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ARTICLE INFO ABSTRACT
Keywords: A series of poly[methacrylamide-co-(ethylene glycol dimethacrylate)] (poly(MAAM-co-EGDMA)) porous poly-
Amine and amide groups meric particles with high CO,-philicity, referred to as HCP-MAAMs, were synthesised for CO, capture. The
€O solid ad_sorbent . ) polymers with a MAAM-to-EGDMA molar ratio from 0.3 to 0.9 were inherently nitrogen-enriched and exhibited
Hyper-crosslinked polymeric particles a high affinity towards selective CO, capture at low pressures. A techno-economic model based on a 580 MW,

Methacrylamide
Carbon capture and storage
Post-combustion CO, capture

supercritical coal-fired power plant scenario was developed to evaluate the performance of the synthesised
adsorbents. The presence and density of NH, moieties within the polymer network were determined using
Fourier transform infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS). The thermogravi-
metric analysis (TGA) showed that the polymers were thermally stable up to 515-532 K. The maximum CO,
adsorption capacity at 273 K was 1.56 mmol/g and the isosteric heat of adsorption was 28-35kJ/mol. An in-
crease in the density of amide groups within the polymer network resulted in a higher affinity towards CO, at
low pressure. At a CO,:N,, ratio of 15:85, CO,/N, selectivity at 273 K was 52 at 1 bar and reached 104 at ultra-
low CO, partial pressure. The techno-economic analysis revealed that retrofitting a HCP-MAAM-based CO,
capture system led to a net energy penalty of 7.7-8.0%yy points, which was noticeably lower than that reported
for MEA or chilled ammonia scrubbing capture systems. The specific heat requirement was superior to the
majority of conventional solvents such as MDEA-PZ and K,COs3. Importantly, the economic performance of the
HCP-MAAM retrofit scenario was found to be competitive to chemical solvent scrubbing scenarios.
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1. Introduction

Carbon capture and storage (CCS) is considered as the most viable
pathway to cut CO, emissions from the power and industrial sectors and
mitigate the severe consequences of global warming and climate change
[1-3]. Carbon capture is the initial but most expensive step in CCS.
Post-combustion capture (PCC) is the most feasible short-to-medium
term capture technology due to its ease of retrofitting to existing power
plants and industries without major modifications [4]. Mono-
ethanolamine (MEA) scrubbing is currently recognised as the bench-
mark PCC technology [4]. However, MEA requires high energy for re-
generation, which inevitably leads to high energy penalties for power
plants [5]. Also, MEA is corrosive and the presence of its degradation
products in PCC emissions has raised concern over their potential im-
pact on human health and the environment [6]. Solid adsorbents, such
as zeolites, activated carbons, metal-organic frameworks (MOFs),
functionalised silicas, and polymers, are non-corrosive, en-
vironmentally friendly materials, associated with lower energy con-
sumption for regeneration and thus, are considered to be promising
substitutes for MEA [7-11]. An ideal solid adsorbent for PCC should
have: (1) high CO, selectivity; (2) acceptable CO, adsorption capacity;
(3) low heat of adsorption; (4) high hydrochemical stability; (5) high
thermal and mechanical stability; (6) stable cyclic adsorption capacity;
(7) production scalability; (8) suitable morphology; (9) low price; and
(10) minimal corrosivity and toxicity [4,7,12-14].

Chemisorptive adsorbents form strong covalent bonds with CO,,
which are typically associated with high heat of adsorption (> 40kJ/
mol). On the other hand, physical adsorption is affected mainly by van
der Waals forces, which are significantly weaker. Therefore, the heat of
adsorption for physisorptive adsorbents, such as polymers, is relatively
low (20-40 kJ/mol), which greatly reduces the required regeneration
energy in PCC [15]. In addition, high CO, selectivity at low pressures is
a key factor in the selection of CO, adsorbents for a temperature swing
adsorption (TSA) process. Therefore, a physical adsorbent with a suf-
ficiently high CO, selectivity and capture capacity can be a promising
alternative to conventional materials for PCC. However, one of the
main disadvantages of physisorptive adsorbents is their low CO, se-
lectivity. For example, COP-4 (covalent organic polymer), synthesised
by Xiang et al. [16] exhibited a high CO, adsorption capacity of
~2mmol/g at 298K and 0.15bar CO, partial pressure, but its se-
lectivity was below 10. Adsorbents with low selectivity cannot provide
an acceptable separation efficiency, and require additional CO, pur-
ification that results in increased capital and operational costs [17].
Amongst gas species in a typical flue gas, CO, has the highest quadruple
moment and polarisability [18]. Therefore, an effective strategy to
synthesise physical adsorbents with high CO, selectivity is to formulate
their chemistry with protic electronegative functionalities, usually by
introducing polar nitrogen-containing groups, such as amine and amide
[15,19,20].

