
Subscriber access provided by Cranfield University | Library &amp; Information Service

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,

Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works

produced by employees of any Commonwealth realm Crown government in the
course of their duties.

Materials and Interfaces

Eco-friendly fabrication of highly selective
amide-based polymer for CO

2

 capture
Kehinde Fayemiwo, Nutchapon Chiarasumran, Seyed Ali Nabavi, Konstantin

Loponov, Vasilije Manovic, Brahim Benyahia, and Goran T. Vladisavljevic

Ind. Eng. Chem. Res., Just Accepted Manuscript • DOI: 10.1021/acs.iecr.9b02347 • Publication Date (Web): 05 Sep 2019

Downloaded from pubs.acs.org on September 11, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



1

Eco-friendly fabrication of highly selective 

amide-based polymer for CO2 capture

Kehinde A. Fayemiwo1, Nutchapon Chiarasumran1, Seyed A. Nabavi2, Konstantin N. 

Loponov1, Vasilije Manović2, Brahim Benyahia1*, Goran T. Vladisavljević1*

1Department of Chemical Engineering, Loughborough University, Loughborough, United 

Kingdom.

2Centre for Climate and Environmental Protection, Cranfield University, Bedford, MK43 

0AL, UK.

Corresponding Author

*Corresponding author. Fax: +44 1509223923.

E-mail address: g.vladisavljevic@lboro.ac.uk (Goran T. Vladisavljević).

b.benyahia@lboro.ac.uk (Brahim Benyahia)

Department of Chemical Engineering, Loughborough University, Loughborough, LE11 

3TU, United Kingdom.

Page 1 of 31

ACS Paragon Plus Environment

li2106
Text Box
Industrial and Engineering Chemistry Research, Volume 58, Issue 39, October 2019, pp. 18160−18167DOI:10.1021/acs.iecr.9b02347



2

ABSTRACT

Porous polymeric adsorbents for CO2 capture (HCP-MAAMs) were fabricated by co-

polymerisation of methacrylamide (MAAM) and ethylene glycol dimethacrylate (EGDMA) 

using acetonitrile and azobisisobutyronitrile as a porogen and initiator, respectively. The 

X-ray photoelectron and Fourier transform infrared spectra revealed a high density of 

amide groups in the polymer matrix of HCP-MAAMs, which enabled high selectivity to 

CO2. The polymers BET surface area and total pore volume was up to 277 m2 g-1 and 0.91 

cm3 g-1, respectively. The highest CO2 uptake at 273 K and 1 bar CO2 pressure was 1.45 

mmol g-1 and the heat of adsorption was 27-35 kJ mol-1. The polymer with the lowest 

crosslinking density exhibited unprecedented CO2/N2 selectivity of 394 at 273 K. Life cycle 

assessment revealed a lower environmental impact of HCP-MAAMs compared to 

molecularly imprinted polymers. HCP-MAAMs are eco-friendly CO2 adsorbents owing to 

their low regeneration energy, environmentally benign fabrication process, and high 

selectivity.

1. INTRODUCTION

Increased CO2 
releases from fossil fuel combustion resulted in global warming, which has 

caused adverse climate change.1 As a consequence, strict regulation of CO2 
emissions has 
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been imposed2 and considerable attention has been shifted towards developing cost-

effective technologies for carbon capture.3,4 Post-combustion capture (PCC) is the most 

practicable approach for capturing CO2, as it can easily be implemented in existing large 

stationary sources with minimum modifications. CO2 absorption by aqueous 

monoethanolamine (MEA) solutions is one of the most established PCC processes, but 

requires high energy for regeneration of CO2-rich absorbent.5 In addition, MEA and other 

alkyl amines are corrosive and toxic liquids that can decompose or evaporate, which 

renders them environmentally unsafe.6 

Solid adsorbents such as silica, activated carbons and zeolites are interesting alternative 

materials for CO2 capture due to their relatively low regeneration energy,7–10 and suitability 

for fluidised bed reactors. Solid sorbents can successfully overcome the environmental 

issues encountered with MEA scrubbing technology and offer extremely high mass transfer 

surface areas per unit volume.7 Zeolites are the most explored solid sorbents, which display 

a high CO2 uptake capacity and low regeneration energy, but suffer from poor 

selectivity.10,11 Namely, a high CO2/N2 selectivity is an important requirement for CO2 

adsorbents, which ensures high purity of the CO2 stream after sorbent regeneration. 

