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Potential CO, Adsorbents -

COF
MOF

R. Xiong, et al., Chem. Eng. Sci., 58 (2003) 4377.
B

= None of these has reached small demonstration scale for post-
combustion capture!



Scope of presentation

Why solid adsorbents? —focus on post-combustion capture where energy
penalty is potentially lower than for amine scrubbing.

Focus on silica-PEI and activated carbons
Fundamentals —some recent developments to improve adsorption capacities.
Key factors for scale-up

Kinetics

Thermal, oxidative and physical stability

Selectivity, highest for basic systems (chemisorption), crucial for CO, utilisation.
Moisture co-adsorption

Adsorbent replacement costs (per tonne CO, captured)

Pilot-scale results from fluidised bed tests on 2, 10 and 100 kg scale.

Only large-scale demonstration globally to date - 5 MW Hadong power
station, Korea with potassium carbonate-bicarbonate but high regeneration
energy.
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Process Costs, Process Efficiency and
Engineering Feasibility Requirements

- looking beyond simply CO, adsorption

)

Silica-PEIl and activated
carbons can potentially meet
requirements



Silica-PEI and Activated Carbons
state of development ca. 2009

CO, uptake (mmol g'1)
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Temperature °C CO, + 2R;N & R,N* + R,NCOO- <2>

» Classical behaviour of strongly basic vs. weakly basic/neutral substrates
» [Introduction of N into carbons to increase basicity.

(i) Drage T.C. Blackman J.M. Pevida C. and Snape C.E. 2009. Energy & Fuels, 23, 2790-2796.

(ii) Drage T.C., Arenillas A., Smith K.M. And Snape C.E. Micropor. & Mesopor. Mats. 2008, 116, 504-512.
(iii) Drage T.C., Pevida C. and Snape C.E. Carbon, 2008, 46, 1464-1474.

(iv) Drage T.C., Arenillas A., Smith K.M., Pevida C., Piippo S. and Snape C.E., 2007. Fuel 86, 22-31.

(v) Arenillas A., Drage T.C., Smith K. and Snape C.E., 2005. J. Anal. and Appl. Pyrolysis, 74, 298-306.



Sorbent Regeneration energy

1- v
Qr = q—acp,s(Tde —Toa) +(A—-B)AH,+ (1 —y) Q ‘];HZO

Physical properties: C, ; and DH,

Process related: o, f, 1, Tye-Tag

Others determined by both sorbent characteristics and process design such as Q,,
and f,,..

Reducing regeneration energy:

= Maximise the CO, working capacity (q,,)-

= Decrease the specific heat of the adsorbent (C, ).

= Adsorbents with a low heat of adsorption (4H,), activated carbons
=  Minimise AT between adsorption and desorption.

=  Minimise moisture co-adsorption.

Zhang et al., 2016, Applied Energy, 168 (2016) 394-405



SALT regeneration energy for silica-PEI
compared to MEA and sensitivity analysis
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W. Zhang, H. Liu , Y, Sun, J. Cakstins, C. Sun and C.E. Snape, Parametric study on the regeneration heat requirement of
amine-based solid adsorbents process for post-combustion carbon capture, Applied Energy, 2016, 168, 394-405




Process simulation of PCC capture for coal -
and natural gas-fired power plants using

silica-PEI
w/o CCS* MEA* Silica-PEI SALT
550 MWe Supercritical PC 40.8 29.4 30.9
power plant — net eff. (%0)
555 MWe NGCC power plant 55.7 47.5 48.1
net efficiency (20)
Required Regeneration Heat N/A 3.6-3.9 2.5-3.0
(GJ/tonne-CO,)
= All efficiencies are LHV based. _— e

)
/@/ 47.5 (NGCC MEA)

I
®
1

Net plant efficiency (%)
S 5
1 1
\.

» Using conservative assumptions for silica-PEI, 5%
CO, dynamic working capacity and for practical
heat recovery.