The morphology of the synthesised adsorbents and their production
scalability are other important parameters that have often been ne-
glected [21]. The majority of adsorbents are produced as fine powders,
which are not practical for commercial CO, capture systems, such as
fixed and fluidised bed reactors. Fine particles often need to be pelle-
tised, which may change their performance and impose extra costs
[14,20,22,23]. Zhao et al. [24] fabricated amide-based molecularly-
imprinted polymers (CO,-MIPs) using oxalic acid as a template, via bulk
polymerisation, and achieved high CO, selectivity combined with a low
heat of adsorption. However, the heat released due to the exothermic
nature of the polymerisation reaction and poor heat transfer can de-
stabilise the monomer-template complex and reduce the number of
CO,-selective sites. Nabavi et al. [25] fabricated MIPs using suspension
polymerisation to facilitate heat transfer during the polymerisation
process and improve the particle morphology and yield. However, due
to difficulties in removing the template from the polymer to make the
cavities available to CO, [26], the process can be challenging for large-
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scale production.

In this study, a series of nitrogen-rich, hyper-crosslinked poly[me-
thacrylamide-co-(ethylene glycol dimethacrylate)] polymers (HCP-
MAAMs) suitable for CO, capture were synthesised through bulk co-
polymerisation. The polymers were inherently amine-functionalised
and showed a high CO,/N, selectivity at low CO, partial pressures. A
detailed physicochemical characterisation of the polymer particles was
performed and their performance under typical PCC conditions was
investigated. In addition, a techno-economic model was developed to
assess the feasibility of the synthesised material as a CO, capture sor-
bent in a 580 MW, supercritical coal-fired power plant.

2. Material and methods
2.1. Materials

Acetonitrile (ACN) was purchased from Fisher Scientific, UK.
Ethylene glycol dimethacrylate (EGDMA), methacrylamide (MAAM),
and azobisisobutyronitrile (AIBN) were supplied by Sigma Aldrich, UK.
All the reagents were of analytical grade. A Millipore Milli-Q Plus 185
water purification system was used to provide pure water. All the gases
were supplied by BOC, UK, with a purity higher than 99.999%.

2.2. Polymer synthesis

For each sample, 12-36 mmol of MAAM (monomer), 40 mmol of
EGDMA (crosslinker), and 0.6 mmol of AIBN (initiator) were dissolved
in 30 mL of ACN (porogenic solvent), Table 1. The reaction mixture was
degassed by sonication for 10 min, purged with N, for another 10 min
to remove the dissolved oxygen, and then sealed and polymerised in a
water bath at 333K for 24 h (Fig. 1).

The synthesised monolithic polymer was manually crushed, ground,
and sieved to obtain particles with sizes in the range of 90-212 pm. The
particles were then washed several times with water, filtered using a
Biichner funnel, and dried overnight in a vacuum oven at 353 K. The
scanning electron microscope (SEM) micrographs of the fabricated
particles are presented in Fig. 2.

2.3. Characterisation methods

2.3.1. Pore structure analysis

The surface properties of the samples were derived from nitrogen
adsorption isotherms using a Micromeritics ASAP 2020 Accelerated
Surface Area and Porosimetry system at 77 K. Prior to each test, the
sample was degassed under vacuum at 353 K overnight. The specific
surface area of the samples was estimated from the
Brunauer-Emmett-Teller (BET) isotherm equation at the relative
pressures, P/P, of 0.06-0.30. The total pore volume was calculated at
P/Py of 0.99. The pore size distribution of the samples was determined
from nitrogen desorption isotherms using the Barrett-Joyner-Halenda
(BJH) method.

2.3.2. Density measurement
The density of the particles was measured using a helium

Table 1
The specific surface area, Sggr, the total pore volume, V;, of the polymer samples prepared
using different amounts of MAAM."

Sample MAAM EGDMA AIBN SgET Vp
(mmol) (mmol) (mmol) (mz/ 2) (cm3/ g)
HCP-MAAM-1 12 40 0.6 298 0.47
HCP-MAAM-2 24 40 0.6 142 0.87
HCP-MAAM-3 36 40 0.6 83 0.24

@ The amount of ACN in the reaction mixture was 30 mL, the polymerisation was
carried out at 333K for 24 h.
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pycnometer (Micromeritics, US). Prior to each test, the particles were
dried overnight in a vacuum oven at 353 K. For each sample, five re-
peated measurements were made and the average value was reported.