Significant attention has recently been drawn to polymer-based materials due to their high 

CO2 uptake capacities combined with good CO2 selectivity, easy chemical modification, 

non-corrosiveness, and low regeneration energy.12–18 They also possess good mechanical, 

thermal and physicochemical stability due to the covalent nature of the polymer 

networks.12 
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Conjugated microporous polymers (CMPs) with extended π-conjugation in an amorphous 

porous matrix have been synthesised for carbon capture.19 The CMPs displayed a CO2 

storage capacity up to 79.3 mg g-1 (1.8 mmol g-1) at 298 K and 1 bar and a BET surface area 

of 965 m2 g-1 and maintained its original storage capacity after more than 20 regenerations. 

Recently a series of molecularly imprinted polymer (MIP) beads containing CO2-selective 

nanocavities embellished with amide functional groups have been prepared and showed a 

relatively high selectivity of 40-50 for a 15/85 % CO2/N2 mixture. In addition, the polymers 

were produced using suspension polymerisation, which is a scalable technique, and the 

synthesised particles benefited from a semi-spherical morphology, resulting in a higher 

resistance to mechanical attrition.20 On the other hand, the template removal after polymer 

synthesis is time-consuming and generates a substantial amount of waste due to the large 

volume of toxic solvent required, which makes the process expensive and less 

environmentally friendly.

In our previous study, hypercrosslinked polymethacrylamide-based sorbents with a CO2:N2 

selectivity of 104 at ultra-low CO2 pressures were synthesised.21 In this work, we have 

developed eco-friendly amide-based polymers with a very high CO2 selectivity of 394 

towards a gas mixture containing 15 wt% CO2 at 1 bar and 273 K. Life cycle assessment 

(LCA) was performed to compare the impacts on the environment of the synthesised 

polymers and the previously synthesised MIPs. The polymers were produced by bulk 

polymerisation method as it is the simplest method of production that does not require 

specialised equipment. In addition, the polymers fabricated via this method are pure, 

without any traces of surfactant.
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2. EXPERIMENTAL SECTION

2.1. Materials

Analytical grade methacrylamide (MAAM), ethylene glycol dimethacrylate (EGDMA) and 

azobisisobutyronitrile (AIBN) were purchased from Sigma Aldrich (UK) and used as the 

monomer, crosslinker, and thermal radical initiator, respectively. Analytical grade 

acetonitrile (ACN) was supplied by Fisher Scientific (UK) and used as the porogen. A Milli-

Q Plus 185 water purifier was used to generate pure water. CO2 and N2 gases with a purity 

above 99.999% were supplied by BOC (UK).

2.2. Particle Fabrication

Porous poly(methacrylamide-co-ethylene glycol dimethacrylate) adsorbents (HCP-

MAAMs) were synthesised by dissolving 24 mmol MAAM, 20-60 mmol EGDMA, and 0.6 

mmol AIBN in 20-40 mL of ACN (Table 1). ACN was selected as the porogenic solvent, 

since it provides a high solubility for AIBN, EGDMA, and MAAM. Moreover, ACN is 

highly compatible with the resulting polymer, leading to a delayed onset of phase 

separation and formation of small pores. Finally, ACN is less toxic when compared with 

dimethyl sulfoxide, dimethylformamide, and toluene. The mixture was deaerated by 

ultrasonic treatment for 10 min, followed by 10 min purging with nitrogen to ensure the 

removal of dissolved oxygen (Figure 1). The vial containing the reaction mixture was then 
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hermetically closed and placed in a water bath for 24 h at 333 K to polymerise. The 

produced bulk polymer was ground and sieved to recover particles with the sizes ranging 

from 90 to 212 µm. After that, the adsorbent was rinsed with water, filtered and placed in 

a vacuum oven at 353 K to dry overnight. 