» Advantage clearly increases with working capacity.
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o
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working capacity q, (wt%)

* NETL: Cost and performance baseline for fossil energy plants, Volume 1: bituminous coal and natural gas
to electricity. Revision 2, November 2010, DOE/NETL-2010/1397

Zhang et al., International Journal of Greenhouse Gas Control 58 (2017) 276—-289



Large mesoporous silicas to increase PEI
loading but at a price

d MCF (tetraethyl orthosilicate) synthesis

P123 (8g)+HCI (23.7g)+H,0 (130g)

Dissolve at 40°C, overnight

Add TMB (8g) at 40°C

Stir for 2 hours

v
Add TEOS(17.3g)

—| Stir for 5 minutes
v
Aging at 40 °C for 20 hours

¥

Add NH,F (0.092g) + H,O (10g)

Aging at 100 °C for 24 hours

!

Filtration, drying at 75 °C overnight

Calcination at 550 °C at 1 °C/min isotherm for 6 hours

P123: Poly(ethylene glycol)-
block-poly(propylene glycol)-
block-poly(ethylene glycol)
TMB:1,3,5-Trimethylbenzene
TEOS: Tetraethyl orthosilicate

v

4-4.5g silica after calcination

* P. Schmidt-Winkel, W.W. Lukens, P. Yang, B.F. Chmelka, G.D. StuckyMesocellular siliceous foams with uniformly sized cells and windows. Journal of The

American Chemical Society, 121 (1999), pp. 154-155




PEIl impregnated large mesoporous
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Mesoporous silica BET isotherm
—Base Line

e MCF-17-1
e MCF-17-2

o

0.2 0.4 0.6 0.8 1
Relative Pressure (p/p°)

BET Surface Area Mesopore Volume Mean pore
(m2/g) (cm3/g) diameter (nm)
Base 269.4 1.4 25
Line
MCi'”’ 500.1 2.1 25
MeEAT 463.5 2.1 25
CO2 uptake at 75 °C (wt.%)
5% 15% 100%
BL-40 9.1 10.4 11.7
MCF-17-1-
60 14.5 17.0 18.0
MCF-17-2-
60 14.5 15.7 16.0

Larger BET surface area,
Higher pore volume, higher
PEI loading---up to 70 wt.%
theoretical loading.

Base line 40 wt.% PEI
loading.

MCF-17-1 and MCF-17-2,
60 wt.% PEI loading.



Bubbling Fluidized Bed (BFB) reactor — testing
2 kg quantities (PEl1 MM 800)

0.5m

108m

67m

1.2m

moisture
saturator



Fluidised bed testing — constraints on
activated carbons

Minimum fluidisation velocity

Sample Particle size U,
(mm) (cml/s)
PEl-silica 0.0.1-25 1.06
K-Phenolic 0.5-0.8 5.80
resin carbon
K-Pitch 1.00 >30.00
carbon

= Pitch carbon is difficult to be fluidised
because of high bulk density.

= [For carbon beads, small diameters best.

= | ess attrition resistant than silica-PEI



Comparison of multi-cycle operation
for PC and NGCC flue gases
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Wenbin Zhang, Hao Liu, Chenggong Sun, Trevor C. Drage, Colin E. Snape: Performance of polyethyleneimine-

silica adsorbent for post-combustion CO, capture in a bubbling fluidized bed. Chemical Engineering journal, 251
(2014): 293-303



Degradation of PEI-silica adsorbents over
60 cycles, moisture gives rise to high

stability
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Wenbin Zhang, Hao Liu, Chenggong Sun, Trevor C. Drage, Colin E. Snape: Performance of
polyethyleneimine-silica adsorbent for post-combustion CO, capture in a bubbling fluidized bed. Chemical
Engineering journal, 251 (2014): 293-303



100 kg Silica-PEI preparation

Table 1. Types of PEls and their properties

Types of PEls Molecular Concentrati Density Viscosity
VS. PEI weight on (wt%) (g/cm?) (mPa.s)
properties (g/mol)

PEI-5K 5,000 50 1.08 1,100
PEI-25K 25,000 56 1.08 11,000
PEI-750K 750,000 33 1.08 1,700

What is the optimum
PEI molecular mass?

