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< The UK will need to capture 175 MtCO, | SShmcids
— ca. half of UK’s 2019 emissions — i

annually by 2050 to achieve the net 50

Zero emissions target.
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At least one low-carbon industrial

cluster able to capture and store 10
MtCO, needs to be established by 2030, | emee | 2
on a path to 20 MtCO,, by 2035.
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+»In addition to the major transport and storage infrastructure needed,
capture cost still presents a major barrier.

The energy requirement of currently best available technologies remains
still high at ca. 2.5 GJ/t-CO, for both advanced solvents and polyamine
sorbents, which needs to come down sufficiently through a combination of

— Capture materials with lower regeneration energy requirements combined with

— Improved (intensified) process devices which lower capex and opex .
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CCIC report highlights that adsorption-based capture offers enormous potential
to achieve revolutionary, not incremental, advances in cost reduction, with
physical adsorbents showing the most promise.

Target for physical capture materials: Need to achieve high selective CO,
capacity of 8~15 wt% or 1.8~3.4 mmol-CO,/g-ads, with moderate heat of
adsorption of 35 ~ 54 kJ/mol-CO, or 0.8~1.2 GJ/ton-CO.,.
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Why carbon-based capture materials

Carbon materials possess a collection of novel properties unparalleled
by virtually any other adsorbent materials:

v' Extremely fast adsorption kinetics
v High surface re-addressability for functionalisation

v Virtually free of degradation issues unlike any other organic-based
capture materials: amine solvents, polyamine-based adsorbents,
MOFs, COFs and ZIF materials.

v' Low-cost, commercially available or easy to manufacture.

v" Low or moderate heat of adsorption, leading to lower regeneration
energy requirement:

MEA solvent: 3.5 ~4 GJ/ton-CO,
Advanced solvents: 2 ~ 3 GJ/ton-CO,
Solid polyamines: 2 ~ 3 GJ/ton-CO,

Carbon Materials: 0.8 ~ 1.2 GJ/ton-CO,
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Carbon materials may indeed possess a combination of desirable
properties unparalleled by virtually any other adsorbent materials,

but face major challenges:

* None of the best-performing carbon materials reported to
date are able to achieve appreciable CO:capacities at
realistic flue gas temperatures (40~50 °C or higher), which
are generally well below 1.0 mmol-CO:/g (ca. 4.4 wt%),
despite their usually high capacities at 0 or 25 °C.

* Cooling flue gas streams down to ambient or even lower
temperatures is unrealistic and costly.
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Project Aim and Objectives ﬂ

s The aim of this project is to accelerate the development of a new low-
cost class of carbon materials for CO, capture to achieve significant

breakthroughs in cost reduction relative to the best available solvents
and adsorbents:

o To optimise the Integrated compaction and carbonisation-activation methodology
for further performance improvements in terms of adsorption capacity, selectivity
and kinetics.

o To examine the suitability of recycled waste PIF/PUF, available in large
guantities, as low or cost-free feedstocks to further reduce the production costs.

o To scale up the production of the materials to a multi-kilogram scale to enable
comprehensive continuous performance testing with both fluidised-bed and
moving bed facilities.

o To further evaluate the selectivity and hydrophobicity of the PIR/PUF materials at
sensible scales and examine the measures to minimise moisture co-adsorption if
necessary.

0 Based on the pilot-testing results, to assess the maximum sorbent regeneration
energies or energy penalties achievable, using our previously established
methodology
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DESIGN &
SYNTHESIS

SCALE-UP

WP6: Evaluation of the energy penalty of the PIR/PUF carbons for
adsorption-based capture
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Research progress | ﬂ

» Preparation and performance characterisation of PIF/PUF
carbon materials

o The carbon samples were characterized by a range of techniques, such as
BET, SEM, TEM, Micro-CT, XPS and Kelvin probe force microscopy (KPFM)

o0 The CO:adsorption performance of the carbon materials prepared has been
evaluated using thermal gravimetric analysis (TGA) at a range of
temperatures (40-100°C) under simulated flue gas conditions.