2.3.3. Thermal analysis

The thermal stability of the samples was measured using a ther-
mogravimetric analyser (TGA) (Q5000 IR, TA Instruments, US). In each
test, up to 15mg of sample was heated from 323K to 873K with a
heating rate of 10 K/min under a nitrogen flow rate of 20 mL/min.

2.3.4. X-ray photoelectron spectroscopy (XPS)

XPS experiments were carried out on a K-alpha Thermo Scientific
spectrometer using an Al Ka monochromatic X-ray source
(hv = 1486.4 eV, 36 W power, 400 um spot size) for radiation and low-
energy electron/ion flooding for charge compensation. Survey scan
spectra for elemental analysis were acquired using a pass energy of
200 eV, a step size of 1 eV, a dwell time of 10 ms and 15 scans. A pass
energy of 50 eV and a step size of 0.1 eV, with a dwell time of 50 ms and
10 scans, was used to obtain high-resolution scans of the N 1s, C 1s, and
O 1s peaks. In order to evaluate the XPS data, AVANTAGE software was
used, and the background was subtracted using the Shirley methods.
The mixed Gaussian-Lorentzian peak shape with 30% Lorentzian
character was used to fit the peaks [27].

2.3.5. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were measured over the range of 500-4000cm ™
using a Thermo Scientific Nicolet iS50 ATR spectrometer with a
monolithic diamond crystal. For each test, 2-3 mg of sample was placed
on the Universal diamond ATR top-plate and the spectrum was ac-
quired.

1

2.3.6. SEM

The morphology of the samples was investigated using a benchtop
SEM, TM3030 (Hitachi), operating at an accelerating voltage of 15 keV.
Prior to scanning, the samples were coated with gold/palladium (80/
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Fig. 1. The synthesis of poly[methacrylamide-co-(ethylene

glycol dimethacrylate)], Poly(MAAM-co-EGDMA).
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20) alloy to prevent the accumulation of electrostatic charges on the
particles. The sputter coating speed was 0.85nm/s, at 2kV applied
voltage and 25 mA plasma current.

2.3.7. Adsorption isotherms of CO, and N,

The adsorption isotherms of CO, and N5 in the pressure range of up
to 1 bar and at temperatures of 273 K and 298 K were obtained using a
Micromeritics ASAP 2020 static volumetric apparatus equipped with a
Micromeritics ISO Controller. Prior to each test, the particles were de-
gassed under vacuum at 353 K overnight.

2.3.8. Dynamic CO; capture using polymer-based material

The recyclability of the samples was assessed based on the dynamic
CO, adsorption-desorption measurement using a fixed-bed column
packed with 2g of the adsorbent [13,14]. CO, adsorption was per-
formed by passing a 15% CO,/85% N, (v/v) simulated gas mixture
through the bed at 298 K and 130 mL/min, and continued until ad-
sorption equilibrium was reached. The residence time of HCP-MAAM-2
sample (80s) was calculated from the adsorption breakthrough curve
shown in Fig. S1 in Supplementary Information. The desorption was
carried out by purging the sample with nitrogen for 90 min at 393 K and
130 mL/min. To confirm that CO, can be desorbed below 393 K, a CO»-
saturated sample was exposed to 60 mL/h N, flow over the temperature
range of 298-361 K. The adsorbed CO, was completely released over
the temperature range of 298-327 K and no CO, was detected in the
effluent stream above 327 K (Fig. S2 in Supplementary Information).
Moreover, TGA data collected over the temperature range of 303-403 K
and under a nitrogen flow rate of 20 mL/min confirmed that impurities
and guest molecules were completely removed at 333K or above (Fig.
S3 in Supplementary Information). The adsorption-desorption cycle
was repeated five times.

Fig. 2. The SEM images of the fabricated sorbent polymer
particles.
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Table 2
Supercritical coal-fired power plant key performance parameters.

Parameter Value
Gross power output (MW,)) 580.4
Net power output (MW¢;) 552.7
Net thermal efficiency (Yopmv) 38.5
Flue gas stream (kg/s) 617.2
CO,, content in flue gas (%y,;) 15.2
Coal consumption rate (kg/s) 53.8
Air consumption rate (kg/s) 526.5
Live steam generation rate (kg/s) 462.3
Excess air ratio (%)) 20.0
Live steam pressure (bar) 242.3
Reheated steam pressure (bar) 45.2
Intermediate-/low-pressure crossover pipe pressure (bar) 9.3
Condenser pressure (bar) 0.069
Live and reheated steam temperature (K) 866.3
Mechanical efficiency of the rotational machinery (%) 99.0

2.4. Techno-economic model description

2.4.1. Supercritical coal-fired power plant

The 580 MW, supercritical coal-fired power plant was considered
as a reference system in this study. The plant model consisting of su-
percritical boiler, flue gas treatment train, and steam cycle sub-models,
has previously been developed [28,29] and validated with the data
available in a NETL report [30]. The key performance parameters of the
model are provided in Table 2.