Key properties of commercial
mesoporous silica, 100-300 mm.

Type of silica Vs. Total pore
properties volume (cm?/g)
Silica 1.54861

Average pore
diameter (nm)

23.22

Specific surface
area (m?/q)
266.741




40-45%0 i1s maximum PEI loading with
the mesoporous silica used

Table 3: shows the average actual % PEI loading of the three PEI types for silica 1.

— %PEl loading PEI-5K PEI-25K PEI-750K
oo 30 31334165 | 32.34+0.34 | 33.16 +0.61
sticky 40 4019 +1.53 | 39.69 +1.16 40.6 +1.31
afg%e 20 4709 +0.25 | 47.59 +2.46 54 96 +0.83
loading 95 56.03 £+3.55 | 57.13 +1.99 53.51 +2.28

Table 4: shows the average CO: adsorption and desorption Wt. % of the three PEI types for silica 1.

%PEI PEI-5K PEI-25K PEI-750K
loading Ads. Des. Ads. Des. Ads. Des.
30 10.27 £0.79 | -10.01£0.81 | 9.23 £0.11 -9.12 £0.13 | 8.98 £0.27 | -9.194+0.40
40 11.24 +0.23 | -10.61+0.17 | 10.69 £0.16 | -10.25+0.14 | 9.63 £+0.23 | -9.57/+0.18
50 437023 | 492021 | 517 £0.12 -5.80 £0.09 | 0.63£0.56 | -6.30+1.35
95 -1.05+0.14 | -6.71 £0.19 0.23+0.26 | -6.51 £0.62 0.85+0.21 | -4.90+0.52

Molecular mass of 5000 - optimum, highest uptake and fastest kinetics.




100 kg Silica-PEIl preparation:
Mixing, drying and particle size

Double cone vacuum dryer
used for drying
50% PEI MW5000 solution

with minimal additional
water.



100 kg Silica-PEIl: consistent sub- -

batches

Table. PEl loadings for Batchl and Batch2

Sample PEl loading (%6) | COz uptake | Sample PEI loading (%6) | CO; uptake
(wto) (wto)
B1PEIO1 | 42.6 10.14 B2PEIO1 | 42.2 10.21
B1PEIOZ | 42.4 10.15 B2PEIOZ | 42.3 10.02
B1PEIO3 | 42.4 10.16 B2PEIO3 | 42.2 9.93
B1PEIO4 | 42.3 10.20 B2PEIO4 | 42.1 10.02
B1PEIOS | 42.5 10.14 B2PEIOS | 42.6 9.92
B1PEIOE | 42.1 10.05 B2PEIDE | 42.1 10.00
Average | 42.4 10.14 Average |42.2 10.02

TGA Testing conditions: 15 % CO, and 85 % N, at 70 °C




Twin Bubbling Fluidised-bed System
— 10 kg of adsorbent
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= Capable of above 80% of CO, removal and above 7.0 wt.% of dynamic sorption
capacity.

= Mole ratio of H,O to CO, is ca,. 0.45 or 2 %w/w.

= No colouring, no degradation!

J-Y. Kim, J-M Woo, S-H Jo, Seung-Y. Lee, J-H Moon, H. Kim, C-K Yi, H. Lee, C.E. Snape, L. Stevens, C. Sun, H. Liu and Y.C. Park, Contin

uous testing of Silica-PEI adsorbents in a lab.-scale twin bubbling fluidized-bed system, Int. J. of Greenhouse Gas Control, 2019, 82, 18
4-191




Circulating Fluidised-bed System
— 100 kg of adsorbent, 100 hours

operation
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= Many variables but removal efficiency depends upon residence
time and CO, concentration.