0 The impact of the key variables involved in the carbon preparation (e.g. the
compaction load, KOH/AC weight ratio, carbonisation-activation temperatures
etc.) on the adsorptive properties of the carbons were examined.
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*» A facile one—step compaction—activation methodology with the
commercially widely available polyisocyanurate/polyurethane
(PIF/PUR) polymer materials in various forms as being the feedstock
were used to prepare high-performing adsorbents

Pelletizing Activation

PIF carbon
=@ —-.--
F "

600-800°C

% CO, adsorption/desorption tests
»Temperature programmed adsorption (TGA)
=Cyclic stability test (TGA)
»Heat of adsorption (DSC)

ssSurface textural, chemical and morphology properties
"BET

"FEG-SEM/TEM

=*Micro-CT

"XPS

=Kelvin probe force microscopy (KPFM)
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*» PIR carbons are extremely microporous and —— P71

: . .. +«— P71 2T
have exceptionally narrow ultra-microporosities ——P7IST IR -
with pore sizes centred at 0.37 nm, 0.53 nm .
and 1.2 nm
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% Increasing activation temperature and
compaction pressure led to an increase in the
ultra-micropore volume calculated for pores
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Without compaction

0.194 0.182
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With compaction load used

P61 2T 328 0.124 0.124 0.124
P71 2T 1407 0.535 0.511 0.378
P71 5T 1392 0.540 0.498 0.372
P71 10T 1606 0.715 0.572 0.407
P81 2T 1906 0.797 0.702 0.342
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Non-compacted carbonisation/activation
o Highly interconnected porous macro-
structures

o Cross-linked pentagonal and hexagonal ring
structures porosity (Micro-CT).

o The activated carbons prepared looks more
like the ‘“fossil’ or imprint of the precursor
chemical used

Compacted carbonisation/activation

_ o S e
0 The cross-linked ring structures were forged J Micro-CT |
to yield the much smaller structural units that [EEte s,
form the new densely textured carbon
networks

o Slit-like ultra-micropores can be seen in the
TEM images, and the ultra-microporosity is
distributed dominantly across the porous
network skeleton
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CO, adsorption performance

O The PIR carbon materials exhibited extraordinary CO,-capturing performance at
low CO, partial pressures across a range of favourable adsorption temperatures

O The best performing materials are found to have exceedingly high reversible
CO, capacities of up to 2.30mmol/g at 40 °C and 1.90mmol/g at 70 °C
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CO, adsorption performance ﬂ
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O The adsorption capacity of carbon

samples were affected by the KOH/AC

ratio, pre-oxidation temperature.

O Particle size or post-preparation
treatment of the final carbon has
limited impact on the adsorption
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Cyclic CO, adsorption performance Testing
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[ Soxhlet extraction with hot water for 48h to remove the intercalated K

intercalated K 10.09 to 2.13 at% for P81 2T
6.45to 1.7 at% for P71

d The CO, capacity of the Soxhlet-extracted PIR carbons in 15% CO./N,
was found to decrease drastically by > 50%
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O Both Carbon samples with/without
Soxhlet extraction exhibit high levels
of heterogeneities in electric field
distribution both on the basal \
surfaces and along the edges of the »

P81 _2T
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textured structures

O The overall electric surface !
potential was significantly reduced L
by the removal of surface °-2\'\ [ ¥ W WS m
potassium via Soxhlet extraction |, '
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CO,/N, Selectivty ﬂ

 The best-performing PIR carbon (P81_2T) also achieved high CO,/N,
selectivity of up to 115:1 and 117:1 at 40 and 70 °C
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Working capacity (mmol/g)
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Research progress Il ﬂ

» Scale-up production of the PIF/PUF carbons

O Scale-up pre-oxidation of PIF/PUF foam by using large air oven
were carried out. The impact of the pre-oxidation temperature on the
on the adsorptive properties of the carbons were examined.

O Carbon samples prepared from non-compacted activation method
were obtained by using lab tube furnace (2g scale) and large oven in
CPL (250 g scale). The adsorption capacity and cyclic stability of the
samples were characterized by using TGA
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Non-compacted activation

Milling Activation




University of i
Nottingham

UK | CHINA | MALAYSIA

CO, adsorption performance ﬂ

O Pre-oxidation temperature: up to 230 °C (To avoid overheating by using
larger air oven)

O Lab scale activation (20g): the adsorption capacity could reach 1.75
mmol/g at 40 °C

O Activation using Carbolite CWF 1100 furnace (250 g): 1.34 mmol/g at 40 °C
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Pt Work e I

% Preparation and performance characterisation of PIF/PUF carbon materials

0 Investigate the effect of different activation strategies on the CO,
adsorption performance

o0 Preparation and characterisation of carbon adsorbent materials from
using recycled PIR and PUF wastes

% Evaluation of the moisture co-adsorption of the PIF/PUF carbon materials

0 Investigate the moisture co-adsorption of PIR/PUF carbons and their
impact on the CO,, adsorption performance

0 Improve the surface hydrophobicity of PIR/PUR carbons via different
strategy

s Scale-up production of the PIF/PUF carbons

0 Scale-up production of PIR/PUF carbons via compacted activation
method
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