Sorbent regeneration takes place at 353 K with the heat required
being provided by direct contact of the sorbent with steam extracted
from the steam cycle (Fig. S4 in Supplementary Information). Such
configuration was claimed to be the most efficient option for providing
heat for solvent regeneration in mature chemical solvent scrubbing
systems [16]. Moreover, the retrofit scenario is based on a dual inter-
mediate-/low-pressure crossover pressure system with heat integration
[29] that ensures that the steam is delivered to the CO, capture system
at the temperature and pressure required for HCP-MAAM sorbent re-
generation.

Importantly, steam extraction from the steam cycle causes off-de-
sign operation of the low-pressure turbine [29,31]. Therefore, the
power output is not only affected by the reduced low-pressure turbine
throughput, but also by the loss in the inlet pressure and the isentropic
pressure of this turbine cylinder. These are accounted for using the off-
design framework developed by Hanak et al. [31].

Chemical Engineering Journal 334 (2018) 2004-2013

2.4.2. CO; capture system using polymer-based material

A process flow diagram of the modelled capture system is shown in
Fig. 3 and the properties of the sorbent particles used in the design are
listed in Table S1. It was assumed that the adsorption and desorption of
CO,, took place in two interconnected fluidised beds, each operating
with a pressure drop of 200 mbar. To ensure favourable operating
conditions in the adsorber, which is modelled as a conversion reactor,
flue gas from the coal-fired power plant is cooled in the direct contact
cooler to 298 K. The flash calculations are performed using the Rach-
ford-Rice equation [32] and the process streams are characterised using
the Peng Robinson equation of state.

The amount of CO, adsorbed at the end of each adsorption step was
assumed to be 70% of the CO, adsorption capacity, which is a common
assumption for CO, capture in a fluidised bed using solid adsorbents
[34]. The amount of sorbent in the adsorber was estimated to ensure a
CO, capture level of 90%. The CO,-rich sorbent is heated using air
preheated by the lean sorbent leaving the desorber, to maximise heat
recovery in the system. The preheated CO5-rich sorbent is further he-
ated to 353K in the desorber to completely desorb the gases and re-
claim the concentrated CO, stream. The heat required for sorbent re-
generation is provided by direct contact of the CO5-rich sorbent and
steam extracted from the steam cycle. CO, is then separated from water
vapour by cooling in the water knock-out tower, which is modelled as a
direct contact cooler, and sent to the CO, compression unit. Part of the
condensed water is returned to the steam cycle to balance the amount
of steam extracted from the intermediate-/low-pressure crossover pipe.
The CO, compression unit comprises nine intercooled compression
stages, each of which was modelled as a polytropic compression stage
with a stage efficiency of 78-80% [35,36], and the pressure ratio and
polytropic head not exceeding 3 and 3050 m, respectively [37]. It was
assumed that the CO, delivery pressure of 110 bar was achieved by a
CO,, pump with an isentropic efficiency of 80% [38].

2.4.3. Techno-economic performance evaluation

Having linked the coal-fired power plant and the CO, capture
system, the thermodynamic performance was evaluated using the sys-
tem’s net power output (Wp,,,) and net thermal efficiency (37,4), which is
defined in Eq. (1) as the ratio of the net power output and the heat input
from fuel combustion (Queq). In addition, the environmental perfor-
mance of the HCP-MAAM retrofit scenario is represented in Eq. (2) as
the specific CO, emissions (eco,), defined as the ratio of CO, emission
rate (mco,) and the net power output.

Fig. 3. Process flow diagram of the CO, capture system

using polymer-based material.
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The economic performance of the proposed system was compared
with the reference coal-fired power plant without CO, capture using the
levelised cost of electricity (LCOE) and the cost of CO, avoided (AC),
which are calculated from Eq. (3) and Eq. (4) [39-41], respectively.