= Capable of over 80% of CO, removal and nearly 8 wt.% of
dynamic sorption capacity (cf. 10% equilibrium capacity)
» Meets target for conceptual design.

J. Kim, J-M. Woo, S-H. Jo, H. Kim, S-Y. Lee, C-K. Yi, J-H. Moon, H. Nam, Y. Won, L.A. Stevens,
C. Sun, H. Liu, J. Liu, C.E. Snape and Y.C. Park, Performance of a silica-polyethyleneimine
adsorbent for post-combustion CO, capture on a 100 Kg scale in a fluidized bed continuous
unit, Chem. Eng. J., 2020, 127209




Used silica-PEI from BFB and CFB

tests
- Equilibrium capacity remaining

TGA results of PEl-silica tested in TBS

1 I Samples after regeneration
B Smples after adsorption
0 10.15 9_789'85 9.27 979 9.76 985 956
— 212 695 894 554 g6 PEl-silica has

R ) )
< 8 maintained
f‘g over 85 % of
Q =
3 67 CO, capacity
S retained

4 =

2 =

0

Fresh 170112 170118 170615 170617 170619 170620 170621

Conditions: CO, uptakes (tested in 15% CO,, adsorption temperature: 75 °C)

Slight loss of activity due to the silica-PEl not being in contact with moisture all the
time (during pneumatic transport).



KOH-treated activated carbon beads
prepared hydrothermally from resin precursors

PR3:

Test conditions:
15%6CO, in N,, dry
conditions in TGA

KOH/AC mass ratio:
0.5:1

J. Liu, N. Sun, C. Sun, H. Liu, C.E. Snape, K. Li, W. Wei and Y. Sun, Spherical potassium intercalated activated carbon beads for pulverised fuel CO,
post-combustion capture, Carbon, 2015, 94, 233-245; N. Sun; C, Sun; H. Liu; T. Drage; C.E. Snape; K. Li and W. Wei, Synthesis, characterization and
evaluation of activated carbon beads for CO, capture, Fuel, 2013, 113, 854-862; C. Zhang, W. Song, G. Sun, L.J. Xie, J. Wang, K. Li, C.G. Sun, H. Liu,
C.E. Snape and TC Drage, CO, capture with activated carbon grafted by nitrogenous functional groups, Energy & Fuels, 2013, 27(8), 4818-4823.




Heat of adsorption for K-AC samples -

Measured by Differential
Scanning Calorimetry (DSC)

Higher heat of adsorption
compared to baseline PRO

The effectiveness of K-
incorporation improves surface
affinity of K-ACs for CO,
adsorption

»




One-step synthesis with KOH of surface
modified ultra-microporous CO,
adsorbent from rice husk

U Precursor chemistry determined the

adsorption performance
= Narrow micropores (smaller than 0.5 nm) maximising
— CO, adsorption at 25 °C and 0.15 bar

» This study delineated unambiguously the relative
contribution of microporosity and surface chemistry on
CO, adsorption. ~50%b0 of the adsorption capacity is
from surface chemistry

Commercial carbons — 20kJ/mol
Rice husk carbons —38kJ/mol

X. Liu, Y. Sun, J. Liu, C. Sun, H. Liu, Hao, Q. Xue, E. Smith and C.E. Snape, Potassium and zeolitic structure
modified ultra-microporous adsorbent materials from a renewable feedstock with favourable surface chemistry for
CO, capture, 2017, ACS Applied Materials and Interfaces, 2017, in press.




Synthesis of surface modified ultra-
microporous CO, adsorbent from
polyisocyanurate resin (PIR) foams
Oxidation, compression and KOH treatment

Foam » Monolith

d 2.20 mmol/g at 40 °C and 0.15 bar

CO,
The ultra-microporous carbon samples have
achieved a record-high CO, uptake at 40 °C
and 0.15 bar, flue gas conditions, but low

density.
d Main findings:

 High level of ultra-micropores centered at 0.4 nm,
accounting for up to 94% of total pore volume

C + K,0 — (C-O-K)*?

