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Abstract 

Mesocellular siliceous foam (MCF) - branched polyethyleneimine (BPEI) composite powders were prepared via wet infiltration, 
then processed in accord with patented shaping technology, to produce robust MCF-BPEI composite pellets.  Thermogravimetric 
analysis of CO2 partial pressure swing adsorption (PPSA) processing of these sorbents was conducted to assess their potential for 
application to CO2 post combustion capture (PCC) via adsorption processes, under anhydrous and highly humidified (15 % H2O) 
conditions.  The pellet products were found to provide large CO2 working capacities and high water tolerance under key process 
conditions, and, so, are considered highly prospective for CO2 PCC.       
© 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of GHGT-13. 
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1. Introduction 

The capture, and subsequent sequestration, of the CO2 emissions from fixed air-fired fossil-fueled power 
generators is considered as one among many essential strategies towards mitigating the current global warming trend 
and concomitant climate change [1].  Mature absorption based technologies (aqueous alkanolamine solutions) are 
presently preferred for such post combustion capture (PCC) applications, and are projected to be so for some time 
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(~2030), as are already proven at scale, nevertheless the high costs of such processes beckon PCC technology cost 
reductions [2-3].  Adsorption based process technologies are of interest for their potential lower energy requirement, 
simpler design, operation and maintenance, less equipment corrosion issues, and faster gas diffusion (faster cycle 
times) than the incumbent absorption based processes [4].  Albeit, no one preferred capture technology (no silver 
bullet) is broadly recognized amidst the major contenders (absorption, adsorption, membranes and cryogens), as 
process selection is expected to be somewhat application specific [5].   

Chemisorbents are preferred over physisorbents for separations from dilute gas streams, and where a purified 
product is required [6], and, so, amine type chemisorbents have been the subject of much interest in the PCC 
application context.  Particular interest has focused on the development and assessment of amine functional 
adsorbent powders for use in conjunction with vacuum swing, pressure swing or thermal swing adsorption (VSA, 
PSA & TSA) processes [7].  However, given the preference for pelletized rather than powder forms for realizable 
industrial processes [6], recent interest has focused on the development and assessment of shaped sorbent forms for 
such applications [8-11].     

Amine functional sorbents prepared via the wet infiltration of mesocellular siliceous foam (MCF) with branched 
polyethyleneimine (BPEI) are of particular interest to provide for a particularly high CO2 capacity sorbent option 
[12-13].  However, the shaping into pellet form of such MCF-BPEI composites, via direct compression, was recently 
found to be complicated by product extrusion and/or stickiness [8].  These problems were attributed to the BPEI, a 
viscous liquid, being combined with a highly porous support in such high loadings, that the composites might be 
considered solid-in-liquid dispersions.  The process of pre-exposing the these powder products to CO2 prior to 
compression was thus conceived, and found, to overcome these problems, providing for the transformation of the 
sorbent powders into robust pellet forms [8].  The CO2 pre-treatment process was understood to convert the liquid 
type BPEI into a solid carbamate phase, transforming the sorbent powders into pelletizable solid-in-solid 
dispersions.  MCF-BPEI pellets incorporating 80, 85 and 90 % MCF pore volume equivalents of BPEI were thus 
prepared, and their potential for CO2 PCC assessed [8,13].  These pellet products were found to provide up to 4 wt % 
(0.9 mmol.g-1) and 9 wt % (2 mmol.g-1) CO2 working capacities from dry simulated flue gas (15 % CO2 / Ar) at 105 
°C, as indicative of their potential for CO2 PCC via VSA and TSA processing respectively [13].  Furthermore these 
sorbents were found to exhibit negligible affinity for water under mildly humidified conditions (1 % H2O / Ar), and 
stable CO2 working capacities (VSA type processing) following 12 h exposure to a wet (1 % H2O) simulated flue 
gas, at 105 °C [13].          