Table 1. The specific surface area, , the total pore volume, , and the average pore 𝑆𝐵𝐸𝑇 𝑉𝑝
size, , of the prepared samples.a𝑑𝑝

        

 
EGDMA ACN 𝑆𝐵𝐸𝑇 𝑉𝑝 𝑑𝑝

 

 

 

(mmol) (mL) (m2 g-1) (cm3 g-1) (nm)  

 HCP-MAAM-2 40 30 142 0.87 29.0  

 HCP-MAAM-2A 40 20 193 0.47 13.8  

 HCP-MAAM-2B 40 40 98 0.25 12.2  

 HCP-MAAM-2C 20 30 4 0.01 12.6  

 HCP-MAAM-2D 60 30 277 0.91 16.6  

       

 a The amounts of AIBN and MAAM in the reaction mixture were 0.6 mmol and 24 mmol, 

respectively, and the polymerisation reaction proceeded for 24 h at 333 K. 

Figure 1. The schematic representation of polymerisation reaction between EGDMA and 

MAAM to form poly(MAAM-co-EGDMA) (HCP-MAAM). 
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2.3. Materials Characterisation

Pore structure analysis. The pore structure of the adsorbents was estimated using nitrogen 

adsorption isotherms at 77 K acquired on Micromeritics ASAP 2020 system. First, the 

samples were degassed at 353 K overnight and the adsorption experiments were then 

carried out over relative pressures ranging from 0.06 to 0.30 using the Brunauer-Emmett-

Teller (BET) model. The pore size distribution was estimated using the Barrett-Joyner-

Halenda (BJH) method. The total pore volume was calculated from the amount of nitrogen 

adsorbed at the relative pressure of 0.99.

X-Ray Photoelectron Spectroscopy (XPS). The Thermo ScientificTM K-AlphaTM system 

with the AVANTAGE software was used for XPS measurements. A monochromatic X-ray 

source (Al Kα,  = 1486.4 eV) was used for radiation and charge compensation. The XPS ℎ
data were generated by a 400 µm diameter X-ray beam. A hemispherical analyser was used 

to collect the XPS spectra at 50 eV for high-resolution spectra and 200 eV for survey spectra 

at 0.1 eV and 1 eV steps, respectively. The background was subtracted using the Shirley 

methods. The peaks were fitted using the mixed Gaussian-Lorentzian peak shape with 30% 

Lorentzian character.22 

Fourier Transform Infrared (FT-IR) Spectroscopy. FT-IR spectra were obtained using a 

Nicolet iS50ATR-FTIR spectrometer (Thermo Scientific) with a monolithic diamond 

crystal, equipped with OMNIC 7 software. For each measurement, about 2-3 mg of the 

polymer was placed onto the universal diamond ATR top-plate. The measurements were 

repeated five times and the spectra based on mean values were used.
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Thermogravimetric Analysis (TGA). The thermal stability of the adsorbents was probed 

using a TA Instruments Q5000IR Thermogravimetric Analyser. For each measurement, 10-

20 mg of the polymer sample was exposed to a dry N2 stream at 20 mL min-1 and heated 

from 323 K to 873 K at a rate of 10 K/min.

Density measurement. A Micromeritics helium pycnometer was used to measure the true 

density of the particles. Before each measurement, the samples were dried overnight under 

vacuum at 353 K. Each measurement was repeated three times and the mean value was 

calculated. 

Gas adsorption. The adsorption isotherms of CO2 and N2 at 273 K and 298 K were estimated 

at gas pressures up to 100 kPa using the Micromeritics ASAP 2020. A Micromeritics ISO 

Controller was installed in the system to maintain a constant temperature between 273 K 

and 353 K during adsorption analyses. Thermoelectric cooling based on the Peltier 

principle was utilised to maintain a temperature of 273 K in the sample tube. Before each 

measurement, the adsorbent was degassed at 353 K under vacuum. 