« Surface chemistry (K intercalation) again plays the
main role of CO, adsorption under flue gas conditions.

X. Liu, S. Wang, C. Sun, H. Liu, L. Stevens, P. Kesewaa Dwomoh and C.E. Snape.
Synthesis of functionalized 3D microporous carbon foams for selective CO, capture,
Chem. Eng. J., 2020, 125459




Moisture adsorption is a key issue for

activated carbons

CS, CSK, PIRK, PR and PRK at 25 °C (a) 10 %6 relative humidity (b)
50 %06 relative humidity (c) 95 %6 relative humidity
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1% moisture, ca. 0.5 mmol
adds 0.25 GJ/tonne CO, to
regeneration energy.

]

Amount of H,O adsorbed
(mmol/g)
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» Kinetics relatively slow even for PIR activated carbon at humidities below 50%.
= After 10 minutes at 10%RH , ca. 3.5-5.5 wt. % for PIR and phenolic resin KOH AC.
= Coconut shell carbons significantly lower rate of moisture uptake.



Scale up to kg quantities of KOH activated
carbon beads

. »Heat treatment » Effective water
»Mechanical Sieving POl e e in Rotary Kiln washing
mass ratio Batch size capacities - (
wt %)

»Drying at »Phenolic resin beads PRO1 10g 75

80 °C Diameter: 0.5-0.85 mm PRO2 0.5:1 2 kg 6.6
PRO3 7 kg 6.1

PRO4 No KOH 2.2 kg 4.0

» No large-scale commercial production of KOH-activated carbons.
= Some loss of performance on scale-up 3ith KOH activation.



Scale-up to kg guantities of PIR foam-
derived activated carbons

- two-step process, low T oxidation KOH activation

= Difficult to control oxidation, denser darker form

appears, reduced CO, uptake.

2.5

CO, adsorption Capacity (mmol/g)

0.0

= Again, KOH activation difficult to maintain

1.5
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Preoxidation of PIR using air oven in a small scale

{—— Oxidized at 220 °C
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foam ratio >1.
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Adsorbent replacement costs

Keep cost well £10 per tonne of CO, captured.
= Up to £15 for MEA scrubbing and £5 for high temperature calcium looping.

To capture 1 tonne of CO, per hour, ca. 8 tonnes of silica-PEI, 0.3 tonnes of
absorbent capturing 1 tonne of CO, per day.

(based on cycle time of 40 minutes and 5% w/w CO, working capacity)
One tonne of adsorbent captures 1000 tonnes of CO, per annum.
Cost of silica and PEI are £5-10,000 per tonne, cf. MEA £1000 per tonne.

Taking the higher cost, with adsorbent lasting one year, £5000 per tonne
corresponds to replacement cost of £10 per tonne of CO, captured.

This serves as a useful benchmark for the economic feasibility.

Activated carbons cheaper but issues over production (KOH activation) and
moisture co-adsorption highlighted, not suitable for fluidised beds.

MOFs can currently be dismissed on cost grounds, also moisture co-
adsorption, physical durability and impact of particle size on performance.

Focus on further improving PEI stability at reasonable cost.



Concluding remarks -
- an increasingly grumpy old man’s take

Clearly scale-up challenges are considerable which has slowed pace of
development for solid adsorbents.

Air capture in many respects is easier than PCC regrading material
properties. PElI material of choice for low T processes.

Scope for further cost reduction in post-combustion capture.

For production costs of £10,000 per tonne, lifetimes needs to ca. 12
months.

Activated carbons only suited to partial pressures > 0.1 bar and,
despite lower regeneration energies, issues with moisture co-
adsorption and scale-up.

Publications on new adsorbents to be of any real value must address at
least some of the key scale-up issues.

= moisture co-adsorption, behaviour as a function of particle size, physical
durability, scale-up.
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