LCOE = TCR X FCF + FOM + VOM + SFC
Wyet X CF X 8760 i 3
C= LCOEL‘aplure_LCOErBf
€C0,,ref —€CO0,,capture (4)

These parameters correlate thermodynamic performance indicators,
such as net power output, net thermal efficiency (3,), capacity factor
(CF) and specific emissions (ecpz), with economic performance in-
dicators, such as total capital requirement (TCR), variable (VOM) and
fixed (FOM) operating and maintenance costs, specific fuel cost (SFC),
and the fixed charge factor (FCF) that considers the system’s lifetime
and project interest rate.

The capital costs of the coal-fired power plant and the CO, capture
system (direct contact cooler, water knock-out, pumps and fans, ad-
sorber, desorber, heat exchangers and CO, compression unit) were es-
timated using the exponential method function [42] with economic
data gathered from NETL [43] and Woods [44]. In addition, FOM and
VOM were calculated as fractions of the total capital cost, while the
operating costs associated with fuel consumption, and CO, storage,
transport and emission were determined based on process simulation
outputs using economic data from Table 3.

The physical properties of HCP-MAAM sorbent used in the techno-
economic assessment are shown in Table S1. Furthermore, the effect of
uncertainty in the sorbent cost on the economic performance was as-
sessed by varying the sorbent cost between 1 and 10,000 £/kg.

3. Results and discussion
3.1. Polymer characterisation

The nitrogen adsorption-desorption isotherms at 77 K, and the pore
size distribution curves of the samples are given in Fig. 4. All the
samples exhibited Type II isotherms according to the IUPAC classifi-
cation [45], which is the normal form of isotherm obtained with mac-
roporous or non-porous adsorbents [46]. For all samples, the comple-
tion of monolayer coverage occurred at P/P, of 0.1 or below and was
followed by multilayer adsorption at higher P/P, values. The pore sizes

Table 3
Key economic model assumptions.

Parameter Value
Variable cost as a fraction of total capital cost (%) [33,39] 2.0
Fixed cost as a fraction of total capital cost (%) [33,39] 1.0
CO, transport and storage cost (£/tCO,) [40] 7.0
Coal price (£/GJ) [39,41] 1.5
Sorbent cost (£/kg) 8.0
Expected lifetime (years) [33,39] 25
Project interest rate (%) [33,39] 8.78
Capacity factor (%) [33,39] 80
Tax, freight, insurance cost (% of free-on-board supplier cost) [44] 20
Offsite, indirect costs for home office and field expenses (% of labour and 30

material cost including free-on-board supplier cost, freight, delivery,

duties and instruments) [44]
Contractors fees (% of bare module cost) [44] 4
Project contingency (% of bare module cost) [44] 15
Design contingency (% of bare module cost) [44] 20
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Fig. 4. Nitrogen adsorption-desorption isotherms of the samples at 77 K. The filled and
empty symbols represent adsorption and desorption isotherms, respectively. All samples
follow Type II isotherms. The inset graph shows the pore size distribution curves of the
samples.

ranged between 2 nm and 40 nm, with a distinct peak at ~3.7 nm. An
increase in the monomer-to-crosslinker molar ratio in the reaction
mixture from 0.3 to 0.9 caused a significant reduction in Sggy from 298
to 83 m?/g, Table 1, that can be attributed to a decrease in the degree of
crosslinking of the polymers [24]. However, no correlation between the
total pore volume, V,, and the MAAM content in the reaction mixture
was observed, as an increase in MAAM content initially led to an in-
crease in V, from 0.47 to 0.87 cm®/g, followed by a reduction to
0.24 cm®/g.

Fig. 5a presents the IR spectra of the samples. The peaks at
3440 cm ™}, 1633 cm ™}, and 910-665cm ™! are associated with N-H
stretching, N-H bending, and N-H wagging vibrations, respectively,
which confirmed the presence of NH moieties within the polymer net-
work in all samples [14,25]. There was a distinct increase in the in-
tensity of peaks for N-H bending vibration by increasing the MAAM
content, which implies the higher density of amide groups within the
polymer matrix. This finding was further confirmed and quantified by
XPS measurements, Fig. 5b, in which an increase in MAAM to EGDMA
molar ratio in the reaction mixture from 0.3 to 0.9 resulted in 2.6 times
larger nitrogen content within the polymer matrix.

TGA curves of the samples are shown in Fig. 6. The corresponding
onset temperatures of thermal degradation of HCP-MAAM-1, HCP-
MAAM-2, and HCP-MAAM-3 were 515K, 531K and 532K, respec-
tively. There was a slight increase in degradation temperature at the
higher MAAM-to-EGDMA molar ratio in the reaction mixture, which
may be attributed to a lower proportion of thermally unstable ester
bonds of EGDMA units in the polymer network. The same trend with
noticeably higher thermal stability of the polymer at higher density of
amide groups in the polymer network was reported by Nabavi et al.
[25] for molecularly-imprinted poly[acrylamide-co-(ethyleneglycol di-
methacrylate)] adsorbents. The average true density of the particles
measured using a multivolume helium pycnometer was 1.28 g/cm®.