2.4. Life Cycle Assessment (LCA)

LCA is a powerful method for estimating the environmental burden of any substance 

during its whole life cycle.23,24 In this study, the IMPACT 2002+ methodology was used, 

and the environmental impact indicators were grouped into 4 endpoint categories 

(Climate Change, Ecosystem Quality, Human Health, and Resources), which in turn were 

subdivided into 15 midpoint categories. Human Health was divided into Respiratory 

Inorganics, Respiratory Organics, Ionising Radiation, Carcinogens, Non-Carcinogens, and 
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Ozone Layer Depletion. Ecosystem Quality was divided into Terrestrial Ecotoxicity, 

Terrestrial Acid, Aquatic Ecotoxicity, Aquatic Acidification, Land Occupation, and 

Aquatic Eutrophication. Climate Change was a separate midpoint impact category and 

Resources category was divided into Mineral Extraction and Non-Renewable Energy. The 

aim of LCA was to compare the environmental impacts of seven amide-based polymeric 

CO2 sorbents: five HCP-MAAMs synthesised in this work and two MIPs reported 

elsewhere.19 Possible changes in the HCP-MAAMs fabrication process that can reduce 

their environmental footprint were also suggested. Each impact category was normalised 

according to the procedure described elsewhere.25 

3. RESULTS AND DISCUSSION

3.1 Materials Characterisation 

Figure 2 shows the N2 isotherms and pore size distributions (PSDs) of HCP-MAAMs at 77 

K. All samples except HCP-MAAM-2C exhibited the pseudo-type II isotherms26 with 

adsorption hysteresis, but no plateau in the region of high . Such hysteresis loops are 𝑃/𝑃0

typical for complex microporous-mesoporous materials with a broad PSD containing both 

micropores and mesopores.27 A reversible monolayer adsorption in micropores was 

completed at  < 0.25, after which multilayer N2 adsorption and capillary condensation 𝑃/𝑃0

in mesopores were observed. The pore sizes were mainly in the range of 2-40 nm with a 

peak at 4 nm. As the molar ratio of EGDMA to MAAM increased from 0.83 to 1.67 to 2.5 
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for HCP-MAAM-2C, HCP-MAAM-2 and HCP-MAAM-2D polymers,  was found to 𝑆𝐵𝐸𝑇
increase from 4 m2 g-1 to 142 m2 g-1 to 277 m2 g-1, which can be explained by higher degrees 

of polymer crosslinking.20,21,28 Increasing the volume of ACN used, whilst keeping all other 

factors constant, led to a decrease in , i.e.  for HCP-MAAM-2A >  for HCP-𝑆𝐵𝐸𝑇 𝑆𝐵𝐸𝑇 𝑆𝐵𝐸𝑇
MAAM-2 >  for HCP-MAAM-2B (193 m2 g-1 > 142 m2 g-1 > 98 m2 g-1). The formation 𝑆𝐵𝐸𝑇
of a porous polymer structure is a complex process involving chain propagation, 

crosslinking, phase separation, formation of microgel particles and aggregation of microgel 

particles into interconnected porous network. For the porogen contents below certain 

threshold level, phase separation of the polymer does not occur, and the formed polymer 

matrix is essentially non-porous.29 Polymer matrix with the highest  is formed at the 𝑆𝐵𝐸𝑇
threshold porogen level. As the porogen content increases further, phase separation occurs 

increasingly more quickly and at lower monomer conversions, which leaves more time for 

the microgel particles to grow and fuse together, resulting in smaller . 𝑆𝐵𝐸𝑇
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Figure 2. N2 adsorption isotherms and pore size distributions of the samples at 77 K. All 

samples except HCP-MAAM-2C exhibited the pseudo-type II isotherm. The nitrogen 

adsorption isotherm of HCP-MAAM-2C was plotted using different y-axis scale in Figure 

S1 of Supplementary Information (SI).