Here, the potential of such MCF-BPEI composite pellets for CO2 PCC via adsorption process technology is 
further considered.  In addition to pellets prepared with 80, 85 and 90 % MCF pore volume equivalent BPEI 
loadings, pellets with lower BPEI loadings (60, 70 and 75 % MCF pore volume equivalents) are also considered, to 
facilitate investigation of the effect of lower BPEI loadings on the potential of this sorbent type for application.  The 
production of a larger batch of MCF-BPEI sorbent powder incorporating 80 % MCF pore volume equivalent loading 
of BPEI, and its transformation into pellet forms via an automated single punch tablet press (SPTP), is also 
described, as intended to facilitate investigation into the scalability of the sorbent production process.  Gravimetry, 
helium pycnometry and N2 adsorption / desorption at 77 K measurements were employed to help characterize the 
preparation of the products.  CO2 partial pressure swing adsorption (PPSA) processing of the products, in-situ within 
a thermogravimetric analyzer, was conducted under anhydrous conditions to assess their potential for CO2 PCC 
application.  A pellet product formed via the SPTP was subjected to isothermal CO2 PPSA processing within highly 
humidified atmospheres (~15 % H2O) at various temperatures, to assess the impact of such higher humidity on the 
sorbents, and on the sorption process.  Application of virial equations and the Clausius-Clapeyron equation to the 
wet simulated flue gas data collected (105 and 115 °C) was conducted to estimate the heats of adsorption of CO2 
(Hads(CO2)) at temperatures preferred for the process.  This pellet product was also subjected to prolonged exposure 
(up to 60 h) to a highly humidified (~15 % H2O) simulated flue gas (~15 % CO2) to accelerate its “ageing”, with the 
view to evaluating it potential for extended use.  CO2 PPSA processing (105 °C) of the same product, in conjunction 
with this highly humidified simulated flue gas, was conducted before and after these treatments as targeted to better 
assess its potential to facilitate CO2 capture by VSA type processing.       
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2. Experimental 

2.1. Preparation of Materials 

~80 g MCF was prepared via a neutral templating technique [14] as previously described [13]. 
Polyethyleneoxide-polypropylenenoxide-polyethyeleneoxide block copolymer (PEO-PPO-PEO), trimethylbenzene 
(TMB) and tetraethylorthosilicate (TEOS) were used as template, swelling agent and silica precursor respectively.  
Hydrothermal processing of the crude product was via a pressure cooker; the template was removed from the 
ordered composite structured formed by calcination.  The surface area and pore volume of the calcined MCF product 
were calculated from measurements of its adsorption and desorption of N2 at 77 K were determined to be 620 m2.g-1 
and 2,83 g.ml-1 respectively.   

MCF-BPEI composite powders were prepared via a wet infiltration technique as previously described [13].  ~1 g 
of calcined MCF was combined and magnetically stirred with BPEI (av. 1200 Mw) within ethanol solution for 24 h 
at 40 °C.  The crude solids were then collected by removal of the bulk solvent by evacuation at 60 °C via rotary 
evaporation, these crude solids were then degassed via prolonged N2 purge and/or evacuation at 110 °C to remove 
residual solvent (ethanol or water) and any particularly low molecular weight PEI fraction, prior to analysis.  60, 70, 
75, 80, 85 and 90 % MCF pore volume equivalents of BPEI were used to prepare the products M-BPEI- 60, 70, 75, 
80, 85 and 90 respectively.  Separately ~70 g MCF was likewise combined with an 80% MCF pore volume 
equivalent of BPEI to prepare the composite powder product M-BPEI80b.   

Robust pellet forms of each degassed MCF-BPEI powder product, as prepared at small scale, were produced by 
their transformation via the patented shaping process (8), as previously described [8,9,13].  The powders were 
compressed between 13 mm die within a Specac 15 ton pellet press, following pre-carbonation via ~16 h purge with 
CO2 as maintained at 60 °C; pre-carbonation was found useful to overcome problems otherwise of product stickiness 
and/or extrusion.  The pellet (-p) products formed were subsequently de-carbonated via 24 h evacuation at 110 °C to 
regenerate the PEI sorbent phase, and so produced the M-BPEI pellet (-p) analogs of the M-BPEI powders.  ~25 g of 
the bulk M-PEIb powder was likewise carbonated, then transformed into pellet form via a Shanghai ChengXiang 
Machinery Co. model TDP-6T automated single punch tablet press using a standard 4 mm quadrisect pellet punch 
and die set, as previously described [9].                