3.2. CO; adsorption assessment

The CO,/N, adsorption isotherms at 273 K and 298 K are presented
in Fig. 7a and b. At 273 K, the CO, adsorption capacity was found to be
1.56 mmol/g for HCP-MAAM-1, 1.45mmol/g for HCP-MAAM-2, and
1.28 mmol/g for HCP-MAAM-3 sample. The reduction in the adsorption
capacity with an increase in the MAAM content may be attributed to the
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Fig. 5. The surface chemical analysis of the samples: (a) FTIR spectra; (b) XPS spectra
including the mass percent of carbon, oxygen, and nitrogen in the polymers.

lower specific surface area of the particles when the EGDMA-to-MAAM
molar ratio in the polymer network decreases. Correspondingly, a
smaller number of active NH and C=O0 sites were not exposed on the
surface of the particles but incorporated in the interior of the polymer
matrix, which in turn, may promote steric hindrance and reduce the
diffusion of CO, molecules to the active sites [24]. At 298 K, the ad-
sorption capacity of the samples was reduced to 0.92 mmol/g for HCP-
MAAM-1, 0.85 mmol/g for HCP-MAAM-2, and 0.79 mmol/g for HCP-
MAAM-3. The reduction in CO, adsorption capacity at higher tem-
perature is associated with the weaker electrostatic interaction of CO»
molecules with polar moieties within the polymer matrix.

Fig. 7c and d show the CO,/N selectivity, S, or separation factor of
the samples at 273 K and 298K as a function of partial pressure of CO,.
The selectivity was calculated using experimental data from the CO5/N,
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Fig. 6. The TGA curves of the samples over the temperature range of 373-873K at a
heating rate of 10 K/min under nitrogen flow.

isotherms (Fig. 7a and b), based on the Ideal Adsorbed Solution Theory
(IAST) [47,48]:

_ dco,/Peo,

A,/ Py, (5)

where q and P are the equilibrium adsorption capacity and the partial
pressure of the gas species, respectively. The purity of the gas stream
after regeneration can be estimated from Eq. (6) [47]:

dco,

Purity (%) = X 100

(6)

At low CO,, partial pressure, S was a function of MAAM content and
an increase in the MAAM-to-EGDMA ratio resulted in a higher S,
Fig. 7c and d. In COy-amide interactions, the CO, molecule behaves as
both Lewis acid (LA) in a LA(CO,)-LB(C=0) interaction, and Lewis
base (LB) in a dipole-dipole interaction with the acidic N-H proton
[25,49]. Thus, an increase in the density of polar N-H and C=0 moi-
eties within the polymer network increases the affinity of the adsorbent
towards CO5 molecules. At 273 and 0.02-0.15 bar CO, partial pressure,
the highest S of 104-52 was obtained for HCP-MAAM-3, followed by 99-
50 for HCP-MAAM-2, and 86-45 for HCP-MAAM-1. The selectivity of
the polymers above a CO, partial pressure of ~ 0.5 bar was very similar
for all samples, because at higher pressures, more CO, molecules
compete for the same number of amide groups and a higher fraction of
CO, molecules was adsorbed to non-selective sites on the polymer
surface. At low CO, partial pressure, the interaction between the CO,
molecules and highly selective CO»-philic amide groups is a dominant
mechanism of the CO, adsorption [50]. At 298 K, the selectivity was 72-
45 for HCP-MAAM-3, 63-38 for HCP-MAAM-2, and 48-38 for HCP-
MAAM-1. The lower selectivity of all the samples at higher temperature
can be attributed to the weaker electrostatic interactions between the
CO, molecules and amide groups in the polymer network. The purity of
the gas stream after regeneration of HCP-MAAM-1, HCP-MAAM-2, and
HCP-MAAM-3 can be estimated as 90%, 91%, and 91% at 273K and
88%, 88%, and 90% at 298 K, respectively, based on the typical CO,
partial pressure in flue gases of coal-fired power plants of 0.15 bar [4].
Therefore, HCP-MAAM-3 can provide the required gas stream purity for
storage without any further purification [51], while HCP-MAAM-2 and
HCP-MAAM-1 would require an additional CO, purification process.