The FT-IR spectra of the samples are shown in Figure 3a. All the spectra are characterised 

by a broad band at 3,400–3,500 cm-1 due to stretching vibrations of N-H bond and a strong 

sharp peak at around 1730 cm-1, which can be associated to bending vibrations of N-H 

bond. The strong sharp peak may also be attributed to stretching vibrations of C=O bond 

overlapping with the N-H stretching vibrations. The strong sharp peak at 1153 cm-1 can be 

related to the C-N stretching vibrations. Thus, the -NH2 groups of methacrylamide were 

preserved after polymerisation. Moreover, the peak corresponding to C=C band was 

undetected, which provides evidence that the C=C bonds of MAAM and EGDMA were 

broken down completely or unreacted monomer and crosslinker were completely 
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removed. Typical XPS survey spectra of the HCP-MAAMs and the quantification of the 

surface elements are shown in Figure 3b. The survey spectra of the particles showed C1s, 

O1s and N1s peaks. In the N1s XPS high-resolution spectra, the electron binding energy of 

N1s electrons revealed the -NH2 presence in HCP-MAAMs. The presence of N1s peaks at 

~400 eV confirmed that the synthesised polymers contained nitrogen. The highest 

percentage of nitrogen in HCP-MAAM-2C (15.2%) can be attributed to the highest 

MAAM-to-EGDMA ratio in this sample.30
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Figure 3. (a) FT-IR spectra of HCP-MAAMs; (b) XPS spectra of HCP-MAAMs and the 

corresponding mass percent of oxygen, nitrogen and carbon in the polymers. 
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Figure 4. (a). TGA curves corresponding to sample decomposition due to heating from 

100 to 600 °C; (b) SEM image of the polymer particles after grinding and sieving.

Figure 4a presents the TGA plots of the HCP-MAAMs. The onset temperature of the 

thermal degradation of the samples was ~250 ºC, with no significant mass loss noticed 

below 390 ºC. This implies high thermal stability of HCP-MAAMs and their compatibility 

with typical temperatures used during temperature swing adsorption (TSA). The actual 

density of the particles was ~1.28 g cm-3. The SEM image of the particle is provided in 
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Figure 4b. The particles have irregular shapes formed by crushing the bulk polymer, in 

contrast to spherical particles formed by polymerisation of droplets.31 

3.2 Gas Adsorption

The CO2 and N2 adsorption/desorption isotherms for all polymers at 273 K and 298 K are 

presented in Figure 5a and 5b, respectively. The CO2 storage capacities of HCP-MAAM-2 

are shown in Table 2. The CO2 uptake capacity of HCP-MAAM-2 was slightly higher than 

those of covalent organic framework (COF) samples COF-8 and COF-5 of 1.43 and 1.34 

mmol g-1 (for pure CO2 at 1 bar and 273 K), but lower than that of COF-102 (1.56 mmol g-

1),32 and those of N-enriched polymers NUT-8 (1.59 mmol g-1)33 and NUT-13 (3.70 mmol 

g-1).34 For all samples, a decrease in temperature led to increase in CO2 storage capacity and 

vice versa. This is expected behaviour since the materials reported here adsorb CO2 by 

physisorption. The lower capture capacity was observed at the higher temperature due to 

the weaker polar interactions between CO2 molecules and N-H and C=O bonds within the 

polymer network. 
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Figure 5. Adsorption isotherms of the samples at: (a) 273 K and (b) 298 K. The CO2 and N2 

adsorption data were represented by the filled and empty symbols respectively. 

The adsorption heat  of the polymers was estimated using the Clausius-Clapeyron 𝑄𝑠𝑡
equation.35 For CO2 capture materials,  of 30 to 50 kJ mol-1 are recommended, as energy 𝑄𝑠𝑡
penalties for sorbent regeneration are not economically viable at  > 50 kJ mol-1.5 Figure 𝑄𝑠𝑡
6 shows  of HCP-MAAMs as a function of the amount of CO2 adsorbed. At the start of 𝑄𝑠𝑡
the adsorption, the adsorbent with the highest , HCP-MAAM-2 had an isosteric heat of 𝑄𝑠𝑡
35 kJ mol-1 and  then decreased linearly to 31 kJ mol-1 with an increased CO2 loading. 𝑄𝑠𝑡
Thus, as the CO2 loading increased,  significantly decreased, revealing that the degree 𝑄𝑠𝑡
of heterogeneity of adsorbent surface was high.36 As pressure increased, decreasing amount 

of heat was released when additional adsorption sites were occupied. 