 

2.2. Characterization of Materials 

Isothermal (77 K) measurements of N2 adsorption and desorption were made via a Micromeritics Tristar 3020 gas 
sorption analyser; estimations of surface area were made by application of the BET equations to adsorption data 
points over the range 0.05 – 0.15 p/p0, mesopore volumes were estimated as the volume of N2 retained during 
desorption at p/p0 = 0.90.  Helium (He) density measurements were obtained via a Micromeritics Accupyc 1340 
pycnometer.  Thermogravimetric measurements of powder and pellet products were made as they were subjected to 
CO2 partial pressure swing adsorption processing at various temperatures via a custom modified Setaram TAG24-16 
simultaneous symmetrical thermoanalyser, following in-situ 1 h activation (degassing) within Ar purge at 110 °C as 
per previous studies [11]; humid atmospheres were generated by passing a fraction of the supply gases through 
distilled water, the water content being controlled via regulation of the water temperature as previously described 
[11].  Isosteric heats of adsorption of CO2 (Hads(CO2)) were estimated from the equilibrated measurements of mass 
uptake by M-BPEI80b-p within wet (15 % H2O) CO2 / Ar gas streams at 105 and 115 °C via fit of virial equations 
and the Clausius-Clapeyron equation to the “equilibrated” sorption data collected.   
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3. Results 

3.1. General characterization of Materials Production 

Table 1 lists the surface area and pore volume determined for each of the products prepared together with their 
nominal PEI content as determined from the relative mass amounts of PEI and MCF combined in their preparation.  
These results show that the composite powder products exhibit less surface area and pore volume than the MCF 
support, and in inverse proportion to the amounts of PEI added, consistent with their production as intended.  The 
surface area and pore volume of the pellet products exhibit the same trend, albeit exhibiting slightly less surface area 
and pore volume than their analogous powder forms, as is attributed to the loss of some void space resulting from 
compaction.   

Table 1 also lists the helium density measure recorded for each product together with the PEI loading estimates 
calculated based on them, assuming density BPEI of 1.08 g.ml-1.  These results show that all the composite products 
exhibit densities between that expected for the neat MCF and BPEI, consistent with them being composites of MCF 
and the less dense BPEI.  No clear trend is apparent between helium density and the nominal BPEI loading of the 
powder products, nevertheless the densities of the pellet products appear in general to decrease with increasing 
nominal BPEI loading, consistent with the lower density of BPEI relative to MCF.  Consequently no clear trend is 
apparent in the BPEI loading of the composite powders as calculated from the various density measurements.  
However, the BPEI loading of the pellets as estimated from the density measurements are in general in proportion 
with their nominal BPEI loadings, albeit slightly higher in each case.  These results do not commend this method 
(without improvement) for accurate quantitative assessment of BPEI loadings, nevertheless demonstrate its utility 
for qualitative purposes.  The cause of this variance is not clear; potential sample inhomogeneity and/or the 
adsorption of atmospheric CO2 may be contributing factors.      

 

     Table 1. General Materials Production Data. 

Product Id. aNom. BPEI  
(wt %) 

Surface Area  
(m2g-1) 

Pore Vol.  
(ml.g-1) 

He Density  
(ml.g-1) 

bEst. BPEI  
(wt%) 

MCF 0.00 620 2.83 2.11 0.00 

MB60-a 64.6 41 0.24 1.26 69.2 

MB70-a 68.0 25 0.13 1.23 73.4 

MB75-a 69.5 20 0.02 1.23 74.0 

MB80-a 71.2 14 0.06 1.30 64.8 

MB85-a 72.4 10 0.03 1.28 68.6 

MB90-a 73.9 6 0.01 1.28 67.6 

MB80b-a 70.9 18 0.09 1.21 76.4 

MB60-p 64.6 13 0.06 1.27 67.7 

MB70-p 68.0 7 0.04 1.25 71.5 

MB75-p 69.5 5 0.02 1.23 73.0 

MB80-p 71.2 5 0.02 1.24 74.0 

MB85-p 72.4 2 0.01 1.23 74.4 

MB90-p 73.9 2 0.00 1.21 77.8 

MB80b-p 70.9 4 0.02 1.24 72.9 
a Nominal PEI content as estimated from the relative amounts of MCF and BPEI combined. 
b BPEI content as estimated from the density of the composite product, MCF and BPEI.  
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3.2. Characterization of CO2 sorption – manual hydraulic press derived pellets. 