In comparison with existing CO, adsorbents, such as COP-4 [16],
the HCP-MAAMs mainly benefit from high selectivity which is essential

qdn, * dco,
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for industrial PCC applications. At the identical conditions, the ad- 40
sorption capacity of HCP-MAAMs is better than that of polystyrene —=— HCP-MAAM-1
microporous organic polymers (MOPs) [52], MOF-aminated graphite Ao — HCP-MAAM-2
oxide (MOF-5/AGO) [53], amide-based MIPs [25] and amidoxime % 36+ HCP-MAAM-3
porous polymers [54], and comparable with that of azo-covalent or- £
ganic polymers (azo-COPs) [15], hyper-crosslinked triazine-based mi- ._\3
croporous polymers [55], functionalised conjugated microporous =
polymers (CMP-1-NH,, CMP-1-COOH) [56], amide-based porous co- = 32+
ordination polymers (PCPs) [57], MOF-177 [58], and porous covalent g
organic frameworks (COF-102) [59]. However, the CO, adsorption e
capacity of HCP-MAAMs was lower than that of polyamine-tethered 2 28 L
porous polymeric networks [60], thermoresponsive MOFs [61], sulfonic 'g
acid and lithium sulfonate grafted microporous organic polymers (PPN- 4
6-SO3H, and PPN-6-SO;Li) [62], potassium intercalated activated 8
carbon [23], Zeolite 13 X [63], Mg-MOF-74 [58], and polyethylenimine g 24+
functionised porous aromatic frameworks (PAF-5) [64]. =
Although the selectivity of HCP-MAAMs was high, the CO, ad-
sorption capacity at low CO, partial pressures (up to 0.15bar) was 20 R | X X X L
relatively low, and needs to be further enhanced, for example, by em- 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

ploying amine-based cross-linkers such as N,N-methylenebis(acryla-
mide). Moreover, the effect of typical flue gas impurities such as O,,
SO, and NOy on CO, adsorption should be evaluated in future studies.

Fig. 8 shows the isosteric heat (enthalpy) of adsorption, Q, of the
samples calculated from the Clausius-Clapeyron equation [65]. For all
samples, Qg was in the range between 28 and 35 kJ/mol in the loading
range between 0.15 and 0.8 mmol/g. As a comparison, the enthalpy of
adsorption of CO, with 30 wt% MEA is 80-100 kJ/mol at 313K in the
loading range from 0.04 to 0.4 mole of CO, per mole of amine [66],
which is 2.5-3 times higher than in this work. The smallest Qg value
was obtained for HCP-MAAM-1, which can be attributed to the lowest
affinity of this polymer towards CO,, due to the minimum density of
amide groups in the polymer network.

CO, adsorption capacity (mmol/g)

Fig. 8. The isosteric heat of adsorption of the samples.

The cyclic stability of CO, adsorption capacity of HCP-MAAM-2 is
shown in Fig. 9. In each cycle, CO, was adsorbed from a simulated flue
gas with a CO4:N, ratio of 15:85 at 1 bar and 298 K, followed by the
desorption step under pure N, flow at 393 K. Over the five repetitive
cycles only a 1.9% reduction in adsorption capacity was observed,
which implies a high cyclic CO, adsorption stability of the material.

2010
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Fig. 9. The dynamic CO, adsorption capacity of HCP-MAAM-2 during five repeated cycles
at 298 K and 0.15 bar CO, partial pressure. The desorption process was performed under
N, flow at 393K and 130 mL/h.

3.3. Techno-economic assessment of the material

Retrofitting the CO, capture system using HCP-MAAM sorbent to
the 580 MW, coal-fired power plant was found to impose a net effi-
ciency penalty of 7.7-8.0%pyy points (Table 4). In addition, the specific
coal consumption was found to increase by 25.1-26.0%. The perfor-
mance of the HCP-MAAM retrofit scenario compares favourably with
CO,, capture systems using chemical solvents, such as MEA or chilled
ammonia scrubbing. Retrofits of these systems to the same reference
coal-fired power plant resulted in net efficiency penalties of 9.5 and
9%pyy points, and energy penalties of 24.7 and 23.3%pyyy, respectively
[29,67]. The specific coal consumption increased in these retrofit sce-
narios by 32.8 and 30.3%, respectively. Therefore, the HCP-MAAM
retrofit scenario has the potential to reduce the impact of the CO,
capture system on the performance of coal-fired power plants.