For all adsorbents synthesised,  was in the range of 27 to 35 kJ mol-1 when 0.15 to 0.8 𝑄𝑠𝑡
mmol of CO2 g-1 was adsorbed. The enthalpy of CO2 absorption by 30 wt% MEA solution 

is 80 to 100 kJ mol-1 at 40 °C for absorption of 0.04 to 0.4 mole of CO2 per mole of amine 37, 
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which is up to 3 times higher than in this study. Moreover, the enthalpies of adsorption of 

HCP-MAAMs reported here are 1.82.5 times lower than those of other CO2 sorbents 

recently synthesised, such as NUT-10 33 and bcHT-PEI-40%.38 The smallest  was 𝑄𝑠𝑡
observed for HCP-MAAM-2C in the CO2 uptake range of 0.15 to 0.55 mmol g-1, followed 

by HCP-MAAM-2A in the range of 0.55 to 0.8 mmol g-1. The lowest  displayed by HCP-𝑄𝑠𝑡
MAAM-2C was likely due to its lowest CO2 affinity, due to low porosity of the polymer 

matrix. 

Figure 6. The heat of adsorption of the samples as a function of equilibrium CO2 uptake.

3.3 CO2/N2 selectivity

Another important requirement of a good CO2 adsorbent is the high preferential uptake of 

CO2 over N2. The selectivity was calculated at 1 bar using the ideal adsorption solution 

theory (IAST) as follows:
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    (1)S =  

qCO2
PCO2

qN2
PN2

where  is the number of moles of gas  adsorbed per gram of polymer and  is the partial 𝑞𝑖 𝑖 𝑝𝑖
pressure of gas  (bar) in the feed CO2/N2 stream. The CO2 stream purity after sorbent 𝑖
regeneration is:

(2)Purity =
qCO2

qCO2 + qN2
× 100

The selectivities of the adsorbents at 1 bar total pressure and 273 or 298 K for a CO2:N2 

molar ratio of 15:85 are shown in Figure S2 (SI). High CO2/N2 selectivity is associated with 

an increase in nitrogen content as previously reported.20,21 Similar results where precursors 

containing amino group improved the interaction between CO2 molecules and the pore 

wall contributed to the improved selectivity have been reported elsewhere.8,33-34,38-40 The 

selectivity of HCP-MAAM-2 was found to be 53 at 273 K and dropped to 38 at 298 K. The 

corresponding purity of CO2 stream at the two temperatures was 91% and 88% 

respectively. As the temperature decreases, adsorption capacity increases, while selectivity 

increases, which is a common adsorption behaviour.41 HCP-MAAM-2C exhibited the 

highest selectivity of 394 (purity of CO2-rich stream of 99%) and 106.9 (stream purity of 

95%) at 273 and 298 K, respectively (Figure 7) at 0.15 bar CO2 partial pressure. These 

selectivity values ( ) are much higher than those found for PECONF-1 (  = 109 and 51 at S S

273 and 298 K),42 CBZ (  = 100 and 76 at 273 and 298 K), and DBT (  = 86 and 80 at 273 S S

and 298 K),43 and comparable to the selectivity of Zeolite NAKA (  = 149 at 298 K).44 The S

much higher selectivity of HCP-MAAM-2C as compared with other HCP-MAAMs 
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synthesised could have been due to its relatively small porosity, hence the gas diffusion is 

likely to be associated with slower kinetics, thus leading to a smaller N2 uptake. In addition, 

this could be attributed to HCP-MAAM-2C high nitrogen content (15.2 %) as revealed in 

the XPS spectra. Thus, HCP-MAAM-2C showed moderate uptake capacities for CO2 with 

a very high selectivity, high purity of CO2 stream (9599%), and a low heat of adsorption. 

This polymer can provide the required CO2 stream purity at both 273 and 298 K without 

any additional purification.45

Table 2. CO2 uptake capacity, selectivity, and purity of CO2 stream released after 

sorbent regeneration for gas adsorption at 1 bar total pressure.