Figure 1a shows the gravimetric records obtained for the anhydrous isothermal (105 °C) PPSA processing of the 
MCF-BPEI composite powder products with the higher BPEI loadings (MB80-a, MB85-a and MB90-a) after in-situ 
activation under Ar purge.  These records show each composite powder to increase and decrease in mass relative to 
the partial pressure of CO2 in the purge gas stream, consistent with CO2 sorption as expected.  Each of these 
products was thus found to exhibit up to ~11 wt % CO2 capacity (2.5 mmol.g-1, or 0.15 mol CO2 per mol N) when 
equilibrated at CO2 partial pressure of 0.15 atm (i.e. simulated flue gas) as indicative of their potential for CO2 
capture via TSA.  Each product similarly exhibited 5.0 wt % CO2 capacity (1.1 mmol.g-1) between CO2 partial 
pressures 0.15 and 0.05, as indicative of their potential for CO2 capture via VSA processing.   

Figure 1c shows the records obtained for the analogous set of MCF-BPEI pellets (MB80-p, MB85-p and MB90-
p) formed via the manual hydraulic press, as similarly processed.  These results show that each of these pellet 
products responded to the changes in CO2 partial pressure similarly to their powder precursors, but with slightly 
smaller CO2 working capacities, and as in inverse proportion with their BPEI loadings.  Thus the pellet product with 
the lowest BPEI content (MB80-p) exhibited the highest CO2 capacities, with up to ~9 wt % (~2 mmol.g-1) CO2 
capacity for TSA type processing and ~4 wt % (0.9 mmol.g-1) CO2 capacity for VSA type processing respectively.  
These small reductions in CO2 working capacities, as are more pronounced for the more highly BPEI loaded 
products, are attributed to the greater compaction of the sorbent further limiting the diffusion of gases through the 
sorbent (i.e. to/from sorption sites).   

   
 

 

  

Fig. 1. Gravimetric records for isothermal (105 °C) CO2 PPSA processing of a) powder products MB80-a, MB85-a & MB90-a, and pellet 
products (b) MB60-p, MB70-p and MB75-p, and (c) MB80-p, MB85-p and MB90-p.  Parentheses indicate potential CO2 working capacities as 

identified for VSA and TSA processes respectively.  
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 The gravimetric records similarly obtained for the PPSA processing of the pellet products with the lower BPEI 
loadings (MB60-p, MB70-p and MB85-p) are shown in Figure 1b. These results show that these pellets similarly 
changed in mass relative to the CO2 partial pressure consistent with CO2 sorption akin to their higher BPEI content 
analogs, but that their capacity for CO2 under such dynamic conditions was more in proportion with their BPEI 
loadings.  Of these products, MB75-p exhibited the highest CO2 capacities for VSA and TSA type processing, with 
slightly less than ~9 wt % (~2 mmol.g-1) and ~5 wt % (~1.1 mmol.g-1) process CO2 working capacities respectively.  
As such, of all these pellet products, the pellets prepared with nominally 75 % MCF pore volume of BPEI (MB75-p) 
was found to provide optimal CO2 working capacity, and thereby preferred, for VSA type process application, the 
more highly BPEI loaded MB80-p product thereby appearing better for TSA type process application.       