The analysis of the energy requirement of the CO, capture system
using HCP-MAAM sorbent revealed that the specific heat requirement
of the HCP-MAAM sorbent (2.1-2.2 MJy,/kgCO,) was as good as or
superior to the specific heat requirement reported for the following
solvents: Cansolv (2.33 MJy,/kgC0O,), K>CO3; (2-2.5MJy,/kgCO,),
Econamine FG+ (3.12 MJ,/kgCOs), and MDEA-PZ (2.52 MJ;,/kgCO,)

Table 4
A summary of techno-economic performance indicators.
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Fig. 10. Effect of the material cost on the cost of CO, avoided.

[68]. As a result, the steam extraction accounted only for 29.3-29.6% of
the parasitic load in the HCP-MAAM retrofit, as opposed to about 60%
in the chemical solvent scrubbing retrofit scenarios [67].

The economic assessment (Table 4) revealed that retrofitting an
HCP-MAAM-based CO, capture system will result in an increase of the
specific capital cost of the entire system by 72.6-75.0%
(843.6-870.9 £/kWej 4r0ss) compared to the specific capital cost of the
reference coal-fired power plant (1161.3 £/kWey gross). Importantly, the
key economic indicators for the HCP-MAAM retrofit scenarios fall
within the ranges reported previously for coal-fired power plants ret-
rofitted with CO, capture systems using chemical solvents
(AC = 30-60 £/tCO, [69-72]). Furthermore, the sensitivity analysis
(Fig. 10) performed on the material cost indicated that the economic
performance of the HCP-MAAM-based CO, capture system will remain
comparable to the chemical solvent scrubbing system even if the ma-
terial cost is as high as 3000-3500 £/kg. However, this is based on the
assumption that no material degradation occurs over multiple cycles; if
this were untrue, the cost of the material would be an important
component of the operating cost of the system. Considering lower im-
pact on the thermodynamic performance of the reference coal-fired
power plant, the HCP-MAAM retrofit scenario can be expected to bring
higher profit from electricity sales compared to the chemical solvent
scrubbing retrofit scenarios.

4. Conclusions

Nitrogen-rich hyper-crosslinked polymeric materials (HCP-MAAM)
were synthesised by copolymerisation of MAAM and EGDMA through
bulk polymerisation. The presence of polar amide groups within the
polymer network resulted in a high affinity of the material towards CO,

Parameter Reference coal-fired power plant

HCP-MAAM-1 retrofit scenario

HCP-MAAM-2 retrofit scenario  HCP-MAAM.-3 retrofit scenario

Thermodynamic performance indicators

Gross power output (MW¢;) 580.4 539.7
Net power output (MW¢)) 552.7 441.9
Net thermal efficiency (Yopmy) 38.5 30.8
Specific coal consumption (g/kWeh) 350.3 438.0
Specific CO, emission (g/kWeh) 792.3 99.0
Net efficiency penalty (%umny points) - 7.7
Increase in specific coal consumption (%) - 25.1
Specific heat requirement (MJy,/kgCO5) - 2.1
Economic performance indicators

Specific capital cost (£/kWel,gross) 1161.3 2004.9
Levelised cost of electricity (£/MWgh) 36.9 69.1
CO,, avoided cost (£/tCO5) - 46.2

540.1 538.8
438.6 441.7
30.5 30.8
441.4 438.2
99.8 99.0
8.0 7.7
26.0 25.1
2.2 2.2
2032.2 2011.9
70.5 69.7
48.3 47.0

2011
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at low pressures, while the associated heat of adsorption was relatively
low, 28-35 kJ/mol. A maximum CO,/N, selectivity (at a CO,:N, ratio
of 15:85) of 52 (corresponding to 91% purity of the gas stream after
regeneration) was achieved for HCP-MAAM-3 polymer. An increase in
the density of amide groups within the polymer network led to a higher
affinity towards CO,, but resulted in a higher heat of adsorption and a
reduction in CO, adsorption capacity. The highest CO, adsorption ca-
pacity was 1.56 mmol/g, measured at 273 K.

The techno-economic analysis showed that retrofitting a HCP-
MAAM-based CO, capture system to a 580-MW coal-fired power plant
resulted in a net efficiency penalty of 7.7-8.0%jyy points, which was
lower than those for MEA and chilled ammonia scrubbing retrofit sce-
narios. Moreover, the economic performance of the HCP-MAAM-based
CO, capture system was found to be comparable to that for chemical
solvent scrubbing, even up to a material cost of 3500 £/kg.

Accordingly, a combination of low energy required for regeneration,
high selectivity, high density, high thermal resistance, and chemical
inertness can potentially make HCP-MAAM polymers a promising
candidate for post-combustion carbon capture.
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