process design
for "standard” membranes or redesign the membrane
3. Durability towards SO,, NOx, 3. FGD must be installed /
fly ash not good over time filters for fly ash
4. Permeance or selectivity is 4. Still not good enough?
too low WORK ON A DIFFERENT
MATERIAL!

Creative design for materials with optimized separation properties for CO2

Is ongoing all over the world — also with the Memfo group atﬁ!\NTNU
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Durability of the FSC-membrane developed at NTNU has been tested, for 500
hours (synthetic flue gas) and currently real flue gas (coal), 2 weeks (ongoing)

Process conditions : P feed 1.05-1.3 bar, permeate vacuum 250-100 mbar,

Feed:16 %CO, 78% N,, 5% O,, 200 ppm SO,, 200 ppm NOX

Temperature: 30°C and 50°C,

0,

Permeate GC analyses during FSC mam.hranu durability test part Il

BO

70

NZ, COZ concentration [%]
& ] 8

[
[ =]

- .

;o e o= = ol RER =S 0 B = BD S S

Very stable results over time!

i

EU-6FWP

0
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Simulations/modeling and experiments
should go hand in hand

D
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Total plant efficiency, %

Selectivity (PCO2/PH?2) 0 90 Total CO2 recovery, %

 |GCC (precombustion) — flow diagram (left) with demands on
membrane performance with respect to plant efficiency (right)
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Conclusions

» Membranes are clearly one of the emerging
technologies for CCS

» There are already pilot testing ongoing (Europe, USA)

» Membranes represent an environmental friendly
technology, no solvents — no hazardeous by-products

» Compact, modular solutions with small footprint (area)

» With optimized separation properties (the material), less
demand on energy than (current) absorption processes

®NTNU
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Thank you for your attention
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