 

3.3. CO2 sorption characteristics of pellets produced via the Single Punch Tablet Press 

Figure 2a shows the gravimetric records obtained as MB80b-p pellet products (as were shaped via the automated 
SPTP) were first subjected to a wetted Ar purge (15 % H2O), following initial activation under dry Ar purge (1h 110 
°C), and then CO2 partial pressure swing adsorption processing within a continuously humidified gas stream (15 % 
H2O) at various isothermal conditions (90, 105 & 115 °C).  These records show that the MB80-p sorbent exhibits 
negligible mass uptake when under the wet Ar atmosphere alone, yet substantial mass uptake in proportion with the 
partial pressure of CO2 in the gas stream.  Thus these results suggest that this sorbent type exhibits negligible affinity 
for water under these conditions.  The record of the CO2 PPSA processing of this sorbent type at 105 °C (highly 
humidified atmosphere) is akin to that observed for the PPSA processing under anhydrous conditions of the 
analogous powder and pellet products MB80-a and MB80-p (refer Fig 1a and 1c).  It is thus concluded that such a 
presence of water in a process gas streams would not negatively impact on the sorbent’s capacity for CO2.  
Furthermore this result commends the scalability of the sorbent for larger production amounts as can be more readily 
achieved via this production process variant.   

The record obtained for PPSA processing of the MB80b-p product at 115 °C shows that this product exhibits 
lower overall CO2 capacity at this higher temperature than at 105 °C, nevertheless with faster sorption kinetics, as 
would compensate for a lower overall capacity for CO2 in conjunction with VSA type processing.  The record 
obtained for its PPSA processing at 90 °C shows that it initially adsorbs substantially more CO2 at this temperature 
than at 105 °C at low CO2 partial pressures, however adsorbs little more in the same short time period permitted at 
the higher CO2 partial pressures, and, furthermore, did not as readily desorb the adsorbed gas as the CO2 partial 
pressure was subsequently reduced.  This result is attributed to the larger equilibrium CO2 capacity of the sorbent 
coupled with the poorer diffusion of gas to/from sorption sites at the lower temperature.  This result does not 
commend the sorbent for use in conjunction with VSA processing alone at such lower temperature, nevertheless 
suggests the potential of this sorbent type for CO2 PCC via a combination VSA and TSA processes.   

Figure 2b shows the heats of adsorption (Hads(CO2)) estimated from the essentially “equilibrated” amounts of gas 
adsorbed at the end of each isothermal adsorption and desorption step collected for the isothermal PPSA experiments 
conducted at 105 and 115 °C.  These results show that the Hads(CO2) were essentially constant across all CO2 
loadings, and for both adsorption and desorption processes, at a level of ~100 kJ.mol-1.  This large Hads(CO2) is 
consistent with CO2 chemisorption, albeit this measure is greater than the ~80 kJ.mol-1 measured for a BPEI loaded 
SBA-15 type mesoporous silica at 105 °C via combined thermogravimetric and differential thermal analyses 
(TGA/DTA) under both anhydrous and mildly humidified (1 % H2O) conditions, as was considered consistent with 
CO2 chemisorption by BPEI via carbamate formation [11].         
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Fig. 2. Results obtained for isothermal (90, 105 & 115 °C) CO2 PPSA processing of pellet product MB80b-p, (a) gravimetric records, (b) 
Hads(CO2) estimated from “equilibrated” adsorption and desorption data collected at 105 & 115 °C.    

Figure 3 shows the gravimetric records obtained for an activated MB80b-p pellet product as repeatedly exposed 
first to a highly humidified Ar atmosphere, and then as subjected to CO2 PPSA processing as intended to be 
indicative of the sorbents potential for PCC via a VSA type process both before and after prolonged (12 h) exposure 
to a wetted (15 % H2O) simulated flue gas (15 % CO2 / Ar), after initial pre-activation in anhydrous Ar atmosphere 
(105 °C).  These results show that this pellet product exhibited negligible water sorption under the highly wetted Ar 
atmosphere, and mass stability and retention of its capacity for CO2 following up to 60 hours exposure to the wet 
simulated flue gas, and with ~3.5 wt % (0.80 mmol.g-1) CO2 working capacity for CO2 under conditions intended to 
simulate CO2 PCC via VSA (105 °C).  The slightly lower capacity of this pellet product compared with that 
determined by the other experimental protocols investigated is attributed to the difference in the CO2 partial pressure 
swing regimes applied, and the lesser CO2 achieved due to dilution of the CO2 / Ar mixtures with water (upon 
humidification), nevertheless may also reflect sample inhomogeneity.  Thus this sorbent type is considered highly 
prospective for CO2 PCC.    