CO2 uptake (mmol g-1) CO2:N2 Selectivity
CO2 stream purity 

(%)

273 K 298 K 273 K 298 K 273 K 298 K
Sample

Pure 

CO2

0.15/0.8

5

CO2/N2

Pur

e 

CO2

0.15/0.8

5

CO2/N2

0.15/0.85 

CO2/N2

0.15/0.85 

CO2/N2

HCP-MAAM-2 1.45 0.56 0.85 0.25 53 38 91 88

HCP-MAAM-2A 1.31 0.49 0.81 0.24 48 40 90 88

HCP-MAAM-2B 1.27 0.48 0.78 0.23 47 44 92 91

HCP-MAAM-2C 1.09 0.44 0.69 0.21 394 107 99 95

HCP-MAAM-2D 1.36 0.48 0.73 0.20 45 38 91 89
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Figure 7. Selectivity of HCP-MAAM-2C at 273 K and 298 K based on IAST at CO2:N2 molar 

ratio of 15:85 and 1 bar.

3.4 Life cycle assessment (LCA) of the materials

Figure S3 (SI) summarises the amount of all chemicals (inventories) used to synthesise 

enough polymers to adsorb 1000 g of CO2 overall (hereby referred to as the functional unit) 

in 50 cycles. It is worth noting that the amounts of sorbents considered here are different 

due the difference in their CO2 uptake capacity. First, due to their enhanced CO2 uptake 

capacity, the particles produced in this work require less material to capture 1 kg of carbon 

dioxide compared to the selected MIP particles produced by suspension polymerisation 

from O/O emulsions, S2-MIPs and S3-MIPs.19 HCP-MAAM-2 requires the lowest amount 

of sorbent particles (0.34 kg), followed by HCP-MAAM-2D (0.37 kg), HCP-MAAM-2A 

(0.39 kg), HCP-MAAM-2B (0.39 kg), and HCP-MAAM-2C (0.42 kg), whereas S2-MIPs and 

S3-MIPs materials require 0.46 kg and 0.5 kg of the particles, respectively.
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The environmental impacts of all 7 sorbents based on 1 kg of CO2 captured at 1 bar and 

273 K are presented in Figure 8a and 8b. The data were generated via SimaPro software 

8.2.0 with Ecoinvent 3.0 as database. In Figures 8 and 9, the Y-axis represents a normalised 

impact, calculated by dividing the impact per unit of emission by the total impact of all substances 

within the specific category per person per year.25 Figure 8a shows that MIPs produce much 

higher environmental impact across end-point categories than HCP-MAAMs. The main 

impact of MIPs is on depletion of natural resources and human health, mainly due to 

extensive use of mineral oil, which is derived from crude petroleum oil. The main impact 

of HCP-MAAMs is on depletion of natural resources (Figure 8b), since ACN and 

monomers used in the fabrication of HCP-MAAMs are synthesised from hydrocarbons 

derived from fossil fuels. ACN and the products of degradation of HCP-MAAMs cause 

very limited impacts on global warming and the human respiratory system and negligible 

impact on ecosystem quality. Amongst all HCP-MAAMs synthesised, HCP-MAAM-2C 

causes the most significant environmental impacts per 1 kg of CO2 captured, due to the 

smallest CO2 capture capacity of this polymer. 
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Figure 8. (a) Normalised environmental impacts (end-point categories) of the CO2 sorbents 

investigated; (b) Normalised environmental impacts (mid-point categories) of all 7 

sorbents.

A further investigation of the impacts of specific substances used for the synthesis of 

HCP-MAAM-2C and S2-MIPs were conducted. The results are shown in Figures 9a and 

9b for HCP-MAAM-2C and in Figures S4 and S5 (SI) in the case of S2-MIPs.19 The 

Page 22 of 31

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research



23

environmental footprint of S2-MIPs is dominated by the impact of mineral oil used as a 

dispersion medium for reaction mixture droplets in oil-in-oil suspension polymerisation 

method, followed by methanol, used as a template extractant, and toluene and ACN, used 

as porogens. Mineral oil derives directly from crude petroleum oil and thus, its 

consumption causes depletion of non-renewable energy resources (Figure S5, SI). In 

addition, inhaling mineral oil could cause inflammation of the lungs. Other solvents also 

cause various respiratory, carcinogenic, and non-carcinogenic problems, as shown in 

Figure S5 (SI). 