 
 
 

 

Fig. 3. Gravimetric records for isothermal (105 °C) wet CO2 PPSA processing of pellet product MB80b-p via thermogravimetry.  [% CO2 / Ar 
values noted exclude the additional ~15 % H2O atmosphere throughout.  Successive records are offset from y-axis for clarity]      
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4. Conclusion 

MCF-BPEI composite powders prepared via a method of wet infiltration on ~1-2 g basis, nominally comprising 
60, 70, 75, 80, 85 & 90 MCF pore volume equivalents of BPEI, were shaped into pellet form via a manual hydraulic 
press in accord with the patented shaping process.  A larger batch of MCF-BPEI composite powder comprising 80 % 
MCF pore volume equivalents prepared was also shaped into pellet forms via an automated single punch tablet press 
(SPTP), thus demonstrating the potential scalability of this technology.  N2 adsorption and desorption, and helium 
pycnometry, measurements of these pellet forms were essentially consistent with the transformation of the sorbent 
powders into pellet shaped forms in accord with the patented shaping process, and with the nominal BPEI loading of 
their respective powder precursors.   

CO2 partial pressure swing adsorption (PPSA) processing (105 °C) under anhydrous conditions of the pellet 
products shaped via the manual hydraulic press, and the powder products with higher BPEI loadings, was conducted.  
These pellet shaped products were thus found to exhibit similar, albeit slightly lower, reversible CO2 capacities to 
their powder precursor analogs.  The CO2 sorption capacities of these pellets were found to vary with their BPEI 
loading under these conditions, such that the CO2 capacities increased with BPEI loading from low to intermediate 
loadings, but then appeared to decrease with higher loadings, as was attributed to the relative accessibility of the 
products CO2 sorption sites.  The pellet product MB75-p prepared with ~75 MCF pore volume equivalents of BPEI 
was found to exhibit the largest CO2 working capacity (5 wt %, 1.1 mmol.g-1) as estimated for a VSA type process, 
whereas the pellet product MB80-p prepared with ~80 MCF pore volume equivalents of BPEI was found to exhibit 
the largest CO2 working capacity (~9 wt %, 2.0 mmol.g-1) as estimated for a TSA type process.  

  CO2 PPSA processing (90, 105 & 115 °C) under highly humidified (~15 % H2O) conditions of the M80b-p 
pellet product, as shaped via the SPTP, was also conducted.  This pellet product was thus found to exhibit a similar 
CO2 sorption profile to the analogous pellet product studied under anhydrous conditions at 105 °C.  It exhibited 
faster sorption kinetics but less CO2 capacities at 115 °C, consistent with the equilibrated sorption capacities being 
inversely proportional to sorption temperature.  Similarly, it exhibited substantially slower sorption kinetics, and 
apparently larger equilibrated CO2 capacities, at 90 °C.  Despite the larger CO2 sorption capacities possible at the 
lower temperature, the results suggests the higher process temperatures would provide greater useful CO2 working 
capacities in conjunction with PCC via VSA and/or TSA processing.  The Hads(CO2) for the sorbent was estimated 
from the sorption data collected at 105 and 115 °C to be ~100 kJ.mol-1, consistent with CO2 chemisorption via 
carbamate formation.  The sorbent was found to adsorb negligible water from the neat humidified (~15 % H2O) Ar 
gas streams at these temperatures, and thereby to have negligible affinity for water under these conditions.  

Additionally, this M80b-p pellet product type was subjected to isothermal (105 °C) CO2 PPSA processing as 
intended to better inform of the potential of the sorbent for CO2 PCC via VSA processing, both before and after 
prolonged exposure (ageing) within a highly humidified (15 % H2O) simulated flue gas (15 % CO2 / Ar).  This pellet 
product was found to maintain its 3.5 wt % reversible VSA type CO2 working capacity over the full 60 hour study 
period, suggesting the potential longer term stability of the sorbent under process conditions.   

The MCF-BPEI pellets, and the shaping technology used in their production, are thus considered highly 
prospective for CO2 PCC applications.             

Acknowledgements 

The authors gratefully acknowledge financial support from the Australian Government through its Cooperative 
Research Centers (CRC) funding program via its CRC for Greenhouse Gas Technologies (CO2CRC).  The authors 
also acknowledge Zhijian Liang for production of the sorbent powders.   

References 

[1] Global CCS Institute. (2016, May 6), Institute Update – “Paris New York, the World”, Retrieved from Global CCS Institute: 
http://www.globalccsinstitute.com/news/institue-updates/paris-new-york-world.     

[2] Carbon Capture Journal. “ETI insight says costs can be reduced without new capture technology platforms”, Carbon Capture Journal. 
[Online] 24 May 2016. http://www.carboncapturejournal.com/ViewNews.aspx?NewsID=3746. 



 Gregory P. Knowles and Alan L. Chaffee  /  Energy Procedia   114  ( 2017 )  2219 – 2227 2227

[3] Yu, C; Huang, C; Tan, C; A review of CO2 capture by Absorption and Adsorption. Aerosol and Air Quality Research, 2012, 12, 745-769. 
[4] Ling, J; Ntiamoah, A; Xiao, P; Xu, D; Webley, PA; Zhai, Y. Overview of CO2 capture from flue gas streams by vacuum pressure swing 

adsorption technology. Austin Chem Eng, 2014, 1(2): id1009. 
[5] Wiley, D. Comparative overview of costs for capture technologies. Sintef. [Online] 2015. [Cited: 4 October 2016.] 

https://www.sintef.no/globalassets/project/hipercap/pdf/comparative_overview_of_costs_for_capture_technologies_diane_wiley.pdf. 
[6] Cavalcante, C L Jr. Industrial adsorption separation processes: fundamentals, modelling and applications. Latin American Applied Research, 

2000, 30, 357-364. 
[7] Chaffee, AL; Knowles, GP; Liang, Z; Zhang, J; Xiao, P; Webley, PA. CO2 capture via adsorption: materials and process design. Int. J. 

Greenhouse Gas Control, 2007, 1(1), 11-18. 
[8] Knowles, GP; Chaffee, AL. Australian Patent (PCT/AU2013/001364), 2013. Pelletized form of MCF-PEI composite and method of 

producing the same. 
[9] Knowles, GP; Chaffee, AL. Australian Patent (PCT/AU2014/050376), 2014. Pelletized form of a composite material and method of 

producing same.  
[10] Rezaei, F; Sakwa-Novak; MA; Bali, S; Duncanson, D; Jones, CW.  Shaping amine-based solid CO2 adsorbents: effects of pelletization 

pressure on the physical and chemical properties. Microporous and Mesoporous Materials, 2015, 204, 34-42. 
[11] Knowles, GP; Webley PA; Liang, Z; Chaffee, A. Silica/Polyethyleneimine composite adsorbent S-PEI for CO2 capture by vacuum swing 

adsorption (VSA). In Attalla, M [ed.], Recent advances in post combustion CO2 capture chemistry. Am. Chem. Soc., 2012, 1097, 177-205. 
[12] Subagyono, DJN, Marshall, M; Knowles, GP; Chaffee, AL. CO2 adsorption by amine modified siliceous mesostructured cellular foam 

(MCF) in humidified gas. Micro. Meso. Mater., 2014, 186, 84-93. 
[13] Knowles, GP; Liang, Z; Chaffee, AL. Shaped polyethyleneimine sorbents for CO2 capture. Microporous and Mesoporous Materials, 

accepted article available online 17 March 2016. Elsevier. 
[14] Han, Y; Lee, SS; Ying, JY. Spherical siliceous mesocellular foam particles for high-speed size exclusion chromatography. Chem. Mater., 

2007, 19, 2292-2298. 
 
 
 
 
 