The environmental footprint of HCP-MAAM-2C is dominated by the impact of ACN and 

methacrylic acid (MCA), which is used in methacrylamide and ethylene glycol 

dimethacrylate synthesis and released during degradation of these chemicals. From Figure 

8a, it is clear that ACN is the main environmental burden due to much higher 

consumption in the polymer synthesis compared to MCA (Figure S3, SI). Both ACN and 

MCA are produced from petrochemicals and cause depletion of non-renewable energy 

resources (Figure 8b). ACN can be metabolised to hydrogen cyanide and formaldehyde, 

which are the source of the toxic effects of ACN. Formaldehyde is a human carcinogen. 

To lower the impact of ACN on the environment, it is necessary to replace ACN with 

greener solvents during fabrication of HCP-MAAMs46 or to reduce the consumption of 

fresh solvent by recycling ACN from the wash liquid. Based on our experimental 

investigation, 90% of ACN can be recycled from the wastewater. In this scenario, the 

environmental impact of ACN would be dramatically reduced, as shown in Figures S6 and 

Page 23 of 31

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research



24

S7 (SI). The impact on climate change can be reduced from 4.7-9.4 kg CO2 eq. to just 1.2-

2.3 kg CO2 eq. 
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Figure 9. (a) Normalized environmental impacts (end-point categories) of HCP-MAAM-

2C; (b) Normalized environmental impacts (mid-point categories) of HCP-MAAM-2C.

Page 24 of 31

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research



25

CONCLUSIONS

Environmentally benign polymeric sorbents for CO2 capture made of 

poly[methacrylamide-co-ethylene glycol dimethacrylate] were synthesised and their 

adsorption properties and CO2/N2 selectivities were analysed. All the polymers except 

HCP-MAAM-2C were found to be mesoporous and displayed a pseudo-type II isotherm 

with a non-uniform pore size distribution and a small hysteresis loop, but no plateau in the 

region of high relative pressures. The  of the polymers ranged between 98 and 277 m2 𝑆𝐵𝐸𝑇
g-1 and the onset temperature of thermal degradation was ~250 ºC. The polymers retained 

polar amide groups of methacrylamide intact and thus, there was no need for any secondary 

chemical modification to make them selective to CO2. 

The maximum CO2 storage capacity of 1.45 mmol g-1 at 1 bar and 273 K was exhibited by 

HCP-MAAM-2. All the adsorbents displayed an excellent selectivity above 55 which 

allowed for a CO2-reach stream purity of more than 90% after polymer regeneration at 273 

K. Such high selectivity is a result of inherent nitrogen functionalisation of the monomer 

used in the synthesis of the adsorbents. Amongst all the adsorbents, HCP-MAAM-2C 

showed the highest CO2 selectivity and the lowest heat of adsorption, with a purity of CO2 

stream after desorption step above 95%; thus, there is no need for additional gas purification 

before CO2 storage. Although HCP-MAAM-2C showed a very high selectivity, for this 

sample to be a viable candidate to be utilised in CO2 post combustion capture systems, the 

CO2 adsorption capacity need to be further enhanced. Life cycle assessment revealed that 

HCP-MAAMs generate lower environmental impacts compared to molecularly imprinted 
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polymer sorbents (MIPs) fabricated by suspension polymerisation from oil-in-oil 

emulsions. No further modification of the materials is required, which minimises 

consumption of toxic solvents and oils. Although HCP-MAAMs have shown promising 

characteristics for CO2 capture with low environmental burden, further experimentation 

is needed to improve their CO2 capture capacities.

Supplementary information

 Liquid nitrogen adsorption isotherms of HCP-MAAM-2C at 77 K, CO2/N2 selectivity 

values of HCP-MAAMs at 273 K and 298 K, mass flow charts for the synthesis of 7 

polymeric CO2 sorbents per 1 kg of CO2 captured, normalised environmental impacts of 

previously produced molecularly imprinted polymer particles across mid-point and end-

point categories, normalized environmental impacts of HCP-MAAMs across end-point 

and mid-point categories in the case of 90% recycle of acetonitrile during the fabrication 

process.
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